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oreword

Esophageal cancer encompasses various types; the
two predominant types are squamous cell cancer
and adenocarcinoma. Their biologic and clinical fea-
tures are compelling not only in the United States but
worldwide as well. Other types of benign and malig-
nant esophageal tumors, although less common, are of
interest to both scientists and clinicians. Well-written
and well-illustrated, this book is important and timely.
The esteemed editors Drs. Jobe, Thomas, and Hunter
have recruited over 100 experienced, expert contribut-
ing authors from diverse fields and disciplines to dis-
sect successfully different aspects of esophageal cancer
into overarching sections discussing biology, imaging/
staging, principles of therapy (including specific thera-
pies), tumor types, therapy, and palliation. Each section

XV

has specific chapters that will have broad appeal to
the oncologist, surgeon, gastroenterologist, radiolo-
gist, pathologist, trainee, and allied heath personnel. A
current and forward-viewing text of this type is impera-
tive to advance the diagnosis and therapy of esophageal
cancer, especially in the context of an interrelated inter-
disciplinary approach.

Anil K. Rustgi, MD

T. Grier Miller Professor of Medicine & Genetics
Chief of Gastroenterology

Co-Director, Tumor Biology Program

Abramson Cancer Center

University of Pennsylvania School of Medicine
Philadelphia, Pennsylvania






oreword

This text is a precursor of other books that embody
the concept of covering a single complex condition
comprehensively.

One of the outstanding features of this volume is
the attention paid to topics that are usually skimmed
over by other texts but that are clinically important and
difficult to manage, such as the management of recur-
rences, pain control, and palliative care—topics that
are specific and relevant to the treatment of esophageal
cancer.

Moreover, this book has not neglected the practi-
cal aspects of esophageal cancer treatment, and a sig-
nificant focus has been placed on surgical techniques,
which are treated in a stand-alone style for each
procedure.

This volume has greatly impressed me in the fol-
lowing areas:

e The totality in coverage of each topic with equal em-
phasis on the technical as well as multidisciplinary
aspects of treatment.

e The in-depth treatment of non-surgical topics in man-
agement at different phases of the disease.

Xxvii

e The wide-ranging attention to the disease’s biologic
aspects and basic science, which contribute greatly to
palliative care.

e This text is technologically at the forefront and that is
essential in the management of imaging, staging, mini-
mally invasive methods, and biologic predictors.

¢ The information is current and up to date.

e The contributors are mostly young and rising academics
who have projected fresh ideas and energy into this text.

Even in today’s age of electronic search capabilities, a
visit to this volume will be highly rewarding in time and ef-
fort as the relevant information is easily found. This book
will be a very useful guide and reference volume for clini-
cal and non-clinical staff and students who wish to explore
or enter into this field, or who wish to access the contem-
porary thinking by world leaders in esophageal cancer.

John Wong, MD

Professor of Surgery
Department of Surgery

The University of Hong Kong
Hong Kong, China






It is with great excitement that the editors and associate
editors present the first edition of Esophageal Cancer:
Principles and Practice. This text was specifically de-
signed to address the complexities in the understanding
and management of esophageal cancer with an empha-
sis on a multidisciplinary approach. The contributors in-
clude the major thought leaders in the world, including
specialists in surgery, medical oncology, radiation oncol-
ogy, gastroenterology, pathology, radiology, palliative
medicine, nutrition and nurse specialists, as well as ex-
perts in basic, translational, and health services research
of esophageal cancer. This work will fill a distinct void
by providing a definitive synthesis of all pertinent infor-
mation in this arena and has been constructed in such a
way so as to remain accessible, practical, and useful to
all practitioners who participate in the care of the patient
with esophageal neoplasia. The genesis of this work was
spawned from our own multidisciplinary esophageal
cancer care team that was created to enhance communi-
cation between disciplines and provide high-quality and
evidence-based treatment.

While this book focuses primarily on the two most
common cancers that plague the esophagus, this text will
be an opportunity to provide the first in-depth coverage
of all types of esophageal neoplasms, regardless of inci-
dence. Because the incidence of esophageal cancer has
increased by several hundred percent over the past four
decades, and because the overall mortality of this disease
is near 90%, the need for a detailed and rigorous amal-
gam of cutting-edge information is dire. We have con-
structed this book to cover seven fundamental areas.

Section one is centered on the biology of esophageal
cancer with a particular emphasis on the pathogenesis,

Xix

molecular biology, and epidemiology of Barrett’s esoph-
agus and esophageal adenocarcinoma. In addition, we
cover unique areas related to esophageal carcinogenesis,
such as the link between esophageal cancer and morbid
obesity and the relationship between H. pylori and Bar-
rett’s esophagus. It was the hope of the editors that this
book will also serve as a valuable and definitive resource
for esophageal cancer researchers. In this vein, there are
chapters that outline the molecular biology of Barrett’s
esophagus and pre-clinical models for investigation.
Section two provides a detailed overview of cutting-
edge esophageal imaging and staging. We have catego-
rized the esophageal imaging components of this section
into a description of the current (and future) technologies
that are available to endoscopically examine the esopha-
geal mucosa. In addition, we have separated esophageal
imaging into anatomic and functional approaches in
order to highlight the emphasis that is currently being
placed on in-vivo measures of tumor biology. Techniques
for staging have been covered from the perspective of
clinical, endoscopic, and surgical approaches and high-
light the utility of endoscopic mucosal resection in the
staging of the esophageal nodule with the goal of provid-
ing tailored therapy. Finally, as our insights grow sur-
rounding the natural history and the patterns of tumor
progression, we have addressed the need for the modifi-
cation of the current American Joint Committee on Can-
cer Tumor, Node, Metastasis (TNM) staging system.
Section three relates to the principles and rationale
surrounding the myriad of therapeutic approaches for
esophageal cancer. In order to provide a solid foundation
for this section on therapy, the editors have been care-
ful to emphasize the fundamental concepts surrounding
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multimodal therapy, as well as outline the principles of
chemotherapy, radiation therapy, and surgical therapy.
In addition, we look to the future and discuss the ratio-
nale and current standing of the rapidly evolving area of
molecularly targeted therapies for esophageal cancer.

Section four consists of a series of several “mini-
chapters” dedicated to describing the clinical back-
ground, gross findings, histology, and presentation of all
benign and malignant neoplasms of the esophagus.

These initial four sections of Principles and Prac-
tice set the stage for the most comprehensive amalgam
of definitive therapies for Barrett’s esophagus and inva-
sive malignancy ever assembled. Chapters 61 through
75 provide pragmatic “how-to” details of the surgical
techniques used to address the various anatomical loca-
tions and stages of esophageal malignancy. Equally as
important, there are several chapters which pertain to
the pre and postoperative management of the esopha-
geal cancer patient, as well as discussions surrounding
the prevention and management of complications re-
lated to surgery and multimodal therapy.

Section six is entirely one of a kind in that it is ded-
icated solely to the techniques used to provide effective
palliation for the patient with advanced locoregional or
distant disease. The relief of dysphagia is perhaps one

of the most critical aspects of providing effective pal-
liation for the esophageal cancer patient. This section
covers all of the techniques currently being used in the
restoration of luminal patency. Three chapters in this
section are dedicated to optimizing the palliation of the
“entire patient” and providing maximal support and
communication to the family of patients with esopha-
geal cancer.

Section seven provides a glimpse of the future with
an overview of the use of molecular markers for predict-
ing tumor behavior and outcome. These markers may
become targets for “designer chemotherapy” of esopha-
geal cancer. Individualized cancer care will be possible
once we are able to identify target genes and proteins
specific to each patient’s esophageal cancer.

The editors and associate editors are extremely proud
of this first edition of Esophageal Cancer: Principles and
Practice, and we wish to thank all of the contributors who
have given of their time, insight, and experience to create
a truly unique text that will serve as a valuable resource as
we care for our patients with esophageal cancer.

Blair A. Jobe, MD, FACS
Charles R. Thomas, Jr., MD
Jobn G. Hunter, MD, FACS
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Alexandru Gaman
Braden Kuo

mbryologic development of the
esophagus forms the foundation of
the esophageal anatomy at the gross
= and microscopic levels. Abnormali-
ties in the esophageal development
can lead to certain important clinical conditions.

EARLY STAGES: FROM CONCEPTION
TO THE PRIMORDIAL GUT

In order to have a clear understanding of the esopha-
geal system formation, the early stages of the esophageal
development are presented in the context of the entire
embryonic development process.

Embryonic period is defined from conception to 8
weeks. During this period the formation of the primor-
dial organs takes place, a process called organogenesis.
Afterwards, during the fetal period (9 weeks—delivery),
the organs differentiate and mature.

In the very early stages, during the embryonic pe-
riod, the embryo is composed of cellular layers that later
will organize progressively to form specialized structures
such as organs. During the first two weeks, the embryo is
formed from two cellular layers (bilaminar stage): hypo-
and epiblast. The hypoblast faces the yolk sac (exocelomic

Esophageal Embryology
and Congenital Disorders

cavity) and the epiblast faces the amniotic cavity. During
the bilaminar stage, the embryo is totally embedded in
the uterine layers, beginning with day 10 from the time
of conception. In this stage, the cranial end of the hypo-
blast will start to thicken and form a structure called the
bucopharyngeal membrane, which is a landmark in the
evolution of the digestive system; it represents the cranial
end of the primordial digestive system (1).

In the third week, a groove, the primary streak, ap-
pears on the surface of the epiblast and further invaginates
toward the hypoblast by a process of cellular migration.
The formation of the primitive streak is determined by
the inductive activity of a cell population located in the
posterior marginal zone of the blastiodisc (2). Inductor
protein molecules such as activin (2), Vglgene product
(3), Wnt8c (4) and chordin (5) have a paracrine effect on
the epiblast cell located in the vicinity of the posterior
marginal zone. These factors determine the proliferation
of the epiblast cells and their differentiation into the pri-
mary streak. Some other gene expression factors, such as
BMP4 and Cerebrus, inhibit or lateralize the formation
of the primary streak (5,6). This is the period when the
embryo becomes a trilaminate structure: the epiblast will
transform into ecto- and mesoderm and the hypoblast
into endoderm. The mesodermal layer of the embryo
has an important role in the formation of the digestive
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tract because it represents the origin of connective tissue,
angioblasts, smooth muscles, interstitial cells of Cajal
(ICC), and serosal layers in the gut (1,7).

The rapid volumetric growth of the embryo will
determine craniocaudal and lateral folding at the begin-
ning of the fourth week. The dorsal part of the yolk
sac will transform into a cavity (intraembryonic cavity)
lined by the endododermal columnar epithelium and
form the primordium of the digestive tract. The pri-
mordial digestive tract is limited by 2 blind ends: the
ectodermal-endodermal bucopharyngeal membrane at
the cranial end and the ectodermal-endodermal cloa-
cal membrane at the caudal end. Later, around the 12th
week, the bulk part of the yolk sac that was not in-
corporated in the embryo will regress and then, at 20
weeks, will disappear completely. Failure of the yolk sac
to regress totally determines the persistence of an ileal
diverticulum called Meckel’s diverticulum that has clini-
cal importance especially during the infancy.

Gut development takes place in 4 major patterned
axes: anterior-posterior, dorsoventral, left-right, and ra-
dial. Each axis development is based on the epithelial-
mesenchymal interactions mediated by specific molecular
pathways (8). Thus, growth factors such as Wnt, ex-
pressed by the mesoderm (9), and also Six2/Sox2, Bmp4,
Hox are specifically involved in anterior-posterior axis
development (8). As an example, Sox2 gene abnormali-
ties have been associated with unilateral and bilateral
anopthalmia but also esophageal atresia, myopathies,
and genital tract abnormalities (10). These factors affect
both the esophageal environment and the neural crest
cells by making the environment more permissive for
neural crest cells and by preparing the neural crest cells to
migrate within the esophagus. The dorsoventral pattern-
ing of the gut is influenced by an asymmetrical expres-
sion of the sonic hedgehog (Shh) gene. This gene is less
expressed on the ventral side of the endoderm in regions
of active budding morphogenesis (8). The “master con-
trol molecules” driving the left-right asymmetry are Shh
and activin: the Shh expression is restricted in the left side,
while the activin is expressed more on the right side. The
radial axis development is influenced by Shh and Bmp4
genes. Similar to the dorsoventral axis, the Shh gene is
asymmetrically expressed along the radial axis (8).

The type of the structure that will form from the pri-
mordial gut is dictated by a strong interrelation between
endoderm and splanchnic mesoderm. The mesoderm is
the one that drives the formation of a specific type of
lineage: as, for example, lungs in the thorax or colon in
the hindgut region (11). The mechanisms involved here
are probably similar to those involved in the axis devel-
opment; namely, through Hox and Shh gene products.
Interestingly, the expression of the Hox gene in the gut
mesoderm is intimately related to the Shh expression
from the endoderm. Roberts et al. (12) demonstrated that

proteins expressed by the Shh genes act on the mesoderm
to induce Hox expression, influencing gut development
in the anterior-posterior axis.

ESOPHAGUS, FROM THE FOREGUT
TO THE ADULT ORGAN

Gross Structural Development

For descriptive purposes, the primordial gut is divided
in 3 regions, each of which has different roles, vascular-
ization, and innervation: the foregut, the midgut, and
hindgut (Figure 1.1).

The esophagus is derived directly from the fore-
gut, which is the cranial division of the primordial gut.
Besides the esophagus, the foregut represents the origins
of pharynx, upper and lower respiratory system, stom-
ach, and duodenum proximal to the opening of the bili-
ary duct, as well as annex glands: liver, biliary tree, and
pancreas.

The beginning of the esophageal differentiation is
marked by appearance of a small diverticulum on the
dorsal surface of the foregut, close to the bucopharyn-
geal membrane, at around 22-23 days after conception,
when the embryo is around 3 mm in length (Figure 1.2).
The appearance of this bud marks also the beginning
of the tracheal differentiation. The esophagus is derived
by the development of the foregut segment between the

Stomodeum  ppharynx
Heart
Septum
transversum Aorta
Esophageal
region
Gastric and

duodenal region
Yolk stalk

and Celiac artery
Vitelline
arter .
y Liver
Allantoi
Superior
mesenteric artery
Proctodeum

Midgut

Inferior
mesenteric artery
Cloaca Hindgut

FIGURE 1.1

Cloacal membrane

The primordial gut is divided in 3 regions having different
roles, vascularization, and innervation.
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Foregut P se%)tum
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FIGURE 1.2

Successive stage in development of the respiratory diverticu-
lum and esophagus through partitioning of the foregut. (A)
At the end of the third week (lateral view). (B, C) During the
fourth week (ventral view).

tracheal diverticulum and the stomach dilation. The di-
verticulum grows caudally and parallel with the foregut,
forming a groove that is connected in the early stages to
the lumen of the foregut. As previously mentioned, spe-
cific distinct differentiation into trachea or esophagus,
even if these structures derive both from the endoderm,
is dictated by Hox gene products and the mesoderm
situated around the foregut. Sox2 is one of the genes
playing a central role in generating morphologically and
physiologically distinct types of epithelial cells (13). In
some circumstances, the foregut may transform totally
into trachea, thereby creating a condition characterized
by a complete absence of the esophagus. In less severe
forms, only some segments of the esophagus fail to de-
velop generating esophageal atresia.

Shortly after the development of the primordial
upper respiratory system, the cells from the lateral wall
start to proliferate and to drive formation of a septum
that separates the trachea from the esophagus. This sep-
aration proceeds from caudally toward cranially, and
it is not completed until 34-36 days, when the embryo
is about 17.5 mm (14). One of the genes proposed to
play an important role in the normal process of separa-
tion is the Shh gene. Shh -/- mutants fail to develop the
tracheoesophageal septum, and the esophagus and tra-
chea fail to differentiate (15). In humans, heterozygote
genotype Shh +/- is associated with major developmen-
tal defects such as cyclopia, midfacial clefting, mild hy-
potelorism, and holoprosencephalia (16). Failure of the
septum to completely close the communication between
the esophagus and the trachea will generate a condition
called tracheoesophageal (TE) fistula, seen in congenital
syndromes such as VACTERL (vertebral abnormalities,
anal atresia, cardiac defects, TE fistula, renal abnor-
malities, limb abnormalities) and with the Trisomy 18
(Patau syndrome). TE fistula can be seen in Down syn-
drome as well, where it can be associated with an atretic

esophagus. The subjects with Down syndrome have an
incidence of 0.9% and a risk 30 times more than ex-
pected to develop congenital esophageal atresia (17).

When esophageal atresia is also associated with
TE figula, the amniotic fluid can circulate and reach
the stomach through the trachea and polyhydramnios
usually does not result. These patients present with fetal
growth retardation and 40% of infants weigh less than
2,500 g at birth (18). In pure esophageal atresia without
TE fistula, polyhydramnios occurs because the fetus can-
not swallow and circulate the amniotic liquid during the
fetal life and this accumulation of amniotic liquid results
in increased fetal mortality (19).

Another condition generated by abnormalities of
the septum, laryngotracheoesophageal cleft (LTEC), is a
posterior midline defect described in 4 variants. Many
syndromes are associated with LTECs, such as CHARGE
syndrome (coloboma of the eye, heart defects, atresia
of the coanae, retardation of growth and development,
genital abnormalities, and urinary abnormalities), Opitz
syndrome (associated with midline body defects such as
cleft lip and palate, heart defects, and hypospadias), and
Pallister-Hall syndrome (associated with hypothalamic
abnormalities, supernumerary fingers, bifid epiglottis,
and imperforate anus). It is hypothesized that the MID1
gene is involved in patterning of the left to right body axis
and the development of the gut endoderm. Most males
with MID1 mutated gene present with LTEC (20).

Parallel with the separation process, the primordial
trachea and esophagus continue to elongate caudally be-
cause of the descent of the heart and lungs in the thorax.
The elongation process carries the stomach below the
developing diaphragm. Abnormalities in the elongation
process can create a condition characterized by a short
esophagus, where a part of the stomach may be displaced
through the hiatal hernia in the diaphragm. Congenital
hiatal hernia is detailed later on this chapter.

Esophageal Epithelium Development

The esophageal epithelium is derived from the plu-
ripotent endodermal layer. Up to the eighth week, the
esophageal epithelium develops to a pseudostratified co-
lumnar epithelium (21), and this development prolifer-
ates extensively until it almost but not totally occludes
the lumen, for a short period of time. At around the 10th
week, the recanalization process restores the esophageal
lumen. Abnormalities of the recanalization process gen-
erate esophageal atresia, stenosis, and duplication (14).

At the same period, around the eighth week, cili-
ated cells appear in the middle third of the esophagus,
as documented with scanning and transmission electron
microscopy (SEM and TEM) techniques (22). The cili-
ated cells will migrate caudally and cranially, replacing
the pseudostratified epithelium and forming a superficial
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layer that develops until the fourth month of the pre-
natal period (14). Around the 14th week, the ciliated
epithelium is again replaced with a stratified squamous
epithelium that initially appears in the middle third of
the esophagus (21,22). This process is similar to the
one previously described, where the squamous stratified
epithelium extends rostrally and caudally. Immunohis-
tochemistry showed that the replacement of the ciliated
with a squamous epithelium is done through transdif-
ferentiation, a subclass of metaplasia that irreversibly
converts an already differentiated tissue with a new one,
resulting in loss of one phenotype and gaining a new one
(23). The electron microscopic studies showed that the
glycogen granules in non-ciliated cells decrease as the
differentiation of the epithelium progresses (22).

Sometimes the transdifferentiation process can be
incomplete at birth and especially in premature children,
patches of ciliated epithelium may be seen (24). There
are reported cases of subjects with esophageal cysts cov-
ered with ciliated respiratory type of epithelium (25).
Residual islands of ciliated epithelium at the proximal
and distal ends of the esophagus may give rise to the
superficial esophageal glands (14,26).

Esophageal Muscular Layers Development

The embryologic development of the muscular layer of
the esophagus is driven by regulatory factors inducing
transformation of the mesenchyme. The adult esophagus
is composed of three subdivisions: the upper third with
striated muscle, middle third with a mixture of smooth
and striated muscle, and the lower third containing only
smooth muscle.

The muscular tissue in general is derived from the
embryonic mesenchyme, the middle layer of the tri-
laminar embryo. The muscles of the upper third of the
esophagus and of the upper esophageal sphincter are
derived from the mesenchyme in the caudal pharyngeal
arches (4, 5, and 6), and this explains also the innerva-
tion of this area: the recurrent laryngeal nerve and the
vagus nerve (27).

The process of the striated muscle differentiation
in the upper third of the esophagus is still not very well
understood. In the early stages of development in rats,
the muscularis externa is mainly composed of differenti-
ated smooth muscle. Some studies (28,29) suggest that
the appearance of the striatal muscle is produced by
transdifferentiation process, progressing in a rostrocau-
dal fashion. The first detected striatal fibers are found in
the most rostral parts of the upper esophagus in the rat
embryo in day 15 (E15). In the murine esophagus, the
transdifferentiation takes place late prenatally and even
after birth in the early stages of the postnatal develop-
ment (30). Muscle regulatory factors (MRF) are hypoth-
esized to be involved in the switch from one phenotype

to another (28), demonstrated by the conversion of the
smooth muscle cells to a skeletal phenotype with the ec-
topic expression of the MyoD (31).

The smooth muscle found in the lower third of the
esophagus and the lower esophageal sphincter is derived
from the somitic mesenchyme surrounding the fore-
gut. The smooth muscle differentiation begins after the
neural crest cells colonizes the gut. Of all the muscular
layers, the circular one appears the earliest, at the begin-
ning of the sixth week. The longitudinal smooth layer
appears around the ninth week and is differentiated by
week 12. The maturation of the longitudinal and circu-
lar muscular layers seem to occur as well in a rostrocau-
dal direction (32).

The middle third of the esophagus consists of bun-
dles of striated and smooth muscles. How this mixed
pattern of muscles develops is not fully understood.

Nerve Development

The esophagus is innervated by the autonomous nervous
system (ANS) by its two divisions: sympathetic and para-
sympathetic. These two divisions control the esophageal
activity by two nervous plexuses located in the esopha-
geal walls: the myenteric plexus, located between the
muscularis propria, and the muscularis mucosa and the
submucosal plexus, located between the inner circular
and outer longitudinal layers of smooth muscle. These
two plexuses form the intrinsic neural system of the gut.
The origin of the neural enteric system is the neural crest
of the ectoderm.

The two intrinsic plexuses from the muscular wall
of the esophagus are mainly derived from the cells lo-
cated in the vagal neural crests, a neuroectodermal re-
gion described around somites 1-7 (33). The neural
crest cells (NCC) enter the foregut at around the fourth
week in human embryos (34), and they populate the pri-
mordium of the digestive tube in a rostro-caudal direc-
tion. The colonization of the digestive tube is complete
by week 7 (35) in the human embryo. In order to form
a mature enteric nervous system (ENS), the progenitors
from the neural crest cells need to colonize the entire
length of the digestive tube in a uniform fashion. The
migration of the neural precursors is believed to be trig-
gered by chemoattractant effect of glial-cell line derived
neurotrophic factor (GDNF) (36,37). Mutations at the
level of specific genes coding for factors such as Edn-3
(endothelin 3), NTRN (neurturin), or receptors such as
EDNRB (endothelin receptor type B) have been shown
to impair the neural precursor migration and to have
clinical consequences such as Hirschsprung’s disease
(38). After colonization, the relatively small pool of neu-
ral progenitors from the foregut will proliferate to gen-
erate the millions of enteric neurons and glia present in
the mature human esophagus.
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The differentiation of the neural progenitors into
mature neurons and glial cells begins to appear at around
week 7 in the human embryo, as indicated by immu-
noreactivity for specific markers PGP9.5 and S100 (39)
(Figure 1.3). After the differentiation, during the seventh
week, the neurons start to coalesce and to form small
ganglion plexuses in the myenteric space. The submuco-
sal plexus has been shown to form from the myenteric
plexus through a centripetal, inward migration process,
in the inner side of the nascent smooth muscle circular
layer (32). The myenteric plexus acquires cholinesterase
activity at week 9.5 and is fully differentiated by 13th
week. Formation of the submucosal plexus follows the
myenteric one with 2-3 weeks (40) and is controlled
by netrins, members of the family of laminin-related
proteins. This is demonstrated with the migration of the
neural crest-derived cells toward the mucosal cells that
express netrin receptors, a process enhanced by netrin-1
molecules (41). The role of the intrinsic plexuses is
mainly to control the esophageal peristalsis.

Esophageal peristalsis occurs as early as the first
trimester of fetal life (42). High-frequency transducer
ultrasonography has shown three different esophageal
motility patterns in the second trimester (Figure 1.4):
(a) simultaneous opening of the esophageal lumen from
the oropharynx to the lower esophageal sphincter, (b)
segmental, propulsive peristaltic contractions, (c) reflux-
like peristalsis (43). At birth, the esophageal peristalsis is
not fully matured yet, resulting in frequent regurgitation
of food in infants.

The extrinsic parasympathetic innervation of the
esophagus is supplied by the vagus nerve for the entire
length of the esophagus. In the upper part, the recurrent
laryngeal nerve supplies the somatic motor activity. This

week-9
PGP9.5 5100

FIGURE 1.3

Immunohistochemical analysis of the spatiotemporal de-
velopment of the enteric and submucosal plexuses of the
human fetal foregut in weeks 9 (left) and 12 (right). The
regions marked with a square are magnified in the nether
side of the images. The arrowheads indicate neurons form-
ing the submucosal plexus and the simple arrows represent
single neurons and glia from the foregut wall. The scale bars
indicate a depth of 100 pm.

innervation can be explained by the origins in the pha-
ryngeal arches of the upper part of the esophagus.

The vagus nerve is derived also from the neural
vagal crests. The development of the vagal innervation
at the esophageal levels can be traced using immuno-
histochemical techniques. Fibers arriving from nodose
ganglia and medulla have been identified to populate the
esophageal murine wall in day 12. The vagal branches
populate the esophagus before the process of muscular
transdifferentiation takes place (44). Similarly, in the
human embryo, branches of the vagus nerve are found
around the circular muscular layers at the beginning of
the sixth week, before the process of muscular transdif-
ferentiation takes place (14).

Formation of the neuromuscular connections be-
tween the vagus nerve and the esophageal muscular lay-
ers is a process that follows a specific spatiotemporal
sequence (45). Diffusely spread acetylcholine (Ach) re-
ceptors arise around day 15 and eventually form clus-
ters before the vagal branches reach the esophageal wall.
The first nerve fibers to contact the Ach receptors are
the vagal fibers, followed shortly by the enteric nerve
terminals. This innervation process is completed in day
4 and day 10 postnatal in the mouse. As in the major-
ity of the developmental processes, the neuromuscular
junction formation takes place as well in a craniocaudal
sequence.

The interstitial cells of Cajal (ICC) mediate the in-
teraction between the nerve fibers and the muscles. These
cells are spread in the muscular layers of the GI tract,
from the esophagus down to the internal anal sphincter,
and act as pacemakers to control the myogenic activity,
mediating or amplifying the effects of motor neurons on
the smooth muscle apparatus (46).

FIGURE 1.4

Series of ultrasound images demonstrating the peristalsis in
the esophageal fetus with the passage of a fluid bolus. (Re-
produced with the permission from John Wiley and Sons)
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Developmentally, ICC are non-neuronal in origin
and their differentiation starts around week 7, when
they emerge from the mesenchymal layer. The matura-
tion of ICC takes place between weeks 7 and 20, when
they form plexuses in the esophageal wall (39). Develop-
ment of ICC seems to be independent from the neural
crest lineage. Several studies, using c-kit gene products
to identify ICC, demonstrate that the differentiation of
these cells is normal in aneural chick gut (47).

Development of the Esophageal
Vascularization

The esophagus is supplied by thyroidal, bronchic, in-
tercostals, and direct aortic esophageal branches. In the
very early stages, the blood vessels form from the meso-
derm of the yolk sac at the beginning of the third week
(7). Partially, the vasculature of the esophagus is derived
from the 5 and 6 aortic arches. The vascular structures
deriving from the aortic arch enter the submucosa dur-
ing the seventh week.

Lumen

The lumen of the esophagus changes during its devel-
opment in parallel with the structural modification of
the epithelial and muscular structures. In the very early
stages, the esophageal lumen is round, but during the
fifth week, it becomes flattened dorsoventrally. Between
the 7th and 10th weeks, the lumen is partially obstructed
in human embryos and because of the craniocaudal ap-
pearance of the four longitudinal folds, the esophagus
assumes a Greek cross shape. The lumen becomes free
again during the 10th week.

DEVELOPMENTAL ABNORMALITIES AND
CLINICAL IMPLICATIONS

Tracheoesophageal fi gula and esophageal atresia are
the most frequent congenital esophageal abnormalities.
These two conditions will be discussed together because
they usually appear associated.

Tracheoesophageal fistula results from defects in
the separation of the respiratory tract from the foregut
by two mechanisms: arrest of the cranial growth of the
septum that separates the esophagus and trachea or fail-
ure of fusion of the lateral ridges of the septum. In the
later situation, only a simple TE fistula will usually be
evident without esophageal atresia.

Esophageal atresia may result from failure of the
primitive gut to recanalize during week 10. Five types of
congenital esophageal atresia (Figure 1.5) with or without
tracheoesophageal fistula have been documented (48):

e Type A—esophageal atresia with distal tracheoesoph-
ageal fistula (88.7%)

e Type B—esophageal atresia alone (6.7%)

e Type C—tracheoesophageal fistula without esophageal
atresia (3.5%)

e Type D—esophageal atresia with proximal tracheo-
esophageal fistula (0.5%)

e Type E—esophageal atresia with proximal and distal
tracheoesophageal fistula (0.5%).

Esophageal atresia with tracheoesophageal fis-
tula occurs in 1 in 3,000 to 1 in 5,000 births. In 93%
cases of esophageal atresia, there are associated mal-
formations such as VACTERL syndrome, a condition
presenting with multiple associated structural abnor-
malities: vertebral, anorectal, cardiac, tracheal, esopha-
geal, renal, and limb. In type A, the upper esophagus
ends in a blind pouch, and the trachea communicates
with the distal esophagus, usually at the level of the ca-
rina. Air enters the GI tract via the tracheoesophageal
fistula, and the newborn presents clinically with a gas-
filled abdomen and frequent aspiration pneumonias
due to gastric reflux into the respiratory tract through
the fistula.

Congenital esophageal stenosis presents as a nar-
rowing of the lumen at any level of the esophagus, but it
usually occurs in the distal third and is associated with
other anomalies, the most common being the esophageal
atresia and TE fistula (49). It is a rare anomaly, occur-
ring in 1 in every 25,000 live births.

Esophageal stenosis may be produced by: (a) in-
complete recanalization of the lumen during week 10
(7); (b) an incomplete separation of the lung bud from
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FIGURE 1.5

Variations of esophageal atresia and/or tracheoesophageal
fistula.
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the primitive foregut; (c) fibromuscular hypertrophy as-
sociated with impaired function of the myenteric plexus;
(d) persistence of mucous remnants.

The persistence of mucous remnants related to
esophageal stenosis presents as:

1. Rings (Schatzki’s ring) in the distal part of the esopha-
gus. Esophageal rings may result as a consequence of
an incomplete vacuolization during week 10 and can
be associated also with immunologic (50) or inflam-
matory conditions such as scleroderma (51). These
circular structures are composed of muscosa, submu-
cosa, and sometimes of muscular tissue.

2. Webs in the proximal and mid-esophagus, present-
ing as eccentric transverse membranes possible re-
sulting from an incomplete vacuolization during the
10th week. The webs can be associated with iron-
defi égency anemia (Plummer-Vinson syndrome) or
gastroesophageal reflux disease (GERD) (52).

In some cases, the stenotic esophageal walls con-
tain tracheobronchial remnants such as respiratory epi-
thelium or hyaline cartilage, which indicate associated
abnormalities of lineage.

Esophageal duplication is a rare condition occur-
ring in 1 in 8,000 live births. They present as cystic or
tubular, resulting as an abnormality of the epithelial,
submucosal, or muscular layers. The structures resulting

in duplication of only the epithelium of the foregut will
generate the true cystic structures (Figure 1.6), which do
not communicate with the luminal space. These struc-
tures can be lined with different types of epithelium, such
as squamous, cuboidal, or pseudostratified and gastric
mucosa, and can present with intracystic hemorrhages.
This subtype of duplication is usually present in the pos-
terior mediastinum and may complicate sometimes with
rupture (53).

Another type of duplication is a consequence of
development abnormalities of the submucosa or of
the muscular layers. These are tubular structures, par-
alleling and communicating with the true esophageal
lumen at both ends. They are less common than the cys-
tic ones and they can sometimes become complicated
with esophageal tumors (54) or with a foreign body
producing local inflammation (55). Duplications of the
esophagus can be associated with vertebral anomalies
and intraspinal cysts and often are associated with intra-
abdominal intestinal duplications (55). These structures
may be generated by an abnormal fusion of the longitu-
dinal mucosal folds (14).

Short esophagus results from the failure of the
esophagus to lengthen in the caudal direction. True
congenital short esophagus is a very rare condition and
should be differentiated from the acquired hiatal her-
nia. Even if, clinically, these conditions are almost in-
distinguishable, they can be differentiated anatomically

A B
FIGURE 1.6

Esophageal duplication cyst. A. Barium esophagogram shows extrinsic compression of the wall of the esophagus (arrows).
B. Endoscopic ultrasonographic image shows the distortion of the esophageal wall created by the hypoechoic cyst (C) and the
cyst relationship to the other hypoechoic areas created by the aorta (A), azygos vein (a) and spine (S).
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through their embryology development. In the acquired
hiatal hernia, stomach vessels and protruding peritoneal
sac may be seen in the thoracic cavity as a consequence
of ascension of the stomach through a dilated diaphrag-
matic hiatus. The peritoneal sac is not protruded in the
thoracic cavity with the true short esophagus.
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s providers who care for patients

with esophageal tumors, it is criti-

cal that we have a thorough under-

standing of the surgical anatomy,

anatomic relationships, and histol-
ogy of the esophagus. This understanding must include
all disciplines (surgeons, radiation oncologists, on-
cologists, interventional radiologists, dieticians), as the
esophagus possesses unique anatomic qualities, which
have profound implications for the diagnosis, treatment,
and palliation of patients with esophageal malignancy.
This chapter details esophageal anatomy and places its
principal components into clinical context.

ANATOMIC LANDMARKS

The esophagus is a flattened muscular tube of 18 to
26 cm in length, from the upper sphincter to the lower
sphincter, connecting the pharynx to the stomach. The
esophagus starts at approximately 18 ¢cm from the inci-
sors at the pharyngoesophageal junction (C5-6 vertebral
interspace at the inferior border of the cricoid cartilage)
and descends anteriorly to the vertebral column span-
ning the superior and then the posterior mediastinum (1).
After traversing the diaphragm at the diaphragmatic hia-
tus (T10 vertebral level), the esophagus extends through
the gastroesophageal junction to end at the orifice of the

Esophageal Anatomy

cardia of the stomach (T11 vertebral level). Topographi-
cally, there are three distinct regions: cervical, thoracic,
and abdominal.

The cervical esophagus extends from the pharyn-
goesophageal junction (C5-C6) to the suprasternal
notch (T1) and is about 4 to 5 ¢cm long. At this level,
the esophagus is bordered anteriorly by the trachea,
posteriorly by the vertebral column, and laterally by
the carotid sheaths and the thyroid gland. The cervi-
cal esophagus is particularly vulnerable because of the
lack of protective sheath between this structure and the
membranous trachea that lies in very close proximity.
During the surgery, special care is taken not to injure the
trachea when developing the plane of dissection between
the two structures (2). Periesophageal inflammation and
tumoral invasion may predispose the membranous tra-
chea to surgical injuries.

The thoracic esophagus extends from the supra-
sternal notch (T1) to the diaphragmatic hiatus (T10),
passing posterior to the trachea, the tracheal bifurcation
(T4), and the left main stem bronchus. The esophagus
lies posterior and to the right of the aortic arch at the T4
vertebral level. From the level of T8 until the diaphrag-
matic hiatus, the esophagus lies anteriorly and medial to
the aorta (3). The lower part of the thoracic esophagus
runs anteriorly to the left atrium, which is the most pos-
terior among all 4 chambers of the heart. This anatomic
location may have important clinical outcomes. In mitral

11
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stenosis, the dilation of the left atrium can be seen on
the barium series as an impression on the esophagus. In
advanced stages of mitral stenosis, the esophagus may
become obstructed, resulting in dysphagia. In this region
also, the esophagus runs between the aorta and the left
main bronchus, forming the broncho-aortic constriction
known also as thoracic constriction. This constricted re-
gion is a common area for pill-induced strictures.

The anatomic relation of this esophageal region
with the nearby structures is of relevant clinical interest.
The esophageal location within defined fascial compart-
ments allows infections from the anterior esophageal
wall to spread easily via the peritracheal space down
to the pericardium. Noninstrumental or spontaneous
perforation of the esophagus (Boerhaave’s syndrome)
or leakage from the esophageal anastomosis can lead to
necrotizing mediastinitis with rapid and disastrous dis-
semination of the sepsis and high mortality (2).

The abdominal esophagus is very short and ex-
tends from the diaphragmatic hiatus (T10) to the ori-
fice of the cardia of the stomach (T11). The base of the
esophagus transitions into the cardia sphincter of the
stomach, forming a truncated cone of around 1 cm in
length. The abdominal esophagus lies in the esophageal
groove on the posterior surface of the left lobe of the
liver. The anatomic relation of the esophagus with the
diaphragmatic hiatus is also clinically important. With
advancing age, the phrenoesophageal membrane, which
has an anchoring role at the distal part of the esopha-
gus, loses its elasticity because the elastic fibers in its
structure are replaced by inelastic collagenous fibrous
elements (4). The loss of elasticity in conjunction with
a wide diaphragmatic hiatus results in herniation of the
gastroesophageal junction (GEJ) and of the cardia into
the thorax.

In the resting state, the esophagus is collapsed in
the upper and middle parts and rounded in the lower
portion (2). When the alimentary bolus passes through,
the esophagus can distend to approximately 2 cm in the
anteroposterior axis and 3 cm in the left-right axis.

In the course of the esophagus, three minor curva-
tions are present. The first one, in the upper part, is from
the median position toward the medial left. At the level
of the T7, the esophagus shifts slightly to the right of
the spine. The third angulation and the most important
one is at the GEJ, where the esophagus shifts briskly to
the left.

MUSCULAR LAYERS OF
THE ESOPHAGUS

The muscular coat consists of an external layer of longi-
tudinal fibers and an internal layer of circular fibers (Fig-
ure 2.1). The longitudinal fibers are arranged proximally

in 3 fasciculi. The ventral fasciculus is attached to the
vertical ridge on the posterior surface of the lamina of
the cricoid cartilage by the tendocricoesophageus. The
two lateral fasciculi are continuous with the muscular
fibers of the pharynx. The longitudinal fibers descend in
the esophagus and combine to form a uniform layer that
covers the outer surface of the esophagus.

The circular muscle layer provides the sequential
peristaltic contraction that propels food toward the
stomach. The circular fi bas are continuous with the
inferior constrictor muscle of the hypopharynx; they
run transverse at the cranial and caudal regions of the
esophagus, but oblique in the body of the esophagus.
The internal muscular layer is thicker than the external
muscular layer. Below the diaphragm, the internal cir-
cular muscle layer thickens and the fibers become semi-
circular and interconnected, constituting the intrinsic
component of the lower esophageal sphincter (LES).

Accessory bands of muscle connect the esophagus
and the left pleura to the root of the left bronchus and
the posterior of the pericardium. The muscular fibers
in the cranial part of the esophagus are red and consist
chiefly of striated muscle; the intermediate part is mixed;
and the lower part, with rare exceptions, contains only
smooth muscle.

The backflow of food and acidic gastric content is
prevented at the level of two high-pressure regions: the
upper and the lower esophageal sphincter. These func-
tional zones are located at the upper and lower ends of
the esophagus, but there is not a clear anatomic demar-
cation of the limits of the sphincters.

The upper esophageal sphincter (UES) is a high-
pressure zone situated between the pharynx and the
cervical esophagus (Figure 2.2). The UES is a musculo-
cartilaginous structure composed of the posterior surface
of the thyroid and cricoid cartilage, the hyoid bone, and
three muscles: cricopharyngeus, thyropharyngeus, and
cranial cervical esophagus. Each muscle plays a differ-
ent role in UES function (5). These three muscles spread
upward, posteriorly, where they insert into the esopha-
geal submucosa after crossing the muscle bundles of the
opposite side. The thyropharyngeus muscle is obliquely
oriented, whereas the cricopharyngeus muscle is trans-
versely oriented. Between these two muscles, there is a
zone of sparse musculature—the Killian’s triangle, of
high clinical significance. Because of the low resistance,
this region is prone to develop a false diverticulum
named Zenker’s diverticulum (6) formed only from the
mucosa and submucosa.

The cricopharyngeus (CP) muscle is a striated mus-
cle attached to the cricoid cartilage. It forms a C-shaped
muscular band that produces maximum tension in the
anteroposterior direction and less tension in the lateral
direction (7). Structurally and mechanically, the CP is dif-
ferent from the surrounding pharyngeal and esophageal
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Muscular layers of the esophagus.

muscles. It is composed of a mixture of fast- and slow-
twitch fibers, with the slow fibers being predominant and
having a diameter of 25 to 35 pm (8). The CP is sus-
pended between the cricoid (2) processes, surrounds the
narrowest part of pharynx, and extends caudally where
it blends with the circular muscle of the cervical esopha-
gus. The CP can be seen as an indenting band with pal-
pable boundaries during surgery.

Function of the UES is controlled by a variety of re-
flexes that involve afferent inputs to the motor neurons
innervating the sphincter. These reflexes elicit either con-
traction or relaxation of the tonic activity of the UES.
Inability of the sphincter to open or discoordination of
timing between the opening of the UES with the pharyn-
geal push of ingested contents leads to difficulty in swal-
lowing known as oropharyngeal dysphagia (3).
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Muscles of the pharynx (posterior aspect).

1 Sella turcica
2 Internal acoustic meatus and petrous
part of temporal bone
3 Pharyngobasilar fascia
4 Fibrous raphe of pharynx
5 Stylopharyngeal muscle
6 Superior constrictor muscle of
1 pharynx
7 Posterior belly of digastric muscle
8 Stylohyoid muscle
9 Middle constrictor muscle of pharynx
10 Inferior constrictor muscle of pharynx
11 Muscle-free area (Killian's triangle)
3 12 Esophagus
13 Trachea
14 Thyroid and parathyroid glands
15 Medial pterygoid muscle
16 Greater horn of hyoid bone
17 Internal jugular vein
18 Parotid gland
19 Accessory nerve
20 Superior cervical ganglion of
sympathetic trunk
9 21 Vagus nerve
22 Laimer's triangle (area prone
to developing diverticula)
23 Orbicularis oculi muscle
24 Nasal muscle
10 25 Levator labii superioris and levator
labii alaeque nasi muscles
26 Levator anguli oris muscle
27 Orbicularis oris muscle
28 Buccinator muscle
29 Depressor labii inferioris muscle
12 30 Hyoglossus muscle
31 Thyrohyoid muscle
13 32 Thyroid cartilage
33 Cricothyroid muscle
34 Pterygomandibular raphe
35 Tensor veli palatini muscle
36 Levator veli palatini muscle
37 Depressor anguli oris muscle
38 Mentalis muscle
39 Styloglossus muscle
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FIGURE 2.2

Anatomic structures of the pharyngoesophageal junction.

The cervical esophagus contains predominantly
striated muscle fi bes and occasionally smooth fibers
(5). Approximately 4 cm of the proximal end is com-
posed exclusively of striated fibers. Between 4 and 12
cm, a mixture of smooth and striated muscle exits, and
beginning with the lower border of the cricopharyngeus,
only smooth muscle can be seen (1). The muscle fibers
are arranged in two layers: the external layer, containing
longitudinal arranged fibers, and the internal layer, con-
taining circular or transversely arranged fibers.

The external longitudinal layer of the cervi-
cal esophagus originates from the dorsal plane of the

cricoid cartilage and because of their lateral and caudal
course, they delimit a weak space, called the Laimer’s
triangle, which is prone to developing a rare type of di-
verticulum (9). The external longitudinal layer courses
down the length of the entire esophagus. At its distal
end, the longitudinal fibers become more oblique and
end along the anterior and posterior gastric wall (10).
The internal circular layer of muscle originates at the
level of cricoid cartilage and, while descending, forms
incomplete circles (10).

The lower esophageal sphincter is a high-pressure
zone located where the esophagus merges with the stomach
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Anatomic structures of the gastroesophageal junction.

(Figure 2.3). The LES is a functional unit composed of an
intrinsic and an extrinsic component. The intrinsic struc-
ture of LES consists of esophageal muscle fibers and is
under neurohormonal influence. The extrinsic compo-
nent consists of the diaphragm muscle, which functions
as an adjunctive external sphincter that raises the pressure
in the terminal esophagus related to the movements of
respiration. Malfunction in any of these two components

can cause of gastroesophageal reflux and its subsequent
symptoms and mucosal changes (11).

The intrinsic component of the LES is composed
of circular layers of the esophagus, clasp-like semicircu-
lar smooth muscle fibers on the right side, and sling-like
oblique gastric muscle fibers on the left side (12). The
circular muscles of the LES are thicker than the adja-
cent esophagus. The clasp-like semicircular fibers have
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significant myogenic tone but are not very responsive to
cholinergic stimulation, whereas the sling-like oblique
gastric fibers have little resting tone but contract vigor-
ously to cholinergic stimulation (12).

The extrinsic component of the LES is composed of
the crural diaphragm, which forms the esophageal hia-
tus, and represents a channel through which the esoph-
agus enters into the abdomen. The crural diaphragm
encircles the proximal 2 to 4 cm of the LES and deter-
mines inspiratory spike-like increases in LES pressure, as
measured by esophageal manometry (13).

HISTOLOGIC ASPECTS

Macroscopically during endoscopy, the esophageal lumen
appears as a smooth, pale pink tube with visible submu-
cosal blood vessels. The transition from esophageal to
gastric mucosa is known as the Z-line and consists of an
irregular circumferential line between two areas of differ-
ent colored mucosa. The distal gastric mucosa is darker
than the more proximal pale pink esophageal mucosa.

Microscopically, the esophageal wall is composed
of 4 layers: internal mucosa, submucosa, muscularis
propria, and adventitia. Unlike the remainder of the gas-
trointenstinal (GI) tract, the esophagus has no serosa.
This allows esophageal tumors to spread more easily and
makes them harder to treat surgically (14). The missing
serosal layer also makes luminal disruptions more chal-
lenging to repair.

Mucosa

The mucosa is thick and reddish cranially and more pale
caudally. It is arranged in longitudinal folds that disap-
pear upon distention. It consists of three sublayers.

The first sublayer is the mucous membrane: a non-
keratinized squamous epithelium. It covers the entire
inner surface of the esophagus, and at the LES level, it
may coexist with the columnar, gastric type epithelium.
The mucous membrane is composed of stratum basale,
stratum intermedium, and stratum superficialis.

Stratum basale (10%-15% of the epithelium)
contains cuboidal basophilic cells, low in glycogen, at-
tached to the basement membrane by hemidesmosomes.
These cells can divide and replenish the superficial lay-
ers. In 25% of the normal population, the stratum ba-
sale contains argyrophilic-positive endocrine cells and
in 4% of the normal subjects, it contains melanocytes
(15). The melanocytes from this region account for the
occurrence of primary melanoma of the esophagus (16),
while the argyrophilic-positive endocrine cells are the
potential progenitors of the esophageal small cell car-
cinoma (15).

Stratum intermedium and stratum superficialis are
composed of cells derived from the basal stratum that
become more flattened with pyknotic nuclei. These cells
may present processes and desmosomal junctions that
become fewer and more simplified superficially (17).
Compared with the basal cells, the cells in the stratum
intermedium and superficialis are rich in glycogen (18).

The second sublayer forming the mucosa is repre-
sented by lamina propria, a thin connective tissue struc-
ture containing vascular structures and mucous secreting
glands.

The third sublayer of the mucosa is muscularis mu-
cosa. This is a thin layer of longitudinally, irregularly
arranged smooth muscle fibers and delicate elastic fibers
(19). The muscularis mucosa extends through the entire
esophagus and continues into the rest of the GI tract,
being much thinner in the proximal part of the esopha-
gus than in its distal part (20) (see Figure 2.4). At the
pharyngeal end of the esophagus, the muscularis mucosa
is represented by a few scattered smooth muscle fibers.
Caudally, approaching the cardiac orifice, the muscula-
ris mucosa forms a thick layer, so thick that sometimes it
may be confused with the muscularis propria on biopsy
specimens (18). The muscularis mucosa separates the
lamina propria from the submucosa and retracts when it
is sectioned during surgical procedures.

Submucosa

The submucosa contains loose connective tissue, as well as
lymphocytes, plasma cells, nerve cells (Meissner’s plexus),

FIGURE 2.4

Histologic specimen of the distal esophagus. The mucosal
layer of the gastroesophageal junction is characterized by
a muscularis mucosae that is thicker than the muscularis
mucosae of the more proximal esophagus. Note also the
esophageal cardial-type gland situated above the muscularis
mucosae. (Printed with permission from Histology for Pa-
thologists, Stephen S. Sternberg, 1992, Raven Press Ltd.)
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a vascular network (Heller’s plexus), and submucosal
glands. The esophageal submucosal glands are consid-
ered to be a continuation of the glands in the orophar-
ynx. They are small racemose glands (18) of the mucous
type more concentrated in the upper and lower regions.
Their secretion is important in esophageal clearance and
tissue resistance to acid (21). The post-obstructive inflam-
mation of the glandular ducts can result in intramucosal
pseudodiverticulosis (22).

Muscularis Propria

The muscularis propria is responsible for motor func-
tion. The upper 5% to 33% is composed exclusively of
striated type of muscle, and the distal 33% is composed
of smooth muscle. In between there is a mixture of both,
called the transition zone. Functionally the transition
zone can be observed with manometry as a region where
there is no signifiant contraction amplitude during a
peristaltic contraction that travels down the body of
the esophagus (23). Despite the presence of two differ-
ent muscle types, they function as a whole unit. Between
the longitudinal and circular muscular layers, at this
level, Auerbach’s plexus is found. Different pathologic
conditions usually affect only one muscular layer, as in
sclerodema and achalasia when only the circular layer is
involved (18).

Adventitia

The adventitia is an external fibrous layer that covers the
esophagus, connecting it with neighboring structures.
It is composed of loose connective tissue and contains
small vessels, lymphatic channels, and nerve fibers pro-
viding a support role. The esophagus does not have a
serosal layer except under the diaphragm level where it
is formed by the peritoneum (19).

VASCULARIZATION

Arteries

The rich arterial supply of the esophagus is segmental
(Figure 2.5). The cervical esophagus is supplied with
branches of the left and right superior and inferior thy-
roid arteries. These branches travel anteriorly towards
the lateral aspect of the esophagus and they anastomose
on the anterior and posterior esophageal walls. Rarely,
the cervical esophagus can be vascularized with branches
originating from thyroideaima artery, common carotid
arteries, and subclavian arteries.

The thoracic esophagus is supplied by paired
esophageal branches from the tracheobronchic arteries.

The later ones emerge from the caudal aspect of the aor-
tic arch and are 1 to 2.5 mm in diameter. They course
anteriorly and give off branches to the trachea and
esophagus. This region of the esophagus is also supplied
by unpaired esophageal branches of about 1.5 to 2 mm
that arise at variable locations directly from the anterior
wall of the aorta and that travel to the posterior aspect
of the esophageal wall (10).

The intra-abdominal esophagus is supplied with
branches from the left gastric artery. These vessels travel
upward on the anterior aspect of the cardia, and they
give off periesophageal tributaries before entering in the
muscular wall (2). The posterior aspect of the abdominal
esophagus is supplied by branches of the fundal arteries
derived from the splenic artery.

The esophagus vascular system is mainly formed
from branches of arteries that supply some other organs,
but a dedicated vasculature to the esophagus is less de-
veloped. The vessels dip in the esophageal wall creating
a network in the submucosa and mucosa, offering an
“excellent blood supply” (24).

The vasculature of the esophagus determines a
number of surgical particularities. During the pull-
through esophagectomy without thoracotomy for excis-
ing cancer or tumors, the blood loss is moderate, making
this procedure relatively safe (25,26). Usually if bleeding
occurs it is a consequence of the intratumoral or tumoral
adhesions hemorrhage.

Veins

The venous system of the esophagus has two main divi-
sions: the intrinsic division, located in the submucosa,
and the extrinsic division, located outside the esophagus
(see Figure 2.6). The extrinsic division drains blood into
larger blood vessels.

The intrinsic venous system is composed of a paral-
lel network located in the esophageal submucosa cours-
ing the whole length of the esophagus (27). Kitano and
colleagues (28) described in detail the intrinsic venous
system in the lower part of the esophagus, close to the
GE]J (Figure 2.7). Using resin casting, this group iden-
tified 4 distinct layers forming the intrinsic esophageal
venous plexus: (a) intraepithelial channels, running cen-
trifugally from the epithelium and draining in the su-
perficial venous plexus with a mean diameter of 0.043
mm, (b) superficial venous plexus located in the mucosa,
right below the epithelium, and continuing with a simi-
lar plexus at the gastric level (mean diameter = 0.188
mm), (c¢) deep intrinsic veins, having a higher caliber
and draining the blood from the superficial venous
plexus (mean diameter = 0.442), (d) Adventitial veins,
located more peripherally in the adventitia and also hav-
ing a higher caliber (mean diameter = 0.452 mm). The



18

Esophageal branches
(from interior
thyroid artery)

Inferior thyroid
artery

Right thyrocervical
trunk

Esophageal branch
(from subclavian
artery)

N Bronchial branches
(from aorta)

Esophageal branches
(from aorta)

Esophageal branch
(may come from inferior
phrenic or left gastric artery)

FIGURE

I« BIOLOGY

Fig. 231: Diagram of the Arterial Blood Supply
of the Esophagus
NOTE: 1) because the esophagus is an elongated organ
extending from the neck to the abdomen, it receives
arterial blood from at least three sources:
a) in the neck: most frequently from the inferior
thyroid branch of the thyrocervical trunk, but it
may also come directly from the subclavian, or
vertebral arteries or from the costocervical trunk,
b) in the thorax; multiple esophageal branches
that come directly from the aorta,
c) in the abdomen: from the inferior phrenic
artery or the left gastric artery.
2) these vessels anastomose with each other in
the substance of the esophagus.

2.5

Arterial system of the esophagus.

adventitial veins collect the blood from the deep intrinsic
veins through perforating veins that span the muscularis
propria layer.

The intrinsic esophageal plexus is of a particular
clinical interest because it makes the connection between
the portal and the caval venous systems, both of which
are highly involved in the pathology of the esophageal
varices. The esophageal varices occur mainly in condi-
tions that complicate with portal hypertension, such as
cirrhosis, schistosomiasis, portal vein thrombosis, and
that rarely occur in the absence of portal hypertension
(i.e., superior vena cava) (29).

The patients with portal hypertension present a
specific anatomic pathology. The main changes appear
at the level of the deep venous layer that transform into

tortuous variceal structures (28). Esophageal varices
that form as a backflow pressure accumulation may fre-
quently bleed when the intravenous pressure passes over
12 mmHg (30).

The extrinsic venous system of the esophagus drains
in large vessels: The upper esophagus blood drains in
azygos and hemiazygos veins, the mid and low esopha-
gus drain in tributaries of the portal system such as left
gastric vein or splenic vein.

Of high surgical interest, the tumors originating in
the mid-esophagus have a high propensity to invade the
azygos vein. If the tumor presents with adhesions, there
is a signifiant chance that during surgical maneuvers
such as blunt pull-through dissection, the azygos vein
can be damaged, causing fatal bleeding (2).
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Venous system of the esophagus.

Lymphatic System of the Esophagus The lymph channels begin in the esophageal tissue

Lymphatic drainage in the esophagus consists of two spaceasanetwork of endothelial channels (20-30 pm) or as
systems: the lymph channels and lymph nodules (Fig- blind endothelial sacculations (40-60pum) (31) (Figure 2.9).
ure 2.8). The location of the lymphatic capillary origin is not
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Diagram of the venous drainage of the esophagus.

known precisely. Some authors propose that precapillary
spaces exist in the lamina mucosa, but others contend
that there is an absence of true lymphatic capillaries in
the upper and middle levels of the lamina mucosa (32).
Electron microscopic studies show anastomotic lymph
capillaries in the lower mucosal levels and small lym-
phatic vessels in the submucosa.

From this level fluid, colloid material, cell debris, mi-
croorganisms, and sometimes tumor cells are taken and
drained into collecting lymph channels (100-200 pm)
that continue through the esophageal muscular coat and
are distributed parallel to the long axis of the esophagus.
Paired semilunar valves within the collecting channels de-
termine the direction of flow. The collecting lymph chan-
nels merge into small trunks that open into the regional
lymph nodes.

The lymphatic drainage of the esophagus differs
in the anatomic regions of the esophagus. Lymphatic
flow patterns can predict potential regions of tumoral
invasion. The lymphatics from the proximal third of
the esophagus drain into the deep cervical lymph nodes
(first station) and afterward in the thoracic duct. Some
studies show that carcinoma of the cervical esophagus
may involve the paratracheal lymph nodes as well (33).
The lymphatics from the middle third of the esophagus
drain into the superior and inferior mediastinal lymph
nodes. Fujita et al. reported that the right paracardiac,
periesophageal, and lesser curvature nodes were the
most frequent involved in the thoracic esophageal can-
cer (34). Another study (35) found consistently that ex-
tramural lymphatic vessels from the middle and lower
part of the esophagus drain into bifurcational nodes.
The lower third of the esophagus drains into lymphatic
vessels that follow the course of the left gastric artery
and ultimately reach the gastric and celiac lymph nodes.
Saito and colleagues (35) reported a high variability re-
garding the patterns of drainage, and a very rigorous
structured description is challenging. Traditionally, the
lymph that forms above the tracheal bifurcation was

thought to drain into the thoracic duct (2) (Figure 2.10),
while the lymph originating under the bifurcation was
believed to drain in through the celiac and gastric lymph
nodes directly in the cisterna chyli. The region around
the bifurcation may present with a bidirectional lymph
flow, which would explain how the lymph nodes located
superiorly to carina can be invaded by tumors originat-
ing in the lower esophageal third. In pathological condi-
tions such as tumor invasion, blockage of the lymphatic
ducts, or incompetence of the valves, the lymphatic flow
may deviate from the normal, and collateral lymphatic
circulation may develop (2).

The longitudinal lymphatic network located in the
submucosa was thought to provide easier access than
the penetrating channels that drain the lymph outside the
esophagus. This anatomic particularity may explain the
longitudinal, intramural invasion seen in the early stages
of the esophageal tumors (36). The poor lymph network
in the mucosa makes this region less prone for inva-
sion. Absence or small malignant lesions in the mucosa
may be accompanied by extended submucosal tumors
(2). The lymphatic flow in the longitudinal plexus of
the esophagus may also explain the high postoperative
recurrence because resection with the tumor-free mar-
gin does not guarantee the total removal of a tumor that
can spread at the submucosal level (2).

INNERVATION OF THE ESOPHAGUS

The esophagus, like the rest of the viscera, receives dual
motor and sensory innervation supplied by two divisions
of the autonomic system: the sympathetic and parasym-
pathic systems (Figure 2.11).

The Sympathetic System

The afferent system collects the information from the
wall of the esophagus using sensorial structures such as
osmoreceptors, chemoreceptors, thermoreceptors, and
mechanoreceptors (37). The afferent fibers are dendrites
of the unipolar neurons located in the dorsal root gan-
glion in the thoracic spine (T1-T10). These neurons will
synapse with the preganglionic neurons located in the
latero-intermedial grey horns from the thoracic spine.
The axons of preganglionic neurons leave the spine on
the ventral root, and they synapse with neurons in the
sympathetic paravertebral chain at the same level, or they
can travel upward or downward to synapse with neu-
rons at different levels. The axons of these neurons are
myelinated and form the white ramicommunicantes.
The multipolarganglionic neurons are located in the
sympathetic trunk, in the proximity of the spine, against
the costal ends and posterior to the costal pleura (38).
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Lymphatic system of the esophagus.

The rami emerging from the second to the fifth ganglia
form the posterior pulmonary plexus or the deep part
of the cardiac plexus. These plexuses can generate small
branches that distribute to the proximal esophagus (2).
The preganglionic fibers deriving from TS5 to T9
merge and form the greater splanchnic nerve that de-
scends obliquely in the proximity of the thoracic vertebral

bodies and perforates the ipsilateral diaphragmatic crus
on its way to the celiac ganglion. Postganglionic fibers
from the celiac ganglion distribute as well to the esopha-
gus and thereby supply sympathetic innervation (38).
The postganglionic fibers influence the activity of the
target end organs, glands, muscles, and enteric nervous
system. Throughout these pathways, the sympathetic
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Initial lymphatic network, reconstructed from mesentery
preparation. Most likely, this pattern is similar to that of the
esophagus. This image was published in Esophageal Surgery,
2nd Ed., F. Griffith Pearson, Page 15, Copyright Churchill
Livingstone (2002).

system generates specific activities such as relaxation
of the muscular wall with depression of the peristalsis
(38,39) and increase of the lower esophageal sphincter
tonus (40).

The sensorial information from the esophageal
wall is also transmitted ascending toward supraspinal
and cortical centers, where it is interpreted as sensation.
Pain, temperature, and visceroceptive information can
be transmitted via lamina I Rexed and spinothalamic
pathways in the ventromedial nucleus of the thalamus,
projecting to the insular cortex (41,42). The informa-
tion is transmitted through pathways containing nu-
merous small interneurons in the laminae VII and X
Rexed.

The sympathetic outflow of the neurons from the
lateral horn in the spine is also controlled by substantial
input from multiple supraspinal structures. Using trans-
neuronal-tracing techniques with pseudorabies virus,
identification of these specific supraspinal structures is
possible. After injection of the pseudorabies virus in the

celiac and stellate ganglia, 5 regions were labeled: (a)
ventromedial medulla, (b) rostralventrolateral medulla,
(c) caudalraphe nuclei, (d) AS noradrenergic cell group,
and (e) paraventricular nucleus of the hypothalamus
(43).

The Parasympathetic System

The parasympathetic system at the esophageal level
is mainly represented by the fibers of the vagus nerve.
The sensory, afferent fibers of the parasympathetic sys-
tem are mainly part of the vagus nerve. These fibers are
dendritic ends of unipolar neurons located mainly in
the nodose (inferior) vagal ganglion and represent ap-
proximately 80% of the vagal trunk (44). The sensory
neurons within the nodose ganglion have a topographic
layout suggested by Collman et al. (45). Using retro-
grade immunohistochemic techniques, Neuhuber dem-
onstrated that the vagal afferents that supply mucosa
and muscularis propria in the cervical esophagus have
different origins. The afferent innervation of the mus-
cularis propria originates in nodose ganglion, while the
fibers supplying the mucosal layer originate mainly from
petrosal and jugular ganglion (46). These observations
are in agreement with some experiments that demon-
strate different patterns of stimulation. The vagal affer-
ents from the submucosa respond mainly to mechanical
distention, while the afferents in the mucosa respond to
various chemical and intralumninal stimulation (44).
The parasympathetic afferents from the esophagus on
their way to the sensory ganglion gather and form the
superior laryngeal nerve (SLN). The SLN courses along
the pharynx, posterior and medial to the internal carotid
artery, dividing into internal and external branches. After
piercing the inferior constrictor muscle, the internal SLN
ascends and gives off branches supplying the sensory of
the esophagus, especially on the left side (38).

The axons of the primary neurons that supply sen-
sation of the esophagus terminate in different nuclei of
the brain stem. The vagal afferents from the proximal
striated esophagus project in a specific region on the me-
dial aspect of the solitary tract called the central sub-
nucleus. The afferents from the smooth muscled part of
the esophagus project in the vicinity of the central sub-
nucleus (47,48).

The striated and smooth parts of the esophagus
are supplied with efferent fibers of different origins. The
nervous fibers innervating the striated esophagus origi-
nate from the rostral part of the nucleus ambiguous (49).
This structure is connected to the ipsilateral central sub-
nucleus of the solitary tract by medullary interneurons.
The efferent parasympathetic fibers going to the distal
smooth muscled esophagus originate in the medial part
of the dorsal nucleus, the largest parasympathetic struc-
ture in the brain stem (38). From the dorsal nucleus, the
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Concept of lymphatic pathways. The lymphatic system of the esophagus presents a bidirec-
tional flow at the tracheal bifurcation. This feature is consistent with clinical observations.
The knowledge of lymph flow and the corresponding lymph node distribution is essential
in understanding potential spread of malignancy. This image was published in Esophageal
Surgery, 2nd Ed., F. Griffith Pearson, Page 17, Copyright Churchill Livingstone (2002).

efferent fibers merge and form the main trunk of the vagus
nerve that travels through the jugular foramen. The right
vagus nerve courses down on the posterior aspect of the
right bronchus and hilum and divides into anterior and
posterior subdivision. The posterior subdivision unites
with the sympathetic fibers forming the right posterior
pulmonary plexus. This plexus will generate in its cau-
dal part rami that innervate the esophagus. These rami
join similar rami coming from the left side to form the
anterior esophageal plexus. This plexus continues down
along the anterior surface of the esophagus and courses
through the diaphragmatic hiatus (38).

At the proximal part of the esophagus at the
pharyngeal-esophageal junction, the efferent innerva-
tion is supplied with fibers from the recurrent right and
left laryngeal nerves. These nerves originate from the
vagus nerve curving backwards and upward around
the subclavian artery on the right side respectively,
around the aortic arch on the left side. In the ascend-
ing segments, these nerves travel in the groove formed
between trachea and esophagus, and they give off
esophageal branches that participate in the esophageal
plexus (38). The parasympathetic efferent fibers regu-
late the activity of the esophageal muscle by increasing
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Posterior cutaway view of the intrathoracic esophagus in anatomic position.

peristalsis, decreasing pressure in the LES, and increas-
Ing secretory activity.

Similar to the sympathetic system, the activity of the
parasympathetic system is tonically regulated by supra-
spinal centers, such as hypothalamus and cortical areas.
Positron-emission tomography (PET) and functional
Magnetic Resonance Imaging (fMRI) have been used
to map the central nervous system projections from the
esophagus. Esophageal stimulation at the subliminal and

liminal levels is sensed peripherally and transmitted to
the brain for further processing and modulation. Esoph-
ageal sensory innervation is carried by the vagus nerve to
the nodose ganglion and projects through the brainstem,
through the thalamus, to terminate in the cortex (45,50).
Regions that are activated by esophageal stimulation in-
clude the secondary sensory and motor cortex, parieto-
occipital cortex, anterior and posterior cingulate cortex,
prefrontal cortical cortex, and the insula (51).
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Enteric Nervous System

Similar to other segments of the gastrointestinal tract,
the esophagus has its own neural systems composed
of flat networks in the muscular layers that form the
myenteric and submucous enteric plexuses (52,53). The
thin nerve fibers and numerous ganglia of the intramu-
ral myenteric and submucosal plexuses provide the in-
trinsic innervation of the esophagus. The ganglia that
lie between the longitudinal and the circular layers of
the tunica muscularis form the myenteric or Auerbach’s
plexus, whereas those that lie in the submucosa form the
submucous or Meissner’s plexus. In the smooth muscled
esophagus, the neurons of the myenteric plexus relay
between the vagus and the smooth muscle, acting as
postganglionic neurons. From here, short motor axons
from the ganglia penetrate and innervate the muscle
layers (54). The two intrinsic nervous plexuses have
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pithelial cancers of the esophagus

are commonly codified into 2 main

histolopathologic groups, squamous

cell cancer and adenocarcinoma. It

is now widely appreciated that these
2 distinct histologies identify 2 very different disease pro-
cesses. Appreciating some of these differences, as a brief
introduction, sheds some light on the complex interaction
between environmental influences and biology at play in
these 2 very different entities.

Squamous cell cancer occurs predominantly in the
developing world, especially in a wide expansive region
stretching from northern Iran to north central China,
the so-called esophageal cancer belt (1). Esophageal ad-
enocarcinoma, on the other hand, is largely a disease of
Western nations, especially of North America and West-
ern Europe. In the countries where esophageal adeno-
carcinoma is prevalent, there has been a rapid increase
in overall incidence of this disease since the mid-1970s
that has outpaced the incidences of all other solid malig-
nancies (2) (Figure 3.1).

The incidence of esophageal squamous cell carci-
noma, however, even in the cancer belt has decreased or
remained constant (3). Even within the same geographi-
cal regions, different ethnic groups have very different
incidences of esophageal squamous cell and adenocarci-
noma. In Scotland, for example, there is a higher rate of
squamous cell compared to the rate observed in England

The Biology of Epithelial
Esophageal Cancer

and Ireland (4). Similarly in the United States, African
Americans have appreciably lower rates of esophageal
adenocarcinoma and significantly higher rates of squa-
mous cell cancer than in the Caucasian population (5).

Squamous cell more often is associated with those
populations with lower socioeconomic status and more
frequent consumption of alcohol, tobacco, hot tea, low
fruit and vegetable intake, as well as malnutrition, while
esophageal adenocarcinoma has been linked to higher
socioeconomic classes, obesity, and chronic gastroesoph-
ageal reflux disease (GERD). There is an unexplained
gender disparity in patients affected with the two types
of esophageal cancer. With squamous cell cancer, the
male to female ratio is about 2:1 or 3:1, whereas the
male to female ratio in adenocarcinoma is often 7:1 (1).
Localization of squamous cancers in the mid- to upper
esophagus is far more frequent than that of adenocarci-
noma that is found predominantly in the distal third of
the esophagus or at the gastroesophageal junction. This
discrepancy in tumor localization necessitates different
treatment strategies, especially with respect to eligibility
of patients for complete surgical resection.

Many of the reasons for these various differences
between the two types of esophageal cancer are un-
known. Indisputably, environmental influences, such as
the high nitrosamine content in the soil in countries of
the esophageal belt and the persistent exposure to to-
bacco carcinogens (nicotine-specifi ¢ nitrosamines) of
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Esophageal cancer, SEER, 1974-1994. From DeVesa SS,
Blot WJ, Fraumeni Jr JF. Cancer. 1998;83:2049-2053.

patients in other areas may contribute similarly to car-
cinogenesis. But at the same time, these similar environ-
mental influences can give rise to tumors with separate
and distinct biologies. In this chapter, we will review
what is known of these tumor biologies.

Since the advent and completion of the human ge-
nome project, there has been a dizzying proliferation of
science devoted to the molecular and cellular mecha-
nisms of malignancy. Our knowledge of genetic, and
now epigenetic abnormalities, expands exponentially
with each passing year. This has resulted in a large sci-
entifi ¢ literature concerned with tumorigenesis at the
cellular level. Topics related to tumorigenesis include:
oncogenes, tumor suppressor genes, repair genes, cell
cycle regulators, transcription factors, growth factors,
hormones, cytokines, cyclins, anti-apoptotic genes, and
so on. Changes in genes in the germline result in heredi-
tary predisposition to cancer, while abnormalities in sin-
gle somatic cells contribute to sporatic malignancies. As
Hanahan and Weinberg point out, the complex cast of

factors all contribute to establishing the six distinguish-
ing phenotypes of cancer—autonomous growth, resis-
tance to antiproliferative signals, avoidance of apoptosis,
unregulated replication, promotion of angiogenesis, and
propensity for local as well as distant invasion/dissemi-
nation (6).

As the number of discovered genes continues to
expand with novel molecular techniques, it becomes
increasingly clear that focusing on and having a salient
understanding of the oncogenic networks or signal trans-
duction pathways in which these individual genes oper-
ate to produce cancer is critical. Vogelstein and Kinzler
argue that not only are the number of these oncogenic
pathways far fewer than the multitudes of current as
well as yet to be discovered genes, but also within these
networks there are multiple ways to achieve the same
effect (7). In the p53 pathway, for example, most com-
monly this tumor suppressor gene is rendered dysfunc-
tional through a point mutation that limits its capacity
to bind to its target. But functional inactivation of this
pathway can be achieved with a non-mutated, biochemi-
cally active p53 by disruptions of other components
of the pathway, such as the amplication of the MDM?2
gene, or the infection of DNA tumor viruses through
their gene products that bind to and inactivate p53 (7).
In fact, it is well known that in the Rb pathway, only 1
of 4 genes is exclusively mutated at any one time, and
the resulting functional effect of each mutation is exactly
the same (8-12).

Figure 3.2 depicts an overview of the major can-
cer gene pathways (7). In these major pathways, there
is much redundancy and cross talk both within the net-
works as well as between them, and in fact, many genes
appear to be important in more than one pathway (7).
In this chapter, we will discuss the molecular alterations
inherent in squamous cell and adenocarcinoma esopha-
geal cancer, with special emphasis on the impact of the
disturbance on these networks.

ESOPHAGEAL ADENOCARCINOMA

The Barrett’s-Metaplasia-Carcinoma Sequence

First described in 1950, Barrett’s esophagus is defined as
the replacement, or metaplasia, of the normal esophageal
squamous mucosa with a columnar epithelium contain-
ing goblet cells (13) (Figure 3.3). In the ensuing 50 years,
a great deal has been learned about this clinical entity, its
pathogenesis, and its relation to the development of esoph-
ageal adenocarcinoma. The condition most commonly
arises in the setting of chronic GERD, where repeated
mucosal injury is thought to stimulate the progression of
intestinal metaplasia. It has been hypothesized that this
ectopic columnar epithelium predisposes patients to the
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Overview of the main cancer gene pathways.

development of progressive dysplastic changes and, ulti-
mately, adenocarcinoma. In fact, Barrett’s esophagus is
considered to be a premalignant condition, which carries
nearly a 100-fold increased risk for esophageal cancer as
compared with the general population (14).

In the Western world, up to 20% of the general
population reports symptoms consistent with GERD
(15). Moreover, it is estimated that the prevalence of
Barrett’s esophagus in the general population has grown
nearly 4-fold in the last few decades, which likely reflects
a combination of a changing disease prevalence and im-
proved diagnostic capability with the increased use of
flexible upper endoscopy. Simultaneously, there has been
a steady rise in the incidence of esophageal adenocarci-
noma, particularly at the esophagogastric junction, and
in the United States and Western Europe, esophageal ad-
enocarcinoma has supplanted squamous cancer as the
most common primary esophageal epithelial malignancy.
Nevertheless, it remains unclear whether the rising in-
cidence of esophageal adenocarcinoma is specifically re-
lated to the perceived increased incidence of GERD and
Barrett’s esophagus in the general population. Moreover
as the risk of developing esophageal adenocarcinoma in

patients with documented Barrett’s esophagus is only
0.5% per year (16), and the prognosis for patients with
invasive cancer remains poor, it would be ideal to find a
screening strategy that might identify the small number
of patients with Barrett’s esophagus who will go on to de-
velop esophageal adenocarcinoma, thereby affording the
opportunity for earlier detection and curative therapies.

A clearer understanding of the relationships between
GERD, Barrett’s esophagus, and the development of
esophageal adenocarcinoma is beginning to emerge as the
details of the underlying biological changes become eluci-
dated. There is growing evidence that Barrett’s epithelium
can progress sequentially through a metaplasia-dysplasia-
carcinoma type sequence, although this sequence and its
genetic, as well as epigenetic, underpinnings are far from
being completely understood. Several lines of early evi-
dence support this theory. First, metaplastic and dysplas-
tic epithelia are frequently found adjacent to one another
within pathologic specimens. Second, the progression
from metaplasia to low-grade dysplasia, then high-grade
dysplasia, and finally invasive adenocarcinoma has been
observed serially and temporally in individual patients
who are surveyed endoscopically (17). Moreover, 30%
of esophagectomy specimens collected from patients who
undergo resection for high-grade dysplasia alone are
found incidentally to harbor foci of invasive carcinoma
within the dysplastic regions.

The clinical progression from metaplasia to dys-
plasia to carcinoma has been studied extensively in an
attempt to better elucidate its molecular and genetic un-
derpinnings, and the molecular pathogenesis of Barrett’s
esophagus and esophageal adenocarcinoma have been
found to include the accumulation of multiple molecu-
lar alterations over time. These alterations may affect
various aspects of carcinogenesis, including cell cycle
regulation and proliferation, aneuploidy, telomerase
activity, growth factors, and epigenetic modifications.
Moreover, these changes may affect both somatic and
stem cell populations, thereby opening broader avenues
for research and potential therapeutics. In recent years,
the application of concepts learned from developmental
pathways has provided a novel basis for investigation
of the shift in the esophageal mucosa from its original
squamous to the columnar-lined epithelium seen in in-
testinal metaplasia, with growing evidence to suggest
that pluripotent stem cells may be driven toward novel
epithelial differentiation as a result of altered develop-
mental pathway signaling.

Molecular Alterations in Barrett’s Metaplasia

A number of novel developmental pathway alterations
have been found in regions of Barrett’s metaplasia as
compared with normal regions of esophageal mucosa.
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For example, CDX1 and CDX2 are homeobox proteins
that play major roles in the development of the intestinal
epithelium in utero. In mice, CDX2 expression is high
in the proximal intestine (including the esophagus) and
decreases distally along the small bowel, whereas CDX1
expression is high in the distal intestine and less so prox-
imally, with considerable overlap in the mid-intestine
(18). It has been hypothesized that such developmentally
important genes might drive the transformation of the
normally squamous esophageal epithelium into a more
intestinal-type columnar epithelium during the clinical
development of Barrett’s esophagus. For example, the
repeated injury posed by GERD to the distal esopha-
geal mucosa might activate the ectopic overexpression
of CDX1, which then triggers a transformation into
the more distal intestinal phenotype. In support of this
hypothesis, it has been found that CDX1 mRNA and
protein expression are detectable in human samples of
Barrett’s metaplasia, but not in the normal distal esopha-
geal squamous mucosa (19). Moreover, both conjugated
bile salts and the inflammatory cytokines tumor necrosis
factor-o. (TNF-o) and interleukin 1b (IL-1b) were found
to increase CDX2 mRNA expression in vitro through
NF-kB signaling (20), the overexpression of which syn-
ergizes with CDX1 in inducing and maintaining the more

distal intestinal phenotype. Furthermore, CDX2 pro-
tein and mRNA overexpression has been documented
in Barrett’s esophagus and esophageal adenocarcinoma
epithelia, but not in patients with gastric-type (proxi-
mal) metaplasia or those with GERD without Barrett’s
changes (21). This overexpression reiterates the notion
that alterations in the expression of these developmental
regulatory proteins may trigger a change in the pheno-
type of the epithelial cell, possibly by driving the differ-
entiation of pluripotent stem-cell precursors.

Molecular Changes in the Metaplasia-
Dysplasia-Carcinoma Sequence

In the esophagus, the progression from dysplasia to inva-
sive adenocarcinoma in the setting of Barrett’s esophagus
is a multistep process that probably takes many years to
develop (22). The process is driven by genomic instabil-
ity and the evolution of clones of cells with accumulated
genetic errors that carry selection advantage and allow
successive clonal expansion. Successive accumulation of
chromosomal aberrations, such as aneuploidy and loss
of heterozygosity (LOH), specifi ¢ genetic alterations,
and epigenetic abnormalities of tumor suppressor genes,
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characterize this process of malignant transformation.
We will briefly explore some examples of these genomic
changes in the context of esophageal adenocarcinoma.

Cell Cycle and Proliferation

Regulatory genes that have been implicated in the de-
velopment of esophageal adenocarcinoma include cyclin
D1 and p16. Overexpression of cyclin D1, or inactiva-
tion of p16, results in the hyperphosphorylation of the
retinoblastoma protein Rb (which controls the normal
transition between the G1 phase of the cell cycle and
phase GO or S), thereby inactivating Rb and stimulat-
ing cellular proliferation. Defects in p16 (via LOH, mu-
tation, or methylation) are very prevalent in Barrett’s
mucosa and appear to occur very early on in the trans-
formation process (23-25). Cyclin D1 overexpression
has been documented in Barrett’s esophagus and esoph-
ageal adenocarcinoma, and one prospective study has
found that patients with Barrett’s metaplasia and cyclin
D1 overexpression were at increased risk for invasive
cancer when compared with patients in whom its ex-
pression was normal (26). Although a number of such
studies documenting hyperproliferation in the setting
of Barrett’s esophagus exist, no specific findings have
proven predictive of the progression to cancer.

Telomerase

Telomeres are fragments of non-coding DNA repeats that
protect the ends of chromosomes from degradation. As
cells replicate, short segments of these telomeres are lost
with each cell division until telomeres become too short
to protect the chromosomes, thereby triggering growth
arrest and the prevention of further cell division. Human
cancers take advantage of this regulatory mechanism by
reactivating the telomerase enzyme that stabilizes the
telomeres and maintains the proliferative potential of
malignant cells. In one study, telomerase activity was de-
tected in 100% of esophageal adenocarcinoma specimens
but not in normal esophageal mucosa, and a graded yet
pronounced increase in activity was seen in the setting of
low-grade versus high-grade dysplasia (27).

Aneuploidy

In Barrett’s epithelium, it has been documented that
abnormalities in DNA ploidy are associated with the
progression to dysplasia. In one study, patients with
Barrett’s esophagus and no dysplasia or low-grade dys-
plasia had a 5-year cumulative incidence of cancer of
28% if aneuploidy or tetraploidy was documented by
flow cytometry, whereas no patient with normal cyto-

metric results developed invasive cancer (28). Using flow
cytometry in conjunction with histology, the authors of
the study have suggested increased endoscopic surveil-
lance in patients who are high risk on the basis of abnor-
malities in ploidy (28).

Apoptosis

The p53 protein prevents cells with DNA damage from
dividing, and activates the apoptosis pathway, thereby
preventing the propagation of cells with such alterations.
Disruption of native p53 function inhibits apoptosis and
thereby allows the expansion of abnormal cell popula-
tions over time. Lesions in p53 have been documented in
85%-95% of esophageal adenocarcinomas, but almost
never in normal esophageal tissues from the same pa-
tients. Moreover, their prevalence increases significantly
with advancing histologic grades of dysplasia (29-32).
In one study, LOH at the p53 locus was a strong and sig-
nificant predictor for the progression to esophageal ad-
enocarcinoma, with a relative risk of 16 in patients with
this abnormality as compared to those without (33).

Invasion

Cadherins are a family of cell adhesion molecules essen-
tial to the maintenance of intercellular connections, cell
polarity, and cellular differentiation, and thereby play a
role in the invasiveness of cancer cells. Germline muta-
tions of the E-cadherin gene (CDH1) have been found to
be a causative agent in familial gastric cancer (34-36). It
has been documented that the expression of E-cadherin
is significantly lower in patients with Barrett’s esopha-
gus compared with patients with the normal esophageal
epithelium, and further reduction of its expression is ob-
served as the metaplasia-dysplasia-carcinoma sequence
progresses (37). These findings suggest that E-cadherin
may serve as a tumor suppressor early in the process of
carcinogenesis in esophageal adenocarcinoma.

Along with decreasing E-cadherin expression in
metaplastic tissue, loss of its associated membranous
B-catenin expression and an increase in cytoplasmic
and nuclear B-catenin localization has been observed
in esophageal cancer (37). Free cytoplasmic B-catenin
binds to nuclear transcription factors and promotes
transcription of many target genes, including several on-
cogenes such as c-myc and cyclin D1, and thus promotes
oncogenesis.

Furthermore, TNF-o, an inflammatory cytokine
that can be detected in many cancer cells, can down-
regulate the expression of E-cadherin at a transcription
level (38). In Barrett’s metaplasia the expression of epi-
thelial TNF-o. increases with the progression from meta-
plasia to dysplasia to carcinoma (39).
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Cyclooxygenase-2

Cyclooxygenase-2 (COX-2) is normally found in the
kidney and brain, but in other tissues, its expression is
inducible and rises during inflammation, wound healing,
and neoplastic growth. COX-2 and its product prosta-
glandin E2 (PGE2) appear to be implicated in carcino-
genesis because they prolong the survival of abnormal
cells, which favors the accumulation of genetic changes.
They reduce apoptosis and cell adhesion, increase cell
proliferation, promote angiogenesis and invasion, and
make cancer cells resistant to the host immune response
(40). Although COX-2 is expressed in the normal esoph-
agus, its expression is significantly increased in Barrett’s
esophagus and even more so in high grade dysplasia
and esophageal adenocarcinoma (41-43). Some authors
have suggested that COX-2 expression might be of prog-
nostic value in esophageal adenocarcinoma, as patients
with high COX-2 expression are more likely to develop
distant metastases and local recurrence and have signifi-
cantly reduced survival rates when compared to those
with low expression (41). These findings have led to the
consideration of COX-2 inhibitors as a potential che-
motherapeutic alternative for patients with esophageal
adenocarcinoma.

Epigenetic Abnormalities

Recently, there has been an explosion of research activity
and resultant scientific knowledge in the role of epigene-
tic changes occurring during carcinogenesis. Epigenetics
refers to alterations in patterns of gene expression that
take place without any modification of the underlying
primary DNA sequence. In general, our current under-
standing of epigenetic processes during tumorigenesis is
limited largely to regional DNA hypermethylation and
alterations in the chromatin components of DNA pack-
aging. Since these modifications are heritable, they are
able to be conveyed from one generation to another dur-
ing replication of somatic cells, and thus have potential
importance for the early diagnosis, prognosis, and even
treatment of many malignancies.

DNA promoter region hypermethylation occurs
mostly at CpG sites in the genome and is catalyzed
by a family of 3 active DNA methyltransferases that
transfer a methyl group from S-adenosyl-methionine to
cytosine to form 5-methylcytosine (Figure 3.4). Tumor
suppressor genes, genes that suppress metastasis and
angiogenesis, as well as DNA repair genes are often
targets for this transcriptional inactivation. DNA hy-
permethylation, and its associated effect on gene in-
activation, have been widely studied in the molecular
events leading to progression from Barrett’s metaplasia
to frank esophageal adenocarcinoma. The risk progres-
sion to esophageal adenocarcinoma in a patient under

surveillance with Barrett’s dysplasia is only 1 per 250
patient-years, or 0.5% per year (16,44). It is thought
that epigenetic biomarkers, such as DNA hypermeth-
ylation, may streamline endoscopic surveillance and
improve the risk stratification of patients with Barrett’s
metaplasia. This would enable better prediction of pa-
tient progression to high grade Barrett’s dysplasia or
esophageal adenocarcinoma. In addition, the longtime
existence of a drug, S-azacytidine, which irreversibly
inhibits the aforementioned DNA methyltransferases,
makes the therapeutic potential of reversing DNA hy-
permethylation enticing for clinical exploitation (45).

Methylation of CpG-island in many cancer types
seems to represent possible early, preneoplastic epigene-
tic events. Hypermethylation of p16 was one of the first
genes implicated in the progression of Barrett’s esopha-
gus to malignancy with 38% of premalignant and ma-
lignant lesions demonstrating this abnormality (46).
Meltzer et al. identified p16 along with 7 other genes
(p16, APC, TIMP3, RUNX3, CRBP1, RIZ1, HPP1) to
be frequently methylated in both Barrett’s esophagus as
well as esophageal adenocarcinoma, but not in normal
esophagus (47). Using 4 of these genes (p16, TIMP3,
RUNX3, HPP1), Meltzer showed significant differ-
ences in DNA methylation prevalences between those
patients who progressed from Barrett’s metaplasia to
frank esophageal adenocarcinoma and those who did
not (47). Importantly, in this study, DNA methylation
distinguished progressors within 2 years of their pro-
gression to adenocarcinoma but was unable to predict
progression more than 2 years before adenocarcinoma
diagnosis (47).

In contrast to colon cancer, where point muta-
tions of p16 are frequent, this gene is rarely mutated in
esophageal adenocarcinoma. Instead, DNA methylation
predominates as the primary mechanism of gene inacti-
vation. Eads et al. observed frequent DNA methylation
in many esophageal cancer specimens with infrequent
DNA methylation in normal esophagus from the same
patients (% tumor vs. % normal specimens): p16 (41%
vs. 0%), ESR1 (86% vs. 0%), MYOD1 (45% vs.0%),
TIMP3 (86% vs. 19%), APC (68% vs. 3%), and CALCA
(50% vs. 13%) (25,46).

Although prognostic biomarkers will be covered
more thoroughly elsewhere in the text, it is worth not-
ing that epigenetic markers are being considered to be
possible prognostic markers in patients with esopha-
geal adenocarcinoma. A recent study at Johns Hopkins
found patients whose tumors had >50% of a 4 gene
profile methylated had both significantly poorer survival
(P < 0.04) and earlier tumor recurrence (P < 0.05) than
those without methylation (48). Moreover, multivariate
analysis suggested that methylation status was a more
powerful predictors of survival (HR 2.7 [1.14-6.45;
95% confidence interval]) and tumor recurrence (HR2.5
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[1.11-5.6]) than age (HR 2.03 and 1.96, respectively) or
stage (HR 1.48 and 1.67, respectively) (48).

Stem Cells

In 2002, Seery based a model for understanding esoph-
ageal stem cell populations upon lessons learned from
epidermal stem cell studies (49). In reviewing one of
the existing hypotheses of the development of Barrett’s
esophagus that suggests that preformed tubuloalveolar
gland elements in the squamous mucosa of the esoph-
agus may be the origin of Barrett’s metaplasia, Seery
surmised it might instead be that the differentiation pro-
gram of keratinocytes can be modified by GERD to in-
duce columnar differentiation. He noted that GERD can
trigger a similar metaplastic change in the esophagus of
rats (50) that do not have preexisting glandular struc-
tures in the esophagus.

SQUAMOUS ESOPHAGEAL CANCER BIOLOGY

In stark contrast to adenocarcinoma of the esophagus,
squamous cell carcinoma (SCC) is characterized by

different molecular mechanisms and consequently by
different risk factors. In general, squamous cell carci-
noma is primarily due to chronic irritation of esoph-
ageal squamous epithelium. In this section, we will
review risk factors for squamous cell carcinoma and
the molecular mechanisms underlying both premalig-
nant and malignant change.

Epidemiology of Squamous Cell Carcinoma
of the Esophagus

Esophageal SCC has a distinct incidence and epidemio-
logic pattern from adenocarcinoma. As mentioned pre-
viously, the incidence of esophageal adenocarcinoma is
on the rise in the United States and in other Western
countries (51,52). By contrast, the incidence of SCC
has been steadily declining since the 1970s. Although in
the United States African American males have a much
higher incidence of SCC when compared to whites, the
incidence in this population is declining as well (53). In
contrast, in Eastern countries (China in particular), the
majority of esophageal cancers are SCC, and there is
no increase in the incidence of adenocarcinoma. These
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trends point toward fundamental differences in patho-
genic mechanisms associated with the development of
these distinct malignancies.

Risk Factors for the Development
of Squamous Cell Carcinoma

Although the exact mechanisms responsible for the for-
mation of SCC formation are unknown, epithelial tu-
mors frequently arise as a result of chronic irritation of
a mucosal layer. In this regard, esophageal cancer is no
different. There are several known risk factors, including
tobacco and alcohol use, for the development of SCC of
the esophagus. Many relate to chronic irritation of the
esophagus.

Tobacco and Alcohol Use

Chronic use of tobacco has been definitively shown to
be associated with the development of SCC (54,55). This
effect persists whether one smokes cigarettes or uses
smokeless tobacco products. This effect appears to be
most correlated with SCC, as the effect of smoking on
adenocarcinoma is less certain. Alcohol is also strongly
correlated with the development of esophageal SCC
(56,57). Both tobacco use and alcohol consumption con-
tribute to the development of SCC in a dose-dependent
manner. Additionally, cessation leads to a decrease in the
risk of cancer development (58).

Diet

Because of the unequal distribution of esophageal cancer
types worldwide, speculation that differences in diet con-
tribute to pathogenesis have garnered significant interest.
Specifically postulated have been that diets high in starch
and low in fiber contribute to the development of SCC
of the esophagus (59). There have been further reports
of fungal contaminants (so-called mycotoxins) that may
contribute to the development of SCC (60). Perhaps the
most intriguing notions dealing with dietary habits and
SCC focus on the intake of foods containing nitrates and
nitrosamines. Because tumorigenesis has been observed
with nitrosamine administration in animal models, nitro-
samines have been postulated to be associated with the
development of cancer in humans (61). Nitrosamines are
found in a variety of foods including smoked and cured
meats, pickled foods, and foods with added malt such as
beer or whiskey (61). Nitrosamines are found to a much
greater extent in Asian foods (62), which may explain
why a greater percentage of Asians develop SCC of the
esophagus. Interestingly, nitrosamines are endogenously
produced in the human body from nitrates. Nitrates are
found, to a large extent, in vegetables and water. It is

interesting that nitrosating enzymes in the human body
are produced in response to chronic inflammation, and
thus, nitrate intake might be more harmful in the setting
of other chronic irritants to the esophagus such as smok-
ing or chronic alcohol consumption.

Achalasia

Much controversy exists when discussing the incidence of
SCC of the esophagus in patients with previous achalasia.
Although some studies have shown correlation between
the two diseases (63), many population-based studies
have now pointed to an increased risk of esophageal can-
cer with achalasia (64,65). There is strong evidence that
SCC predominates over adenocarcinoma among patients
with achalasia who develop esophageal cancer. A widely
held belief is that esophageal cancer developing from
achalasia carries a worse prognosis as compared to other
esophageal cancer. Studies of patients with achalasia and
esophageal cancer appear to have similar prognoses to
those who develop esophageal cancer with no achalasia,
and thus it appears that this notion is false (64).

Other Factors

The risk of SCC also increases with any chronic irritant,
such as lye ingestion or radiation therapy. Plummer-
Vinson syndrome (a disorder of iron deficiency, dys-
phagia, esophageal webs) is a known risk factor; and
similar to other cancers, a history of previous squamous
cell cancer is a risk factor as well (58).

Precursor Lesions for Squamous
Cell Carcinoma

The World Health Organization (WHO) has classified
esophageal dysplasia as a precancerous lesion containing
cytologic and structural abnormalities (66). For squa-
mous cells of the esophagus, it has been traditional to use
the terms mild, moderate, and severe to describe degrees
of dysplasia (67,68); however, most pathologists agree
that there is a clear divide in disease severity between
mild and moderate dysplasia compared to severe, and
consequently use the terms low-grade and bigh-grade to
describe levels of dysplasia (69). It is noteworthy that
carcinoma in situ is a variant of high-grade dysplasia
and additionally, both dysplasia and carcinoma in situ
imply a lack of lymph node involvement and lack of in-
vasion beyond the epithelial layer.

Descriptive Features

Studies of patients with squamous cell dysplasia of the
esophagus receiving endoscopy have demonstrated a
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wide variety of clinical features (70). Specifically, dys-
plasia can be friable with erythema or can present as
nodularity, erosions, or flat lesions. In some cases, small
white plaques or patches are visible. Dysplasia is, for-
tunately, rarely visually normal (only 2% in a series of
398 patients by Dawsey et al.) (70). Interestingly, areas
of mucosal dysplasia are visually highlighted with the
use of iodine, a technique that can aid in diagnosis (71).
Dysplastic areas tend not to pick up iodine staining due
to a loss of glycogen in the dysplastic mucosa (68). De-
spite these diagnostic aids, biopsies are, at this time, the
only proven way to identify mucosal dysplasia reliably.

Pathology

Transitions from dysplasia to nondysplasia are often
easily noted on esophageal biopsy. This is because the
nuclear enlargement, hyperchromasia, mitotic increases.
and pleomorphism are all pronounced in specimens of
esophageal dysplasia (68). In general, dysplastic cells in-
vade from the superfidal to deep layers of epithelium.
Dysplasia is graded by the degree of epithelial involve-
ment. In general, mild and moderate dysplasia occupy
less than 50% of the epithelium, while severe occupies
greater than 50% of the epithelium (72). Carcinoma in
situ involves the full thickness of epithelium but does not
invade beyond the epithelial layer.

Progression to Invasive Cancer

Squamous cell carcinoma of the esophagus appears to
develop through a series of changes from dysplasia to
invasive carcinoma. Studies examining esophageal re-
section specimens have observed areas of high- and
low-grade dysplasia present in addition to invasive car-
cinoma (70,73) The molecular mechanisms leading to
this progression will be the subject of the next section.

Molecular Alterations in Squamous
Cell Carcinoma

Overview of Oncogenic Mechanisms

Seminal work by a multitude of investigators has re-
vealed that unlike diseases caused by a single mutation
(e.g., cystic fibrosis), tumorigenesis is the result of mu-
tations or epigenetic changes in many different genes
and molecular pathways (74). Invasive cancer is thus
the result of the deleterious effects of many abnormali-
ties. Fortunately, genes can be categorized into distinct
varieties of alterations each with unique mechanisms
of tumorigenesis. Specifically, as stated earlier, one can
broadly divide genes responsible for tumor formation
into oncogenes, tumor suppressor genes, and genes re-
sponsible for DNA stability (74).

Oncogenes refer to genes that when mutated, result
in activation, leading to cellular proliferation or the al-
lowance of selective growth as compared to other cells.
Tumor suppressor genes, by contrast, result in reduced
activity of a gene and are important for ceasing cellular
proliferation. Finally, genes involved in stability regulate
DNA maintenance and repair. When alterations in these
genes occur, normal mechanisms responsible for DNA
repair are altered, leading to a resultant increase in ge-
netic alterations.

Cancer Characteristics

Alterations in these key genetic pathways lead to many
of the key characteristic features of all cancer cells. As
summarized by Hanahan and Weinberg (75), cancer
cells: (a) have self-suffi dency in growth, (b) are self-
replicative, (c) are insensitive to antigrowth signals,
(c) avoid apoptosis, and (d) have angiogenic capabili-
ties with the ability to invade tissue. Like all malignan-
cies, investigations of squamous cell carcinoma genetic
alterations have focused on genes that fall into one of
the broad categories of tumorigenesis and produce these
specific properties inherent to all malignant tumors (76).
The following section does not attempt to provide an ex-
haustive review of all genetic alterations that have been
identified for SCC, but rather focuses on a few examples
in important mechanistic categories.

Role of Oncogenes

As previously mentioned, oncogene mutations result in
active proliferation of cells. Notable examples include
ras and c-myc. In contrast to tumor suppressor genes
(discussed subsequently), there are few examples of
identified oncogenes in the pathogenesis of squamous
cell esophageal cancer. Examples in human esophageal
SCC include the murine double minute 2 (MDM2) gene,
which can bind to and inhibit p53, leading to cellular
proliferation (77), and the erythroblastosis virus onco-
gene homolog 2 (ETS2), which has proliferative proper-
ties (78).

Tumor Suppressor Genes

Tumor suppressor gene abnormalities have been read-
ily identified for esophageal SCC. In general, tumor
suppressor genes provide antiproliferative signals for
cells. Mutations include missense mutations, deletions
or insertions, and promoter methylation rendering a
nonfunctional protein product. Classic examples of
tumor suppressor genes include Rb and p53, and several
studies have provided examples of mutations in both
of these genes early in the pathogenesis of esophageal
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SCC (79-82). Relating to this pathway of tumorigen-
esis includes antiapoptotic signaling. The BCL-2 gene is
important for prevention of apoptosis. Additional p53
has antiapoptotic mechanisms. Mutations in these genes
have been shown in esophageal SCC to lead to abnormal
proliferation (82).

Additional Genetic Alterations

Additional genes of interest for SCC include those in-
volved in cell signaling, cell cycle regulation, and sig-
nal transduction (83,84). Additional important genetic
alterations including upregulation of telomerase con-
tributing to cell replication, upregulation of vascular en-
dothelial growth factor (VEGF) leading to angiogenesis,
and alterations in E and beta cadherin genes leading to
abnormal cellular attachments have been observed in
adenocarcinoma of the esophagus, but thus far have not
been demonstrated in esophageal SCC (86).

Epigenetic Abnormalities in Squamous Cell
Carcinoma of the Esophagus

A second important mechanism in the development of
neoplasm involves the acquisition of epigenetic changes.
Specifi allyy, DNA promoter methylation leads to the
inactivation of genes involved in tumor suppression
and cell cycle regulation. Furthermore, epigenetic si-
lencing of transcription factors can result in a loss of
gene expression as well (85). In SCC of the esophagus,
epigenetic alterations appear to play an important roll
as well. Guo and colleagues examined methylation in
the promoter regions of 8 common methylated genes in
samples of esophageal SCC. This group demonstrated
along the transition from dysplasia to neoplasm; epi-
genetic changes occur and are important mediators of
tumorigenesis (86). In this study, p16 showed the high-
est level of methylation. Similarly, Ishii and colleagues
have shown degrees of methylation specimens of esoph-
ageal SCC including background epithelium. In these
specimens, transitioning from background epithelium
through intraepithelial neoplasm to invasive carcinoma
was associated with increasing degrees of DNA methyla-
tion (87). These findings confirmed the results of Guo’s
study that epigenetic changes define the transition from
normal epithelium to invasive carcinoma. Finally, CDX2
(mentioned earlier as being overexpressed in esophageal
adenocarcinoma) has been found to be epigenetically si-
lenced in esophageal squamous cancers (88).

Genomics and Gene Microarrays

The development of the gene microarray by Brown and
colleagues has provided a powerful tool for investigation

of large-scale changes in gene expression associated with
malignancies (89). Microarray technology makes it possi-
ble to analyze simultaneously gene expression for tens of
thousands of genes. Typically, RNA is isolated from cells
of interest and reversibly transcribed to cDNA probes.
These probes are placed on a microarray with thousands
of ¢cDNA strands cloned from known human genes.
Using imaging technology, active genes from the RNA
sample are identified. This type of technology is leading
the way to the identification of several genes involved in
the pathogenesis of many tumors including esophageal
SCC (90-92). Beyond the notion of using microarrays
to identify new genes and gene pathways important in
tumorigenesis, the applications of this technology are
wide reaching. Specific possible applications include ex-
amination of cancer biology at various stages of cancer
progression (92), examination of differences between dif-
ferent types of esophageal cancer (93), and correlation
with responses to adjuvant chemotherapy (94).

Proteomics of Squamous Cell
Esophageal Carcinoma

The term proteomics refers to the study of the protein
composition cell or body tissue. It also encompasses
posttranslational changes that occur following protein
genesis. Protein profiles of tumor cells can be obtained
and readily compared to normal cell lines. Furthermore,
cellular or serum profiles for patients with tumor bur-
den can be compared to serum from normal individu-
als without tumor. In this way, differentially produced
proteins can be isolated, identified, and described for
tumors of interest (76). Because proteomics studies
the functional components of the cell (unlike genom-
ics, which studies potential protein products), the data
obtained from proteomic strategies are very powerful
for predicting phenotypic changes. Proteomics has per-
haps its most useful application in the development of
biomarkers for diagnosis and prognosis. A useful bio-
marker is present and easily identified in an accessible
body material such as blood or serum and predicts the
magnitude of illness with a high sensitivity. Although
proteomic strategies have not been widely employed for
esophageal SCC, Zhang and colleagues have identified
that differential expression of clusterin (a glycoprotein)
is downregulated in esophageal SCC (95). Using strate-
gies of this nature, important proteins for SCC will be
identified to aid in diagnosis and prognosis.

Future Directions in Treatment: Gene Therapy
for Squamous Cell Carcinoma

In addition to surgical resection, multimodality treat-
ment has garnered favor among many oncologists in
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order to improve responses to traditional therapy such
as chemotherapy, radiation, and surgical resection. Be-
cause p53 mutations are so common in both adeno and
squamous cell esophageal carcinoma (96,97), attention
has focused p53 as a potential target for esophageal
cancer gene therapy (98). In fact, in preclinical animal
studies (99,100), as well as phase I clinical safety stud-
ies, adenoviral p53 gene transfer has been successfully
applied for lung cancer therapy (101,102). Based on
these preliminary results, Japanese investigators have
conducted a phase II clinical trial enrolling 10 patients
and investigating the use of an adenoviral mediated p53
gene delivery to patients with advanced (T3 with mul-
tiple lymph node metastasis and T4) esophageal squa-
mous cell carcinoma (103). Although 9 of 10 patients
ultimately died, the drug was well tolerated with few ad-
verse side effects attributable to the therapy. One patient
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Tumors
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esenchymal tumors of the esoph-
agusarelesscommon than epithe-
‘ lial neoplasms of the esophagus.
A review of the histology of the
esophagus provides the tissues
in the esophagus that are possible sources of mesenchy-
mal neoplasms (Figure 4.1). Unlike the muscle bundles
of stomach and intestines, which have both circular and
longitudinal arrangements, the muscularis mucosa is
composed of smooth muscle bundles orientated longi-
tudinally. The muscularis mucosa becomes thicker as it
proceeds distally, and at the gastroesophageal junction,
the esophageal muscularis mucosa is thicker than that of
the stomach and can be mistaken for muscularis propria
(1). A short length (approximately 5%) of the proximal
muscularis is composed of striated muscle (2). The mus-
cularis propria is composed predominantly of smooth
muscle (2) (Figure 4.2). Despite the presence of the
two different muscle types, the predominant tumors of
the muscularis propria are leiomyomas and leiomyo-
sarcomas (3).

The esophagus, as with the rest of the GI tract, has
an intrinsic innovation system, which contains ganglion
cells in the submucosa (Meissner’s plexus) and between
the circular and longitudinal muscle layers (Auerbach’s
plexus) (Figure 4.3). The plexus are less well developed in
the esophagus than in the remainder of the GI tract, and
the density of neurons increases progressively toward the

The Biology of
Mesenchymal Esophageal

stomach (4). Tumors of neural origin are rare in the GI
tract. Kwon et al. reviewed 53 schwannomas of 4 previ-
ously reported series and only 2 cases were of arose in the
esophagus (5).

Interstitial cells of Cajal (ICC) are widely distrib-
uted within the submucosa, intramuscular, and inter-
muscular layers associated with the terminal networks
of sympathetic nerves. The ICC in the esophagus are
concentrated in the distal one-third in close association
with smooth muscles as well as in the middle one-third
associated with both smooth and striated muscles (3,6).
Gastrointestinal stromal tumors (GISTs), including
those of the esophagus, originate from ICC cells. The
most common mesenchymal GI tract tumors are GISTs,
except in the esophagus, where benign leiomyomas are
more frequent (3).

The 3 most common mesenchymal neoplasms of
the esophagus are leiomyomas, GISTs, and leiomyosar-
comas (3,7). Leiomyomas are rare elsewhere in the GI
tract, but are the most common esophageal mesenchymal
neoplasm (3,7).

LEIOMYOMAS

Leiomyomas constitute 71% of stromal/smooth muscle
tumors of the esophagus with a male to female ratio of
2:1. The lesions occur earlier in men with a mean age
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of 33 years and 44 in females. The presenting clinical
symptoms include dysphagia, esophageal ulceration,
and chest pain. The distal esophagus is the most com-
mon site of this lesion. Grossly, the lesions range from
1 to 18 cm in maximum diameter (mean 5 cm) and on
section they were lobulated, gray-white, and firm with a
whirled surface. Histologic examination showed a low to
moderate cellularity composed of bundles of interlacing
spindle-shaped smooth muscle cells with bland elongated

FIGURE 4.1

Mid-esophagus. The esophageal mucosa showing the sur-
face epithelium, lamina propria, and lower muscularis pro-
pria (4X).

FIGURE 4.2

Muscularis propria. Fascicles of smooth muscle cells.

cigar-shaped nuclei and infrequent mitoses and abun-
dant eosinophilic cytoplasm (3,9) (Figure 4.4). Inmuno-
histochemical examination showed all cases tested were
positive for muscle markers, including smooth muscle
antigen (SMA) and desmin. All of the lesions tested were
negative for CD34 and CD117, GIST cell markers, and
S-100 protein, a neural tumor marker (3,8). Long-term
follow-up of diagnosed lesions is unnecessary, as benign
leiomyomas show no tumor-related mortality (3,8,9).

LEIOMYOSARCOMAS

Leiomyosarcomas are rare neoplasms of the esopha-
gus and constitute the smallest group of mesenchymal

e

FIGURE 4.3

Auerbach’s plexus found between the 2 muscle layers.

FIGURE 4.4

Leiomyoma composed of bundles and fascicles of smooth
muscle cells in longitudinal and perpendicular planes.
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esophageal neoplasms. This lesion occurs in an older
age group and is more common in men. The lesions are
large (9-16 cm), and the lesion is lethal, with patients
dying from their disease within 1 to 24 months. His-
tologically, leiomyosarcomas are composed of fascicles
of blunt-end spindle cells with moderated to marked
pleomorphism, high mitotic activity, more than 5 mi-
toses per 50 HPFs. Immunohistochemically, the lesions
show global positivity for desmin and SMA. The le-
sions are universally negative for CD 117 and S-100
protein (3,8).

SCHWANNOMAS

Schwannomas are rare GI tract neoplasms. Of 191
GI mesenchymal tumors reviewed by Kwon et al. (35),
only 12 cases exhibited morphologic and immunohis-
tochemical features of GI schwannomas as described by
Daimaru et al. (10). Of these 12 cases, only 1 originated
from the esophagus. The patient was a 70-year-old fe-
male that presented with dysphagia and chest pain. The
lesion was 6 cm, well circumscribed, but not encapsu-
lated, rubbery to firm, yellow-white to tan, glistening,
and the cut surface was trabeculated. Microscopic ex-
amination revealed a lymphoid cuff in the surrounding
non-neoplastic tissue, including mucosa, submucosa,
muscle, and subserosa. The neoplasm was composed of
broad bundles, interlacing fascicles of whorls of elon-
gated cells with spindle-shaped, tapered, and somewhat
wavy nuclei with evenly distributed chromatin, indis-
tinct nuclei, and absent or rare mitoses. The immunohis-
tochemical reactions for vimentin, S-100 protein, GFAP
were diffusely and strongly positive, NSE was variably
positive, and CD117 (c-kit), CD34, desmin, SMA, neu-
rofilament, CD56, and synaptophysin were negative.

GASTROINTESTINAL STROMAL TUMORS

Formerly classified as smooth muscle tumors of the GI
tract, lelomyomas, leiomyosarcomas, and GISTs were
thought to be neoplasms of smooth muscle origin. Elec-
tron microscope studies showed inconsistent smooth
muscle differentiation (11). Mazur and Clark intro-
duced the term stromal tumor to distinguish this neo-
plasm as a clinicalopathologic entity based on mounting
morphologic evidence that these lesions did not exhibit
exclusive features of smooth muscle neoplasms (12).
During the past decade, ultrastructural and immuno-
histochemical findings resulted in GIST being defined
as a biologically distinctive tumor type, different from
smooth muscle (leiomyomas and leiomyosarcomas) and
neural (schwannomas) tumors of the GI tract.

The origin of GISTs is believed to be ICC or their
stem cell-like precursors (13,14). The ICC have features

of Gl autonomic nervous system and smooth muscle cells
and regulate the motility and autonomic nerve function
(15,16). The ICC are Kit protein and Kit-ligand (stem
cell factor) positive cells, and are located around the my-
enteric plexus and in the muscularis propria throughout
the GI tract. Furthermore, they include a subset of mul-
tipotential stem-like cells that can develop into smooth
muscle cells if Kit signaling is disrupted (17).

The c-kit protein, also known as CD117, is a highly
sensitive and specific marker for GISTs that differenti-
ates them from other GI mesenchymal tumors such as
leiomyomas, which do not express CD117 (18,19). The
c-kit proto-oncogene is located on the long arm of chro-
mosome 4 and encodes a 145 kD transmembrane recep-
tor with internal tyrosine kinase activity (20).

The immunohistochemical expression of the proto-
oncogene c-kit (KIT protein or CD117) is the essential
marker for confirmation of the diagnosis of GIST re-
gardless of location (21). In addition to the expression
of CD117 (Figures 4.5 and 4.6), approximately 60% to
70% of GISTs express CD34, a sialylated transmem-
brane glycoprotein and a hematopoietic progenitor cell
antigen found in mesenchymal cells; however, the degree
and rate of occurrence may vary with the site of the le-
sion. Esophageal GISTs (Figures 4.7 and 4.8) are consis-
tently CD34 positive (95%-100%) (18,19). All of the
esophageal GISTs studied by Miettinen displayed consis-
tent expression of CD117 and CD34 (3).

Interstitial cells of Cajal GI pacemaker cells that
control gut motility are characterized by immunophe-
notypic CD117 positivity and ultrastructural resem-
blance to GIST (14). In addition, GISTs have features
in common with the myenteric plexus subtype of ICC,

Gastrointestinal stromal tumor, spindle cell type, intense
CD117 (c-Kit) membrane and cytoplasmisc immunohisto-
chemical reactivity.
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FIGURE 4.8

Gastrointestinal stromal tumor, epithelioid type, with in-
tense CD117 (c-kit) membrane and cytoplasmic immuno-
histochemical reactivity.

FIGURE 4.7

Gastrointestinal stromal tumor, spindle cell type, intense
CD34 membrane and cytoplasmic immunohistochemical
reactivity.

including the expression of CD34, embryonic smooth
muscle myosin heavy chain, and the intermediate fila-
ment nestin (22,23). The immunohistochemical high-
lighting of ICC cells with CD117, the antibody to KIT,
assisted in the discovery that this proto-oncogene is
strongly expressed in most GISTs (14,21). This disco-
very substantiated the hypothesis that GISTs arise from
or share a common stem cell with the ICC, and pro-

vided a new, more sensitive and specific marker for the
diagnosis of GIST.

Gastrointestinal stromal tumor, epithelioid type, with intense
CD34 membrane and cytoplasmic immunohistochemical
reactivity.

Clinically, GISTs are the most common mesenchy-
mal tumors of the GI tract and arise in all sites but
predominantly in the stomach (60%) and small in-
testine (25%), but also occur in the rectum (5%) and
esophagus (2%). Miettinen et al. identified 17 esopha-
geal stromal tumors among 68 esophageal mesenchy-
mal tumors (25%) (3). The lesions were more common
in men (76%) with an age range from 49 to 75 years
and a mean age of 63 years. The presenting symptoms
include dysphagia, odynophagis, weight loss, dyspep-
sia, retrosternal chest pain, or hematemesis. The lesions
were most frequently located in the distal esophagus and
ranged from 2.6 to 25 ¢cm in maximum diameter (mean
8 cm). Grossly, the tumors may have a thin capsule-like
periphery. On section, they are pink-tan, with a soft or
fish flesh-like consistency (Figure 4.9). Focal areas of
necrosis and central calcification may be present.

Histologically, GISTs fall into 1 of 3 categories:
spindle cell type (70%) (Figures 4.10 and 4.11), epithe-
lioid (20%), (Figure 4.12), or mixed (Figure 4.13). Ap-
proximately 5% of lesions show a variably prominent
myxoid stroma, and only a significant minority of cases
(<2% to 3%) show cytologic pleomorphism.

Spindle cell GISTs are composed of relatively uni-
form eosinophilic cells arranged in short fascicles or
whorls (Figures 4.5, 4.6,4.10, and 4.11). The tumor cells
have a paler eosinophilic cytoplasm than smooth muscle
neoplasms, often with a fibrillary, syncytial appearance
(i.e., with indistinct cell margins). Nuclei are uniform
and more ovoid and shorter than those of smooth mus-
cle and often with vesicular chromatin. Conspicuous
juxanucelar cytoplasmic vacuoles are present in up to
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FIGURE 4.9

Gastrointestinal stromal tumor, well-circumscribed, smooth
glistening, pink-white cut surface.

FIGURE 4.10

Gastrointestinal stromal tumor, spindle cell type, composed
of hypercellular relatively uniform eosinophilic cells ar-
ranged in short fascicles or whorls. The cytoplasm of the
tumor cells is paler than that of smooth muscle cells. There
is often a fibrillary, syncytial appearance with indistinct
margins (10X).

FIGURE 4.11

Gastrointestinal stromal tumor, spindle cell type, composed
of hypercellular relatively uniform eosinophilic cells ar-
ranged in short fascicles or whorls. The cytoplasm of the
tumor cells is paler than that of smooth muscle cells. There
is often a fibrillary, syncytial appearance with indistinct mar-
gins. The nuclei are uniform and shorter, ovoid and blunted
compared to smooth muscle nuclei. Chromatin is occasion-
ally vesicular with insignificant nuclear atypia and mitotic
activity (H&E 40X).

FIGURE 4.12

Gastrointestinal stromal tumor, epithelioid type, composed
of round to oval cells with variably to clear cytoplasm. The
clear cytoplasm is often retracted and eosinophilic (simu-
lating inclusions) adjacent to or surrounding tumor nuclei.
The nuclei are uniform to slightly pleomorphic, round to
oval with vesicular chromatin and an occasional nested
architecture (40X).
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Gastrointestinal stromal tumor, mixed cell type, this lesion
shows a combination of both spindle cell and epithelioid
cells.

5% of all cases. Stromal collagen is uncommon, but deli-
cate thin-walled vessels may be prominent, and stromal
hemorrhage is a common feature of these tumors (21).

Epithelioid GISTs (Figures 4.6, 4.8, and 4.12) are
composed of rounded cells with variably eosinophilic or
clear cytoplasm. In cases with clear cytoplasm, often-
retracted eosinophilic cytoplasm (simulating inclusions)
can be seen around or adjacent to the tumor cell nuclei.
Epithelioid lesions, similar to spindle cell lesions, tend
to have uniform round-to-oval nuclei with vesicular
chromatin, and this subset of tumors shows a nested ar-
chitecture more often than spindle cell cases, enhancing
the risk of confusion with an epithelial or melanocytic
neoplasm. Lesions of mixed cell type may exhibit an
abrupt transition between spindle cells and epithelioid
areas (requiring careful and adequate sampling to assure
all patterns are included) or may have a complex com-
mingling of theses cell types throughout, leading to an
intermediate ovoid cytologic appearance (21).

The most widely agreed upon and examined mor-
phologic criteria for evaluating the biologic potential of
GISTs are tumor size and mitotic activity; the latter is
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Daniel S. Oh
Tom Ryan DeMeester

he condition termed Barrett’s esoph-

agus is defined by the presence of

both endoscopic and histologic find-

. ings: First, a columnar-lined segment

of the esophagus proximal to the

gastroesophageal junction must be visible on endoscopy,

and second, biopsies of this segment must show gob-

let cells within cardiac mucosa. Although this definition

appears relatively straightforward, it is the end result of

many decades of confusion and controversy, and the topic
is still subject to much debate.

The concept of intestinal metaplasia of the dis-
tal esophagus is a modern phenomenon. It was not
well described in anatomical or medical texts until the
mid-20th century, when Allison reported, in 1948, the
presence of a “heterotopic gastric mucosa membrane
in the oesophagus” (1). In 1950, Barrett proposed the
concept that an organ should be defined by its epithe-
lium, and since the esophagus, by this definition, ends
at the squamocolumnar junction, the tubular columnar
lined structure in the chest below the squamolumnar
junction should be considered a tubularized stomach
(2). In 1953, Allison challenged this concept by further
describing the entity of an “esophagus lined with gas-
tric mucous membrane” (3). A few years later, Barrett
came into agreement with Allison and considered the
columnar lining of the esophagus to actually represent
abnormal esophageal mucosa (4). Allison’s persuasive

Barrett’s Esophagus:
Epidemiology and
Pathogenesis

arguments were that the “intrathoracic tubular stom-
ach” showed no evidence of a peritoneal covering, the
musculature of the tube was that of normal esophagus,
there were islands of squamous epithelium existing
within the columnar epithelium, there were no oxyntic
cells within the columnar epithelium or gastric mucous
glands in the mucosa, and typical esophageal submuco-
sal glands were present under the columnar epithelium.
By these arguments the concept of a columnar lined
esophagus began to crystallize, although at that time
there were no histologic criteria used to define Barrett’s
esophagus.

The true etiology of the columnar lined esophagus
unfolded over the next 50 years as its association with
gastroesophageal reflux disease (GERD) became more
fi mly established (5). In 1961, Hayward introduced
the concept that refl ux-indued injury to the normal
squamous epithelium of the esophagus could result in
replacement of the distal esophagus with a columnar
“junctional epithelium,” which in modern terminology
is termed cardiac mucosa (6). He hypothesized that this
columnar metaplasia developed in order to provide better
resistance to the acidic gastric contents bathing the lower
esophagus than that provided by normal squamous mu-
cosa. As this hypothesis was embraced, it became critical
to define what was the normal epithelial histology at the
junction between the esophagus and stomach. Hayward
opined that the distal 1-2 centimeters of the esophagus

47
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was normally lined with junctional or cardiac mucosa.
This led to a modification of the definition of a colum-
nar lined esophagus by requiring the length of columnar
epithelium to be 3 cm or greater to make the diagnosis
(6). The metaplastic nature of this esophageal columnar
lining was confimmed by Bremner et al. in 1970, who
showed in a canine model that a denuded segment of
distal esophagus in the presence of acid gastric juice
regenerated as de novo columnar epithelium, and not
from the migration of adjacent gastric epithelium (7).

Clarification of the epithelial histology of Barrett’s
esophagus started with the work of Paull et al., who
reported in 1976 the presence of 3 different types of
epithelium found in the columnar lined esophagus (8).
They showed that the epithelial columnar lining could
be junctional (cardiac), fundic (oxyntocardiac), or spe-
cialized (intestinalized cardiac) types. These investiga-
tors established for the first time that the columnar
epithelium was not normal gastric mucosa, and they
introduced the concept of intestinalized cardiac epi-
thelium could be found within the columnar segment.
Further studies in the late 1970s established that a
columnar lined esophagus containing intestinal meta-
plasia had a malignant potential, which led to the em-
phasis of this histologic finding (9-11). In the 1980s,
the histologic finding of intestinal metaplasia within
the columnar lined esophagus (albeit when 3 c¢cm or
greater in length) became established as the definition
of Barrett’s esophagus.

As endoscopic evaluation of the esophagus be-
came more commonplace and more sophisticated
during the 1900s, it was recognized that normal indi-
viduals without GERD do not have a 2 ¢cm columnar
lined segment of distal esophagus, and that the nor-
mal esophagus is composed of squamous mucosa all
the way down to the rugal folds of the stomach (12).
It was also appreciated that any length of intestinal
metaplasia of the distal esophagus was premalignant,
and the 3 cm requirement for defining Barrett’s esoph-
agus was abandoned. Thus, the modern definition of
Barrett’s esophagus today is a columnar lined segment
of esophagus of any length visible on endoscopy with
a biopsy showing intestinal metaplasia. Despite this
clarification, some residual terminology has persisted
regarding the length of the intestinalized columnar
segment in that it is still commonplace to make the
distinction between short segment Barrett’s (<3 cm)
and long segment Barrett’s (>3 cm). Nevertheless, both
short and long segment Barrett’s are considered patho-
logic and premalignant. Controversy exists, however,
over the significance of intestinal metaplasia at an en-
doscopically normal appearing gastroesophageal junc-
tion. This finding, termed cardia intestinal metaplasia
(CIM) is currently considered a separate entity from
Barrett’s esophagus although there are increasing data

that indicate that the pathogenesis of CIM is similar to
reflux-induced Barrett’s (13).

PATHOGENESIS

The pathogenesis of Barrett’s esophagus is currently
hypothesized to be a 2-step process—columnarization
of the injured distal esophagus with cardiac mucosa
followed by the formation of goblet cells or intestinal
metaplasia (Figure 5.1). It is unclear how long this pro-
cess takes, as it is uncommon for a clinician to follow
a reflux patient with cardiac mucosa for a long enough
period of time and frequently enough with extensive bi-
opsies to identify the development of goblet cells. There
is one unique clinical setting in which this can be ob-
served in an accelerated process. Some individuals who
have undergone an esophagectomy and are reconstructed
with a gastric pull-up have been noted by many inves-
tigators to develop columnar mucosa in the remnant
cervical esophagus above the anastomosis. In some,
this change was followed by the development of intes-
tinal metaplasia (14-18). Since the cardia was resected
in these patients, it is likely that this process represents
an exaggerated course of events seen in patients with
Barrett’s. The composition of the refluxate in these pa-
tients has been shown to be similar to that in patients
with Barrett’s esophagus, with exposure of the normal
squamous epithelium to a combination of acid and bile.
In this setting, the 2-step process of intestinalization of
the esophagus occurs in a predictable course and has
been observed to occur over 5 to 10 years (14).

Normal Squamous Mucosa I

1. Columnarization

I Cardiac Mucosa

2. Intestinalization

Cardiac Mucosa with Goblet Cells
(Intestinal Metaplasia)

FIGURE 5.1

Overview of the 2-step development of Barrett’s esophagus.
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STEP 1: COLUMNARIZATION OF
THE ESOPHAGUS

In discussing the columnarization of the distal esopha-
gus, one must first define the normal gastroesophageal
junction, a topic of controversy in itself. Most com-
monly, this is defined endoscopically where the rugal
folds of the stomach transition to the flattened appear-
ance of the tubular esophagus. In the normal state, this
location also corresponds with the squamocolumnar
junction, where the salmon-red mucosa of the stomach
transitions to the pearly white mucosa of the esopha-
gus. Microscopically, this represents the transition from
normal squamous esophageal epithelium to the oxyntic
mucosa of the stomach (19).

The pathogenesis of Barrett’s esophagus begins
with injury to the normal squamous epithelium of the
distal esophagus. Initially, this is thought to be secondary
to repeated distension of the stomach with fatty meals
of large volume that results in effacement of the lower
esophageal sphincter and exposure of the distal esopha-
geal squamous epithelium to caustic gastric juice (Figure
5.2) (20). This physiologic phenomenon has been well
demonstrated by Fletcher et al., who showed that the in-
trasphinteric portion of the lower esophagus can unfold
almost 2 ¢cm in normal volunteers as the stomach dis-
tends (21). This portion of the lower esophagus subse-
quently becomes exposed to an unbuffered acid pocket
that floats on a lipid layer after consumption of a fatty
meal, resulting in injury to the squamous epithelium. The
surface of the epithelium is damaged and causes a pro-
liferative response observed on microscopy as basal cell
hyperplasia and loss of surface cornified epithelial cells
giving the impression of papillary elongation. Continu-
ing inflammatory injury in this area of the lower esopha-
gus can cause permanent loss of the musculature of the
lower esophageal sphincter, resulting in a mechanically

FIGURE 5.2

Gastric distention resulting in unfolding of the lower esopha-
geal sphincter and exposure of squamous mucosa to gastric
juice.

defective and incompetent lower esophageal sphincter
of short length and low resting pressure. With further
loss of the gastroesophageal barrier, GERD can explode
into the esophagus with resultant injury to progressively
greater lengths of the squamous mucosa. This process
continues up to a level where the luminal pH no longer
causes epithelial injury. Endoscopically, this injury can
be seen as erosive esophagitis, ranging from a subtle irri-
tation to circumferential loss of the superficial mucosa.

Injury to the squamous epithelium of the esopha-
gus can be observed with the electron microscopy prior
to the microscopic and endoscopic changes. Tobey et al.
have shown that exposure of esophageal squamous epi-
thelium to acid can result in dilated intercellular spaces,
gaps that allow diffusion of molecules up to 20 kD in
size through the multilayered squamous epithelium (22).
It is hypothesized that these intercellular gaps have 2
consequences. First, they allow acidic fluid to permeate
into the epithelial layer where nerve endings reside and
give the sensation of heartburn. Second, these intercellu-
lar gaps may expose gastrointestinal stem cells to a lumi-
nal factor that stimulates differentiation into a columnar
cell type. It is perhaps by this mechanism that a genetic
switch occurs in the gastrointestinal stem cells that leads
to columnarization of the esophagus. The identification
of this culprit molecule and its exact mechanism remain
unknown; however, the events resemble a reversion to
the fetal esophagus in which a fetal columnar epithelium
is present. Further research into the pathogenesis of fetal
esophageal development may eventually shed light on
this process (5).

The resulting columnar metaplasia that develops in
a previous squamous-lined esophagus appears as a layer
of mucous secreting columnar cells termed cardiac mu-
cosa. This is a truly metaplastic epithelium, for it does
not exist at birth. It is a highly specific mucosa that arises
to replace injured squamous epithelium and is believed
to be an adaptive response to better tolerate exposure to
refluxing gastric juice (19). As would be predicted by the
events leading to its formation, cardiac mucosa arises
between the normal oxyntic mucosa of the stomach and
the uninjured squamous mucosa of the esophagus. In the
majority of cases, this process occurs in individuals who
do not yet have bothersome symptoms of GERD, and as
Chandrasoma and DeMeester point out, this process at
a microscopic level may be as ubiquitous as anthracosis
in the lungs or atherosclerosis in the arteries (5). The for-
mation of cardiac mucosa represents the first step in the
pathogenesis of Barrett’s esophagus; however, in most
asymptomatic individuals, the length of this columnar
esophagus is quite small, usually less than 1 mm, and
progresses only slightly further with age (19). Initially,
this process can be conceptualized as reflux disease con-
fined to the sphincter (23). However, as the lower esoph-
ageal sphincter deteriorates with worsening injury and
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inflammation, acid exposure increases more proximally
in the esophagus, correlating with longer segments of
cardiac mucosal metaplasia (20,24).

STEP 2: INTESTINALIZATION OF
CARDIAC MUCOSA

Once metaplastic cardiac mucosa has developed in areas
of injured squamous epithelium, there are divergent dif-
ferentiation pathways that may result (Figure 5.3) (3).
First, cardiac mucosa can remain cardiac mucosa, ini-
tially in the form of foveoli or, more commonly, stabiliz-
ing as glandular mucosa. Second, cardiac mucosa may
form parietal cells within it and become oxyntocardiac
mucosa. Finally, cardiac mucosa may develop goblet
cells and become intestinalized cardiac mucosa. This
heterogeneity of the columnar lined esophagus was first
described by Paull et al. and has since been confirmed
by others (8). Chandrasoma et al. have demonstrated
that the gastrointestinal stem cells within cardiac mu-
cosa that give rise to these different types of epithelium
are sequestered in deep foveolar pits or in the neck of
glandular units of cardiac mucosa (5). Presumably, the
fate of cardiac mucosa to remain pure cardiac mucosa or
give rise to parietal cells or goblet cells is due to differ-
ent genetic signals to the stem cells driven by a specific
intraluminal milieu of the esophageal lumen.

Although the specific genetic signaling pathways
involved in the transformation of squamous mucosa to
cardiac mucosa are not known, genes involved in the
formation of parietal cells and goblet cells have been
identified. In gastric fundic mucosa differentiation, the
sonic hedgehog gene (SHH) has been shown to be criti-
cal in the differentiation and maintaining oxyntic mu-
cosa (25-27). In the normal gastrointestinal tract, SHH
is expressed in significant amounts only in the gastric
fundus and body and appears to be directly responsible
for the formation of oxyntic glands containing parietal
cells. Presumably, activation of this genetic signal is also
responsible for the differentiation of cardiac mucosa to

Gastrointestinal
Stem Cell

Strong Acid

!

SHH gene,

A4
Oxyntocardiac gt} Cardiac Intestinal
Mucosa Mucosa i Metaplasia
FIGURE 5.3

oxyntocardiac mucosa. Preliminary work appears to
confirm this hypothesis, and in long segment Barrett’s
esophagus the SHH gene has the highest expression dis-
tally near the stomach (where oxytocardiac mucosa ex-
ists) and lowest expression proximally (where intestinal
metaplasia exists) (28).

The genetic signaling pathway involved in intesti-
nal differentiation appears to be driven by a different
gene, CDX2. This gene is critical for the differentiation
and maintenance of normal intestinal epithelium from
the duodenum to the rectum (29,30). It is not expressed
in the normal foregut except in the setting of intestinal
metaplasia (31-33). During the pathogenesis of Barrett’s
esophagus, CDX2 expression is low in cardiac and ox-
yntocardiac mucosa, but a 16-fold increase in expression
occurs once goblet cells begin to appear (34). Further,
within long segment Barrett’s, a gene expression gradient
of CDX2 exists, with the highest expression in the proxi-
mal end, corresponding histologically to where the gob-
let cell density is highest, and the lowest expression in
the distal end close to the stomach where the goblet cell
density is the lowest (28,35). Thus the gene expression
patterns of SHH and CDX2 are inversely related within
the columnar lined esophagus; this indicates that differ-
entiation into intestinal metaplasia and oxyntocardiac
mucosa are mutually exclusive processes (Figure 5.4).

Corresponding to the observed gene expression
gradients of SHH and CDX2, the differentiation of
cardiac mucosa within a segment of columnar lined
esophagus into the 3 possible epithelia does not appear
random. Intestinal metaplasia always develops at the
proximal extent near the squamocolumnar junction,
whereas cardiac and oxyntocardiac mucosa occur at the

Cdx-2
pH=>5 Gene Expression

Cardiac Mucosa
+ Goblet Cells

Cardiac Mucosa
+ Parietal Cells

~/ ~  SHH
pH<2

FIGURE 5.4

Gene Expression

The different pathways of differentiation within the colum-
nar lined esophagus.

Heterogeneity of histology and gene expression in the co-
lumnar lined esophagus.



5 ¢ BARRETT'S ESOPHAGUS: EPIDEMIOLOGY AND PATHOGENESIS 51

distal extent near the gastroesophageal junction (8,36).
Although the specific stimuli that direct expression of
SHH and CDX2 to lead to this pattern of differentia-
tion has not yet been fully elucidated, there is emerging
evidence that the interplay between bile acids and the
pH in the esophageal lumen and cellular environment
plays a critical role in determining which gene becomes
activated (5) (Figure 5.4).

Clinical and experimental evidence strongly sup-
ports the role of bile acids in the pathogenesis of in-
testinalization. In vitro studies have demonstrated that
CDX2 upregulation occurs in cells directly stimulated by
exposure to bile acids, and this laboratory work is cor-
roborated by clinical experience (37). In a multivariate
analysis of over 400 patients being evaluated for GERD,
Campos et al. found that the strongest predictor for the
presence of Barrett’s esophagus is abnormal exposure of
the distal esophagus to bile (38). Another clinical study
has shown that compared to acid exposure alone, the
additional exposure to bile with acid increases the risk of
Barrett’s esophagus over 300% (39). Interlinked to bile
exposure is also the pH of the esophageal lumen and the
intracellular environment, specifically the relationship to
the pKa of the bile acids to the pH of the environment in
which they exist (40-43). In patients with gastroesopha-
geal reflux, there is in the esophageal lumen a pH gradi-
ent between a pH of <2 in the stomach to a pH of 5 to
6 in the upper esophagus. This is due to the mixture of
the refluxed gastric juice with swallowed saliva (34,43).
When the pH of the luminal milieu is above the pKa of
bile acids (=6), bile acids dissociate into salts and cannot
cross the cell membrane. In contrast, when the pH is
well below their pKa (<3), bile acids precipitate and also
cannot cross the cell membrane. It is only when the pKa
is near the pH of a weak acid, that is a pH of 3 to 5, that
bile acids are nonpolar and soluble, allowing them to
cross the cell membrane and presumably activate CDX2
to drive intestinal metaplasia. Thus the highest expres-
sion of CDX2 and greatest concentration of goblet cells
in a columnar lined esophagus occurs at the proximal
portion of the Barrett’s segment (28,36). At this level,
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denocarcinoma of the esophagus
that arises in the setting of Barrett’s
esophagus is thought to develop as
i part of the metaplasia—dysplasia—
carcinoma sequence (Figure 6.1).
This multistep process leading to the development of
esophageal cancer involves genetic events that result in
key abnormalities of cell cycle regulation, growth factor
regulation, and intercellular adhesion mechanisms (1,2).
Although high-grade dysplasia of Barrett’s esophagus is
generally considered a precursor to invasive carcinoma,
the endoscopic as well as histopathologic recognition of
this lesion can be difficult. There is no one event nor an
exact sequence of changes leading from Barrett’s meta-
plasia to adenocarcinoma rather an accumulation of
these changes that seemingly is essential for cancer de-
velopment. Furthermore, a surveillance program based
on current concepts of risk cannot have an impact on
mortality from esophageal adenocarcinoma (3,4). To be
effective, it will be necessary for surveillance programs
to utilize more than just basic histology; perhaps molec-
ular markers can be for the identification of those who
are most at risk of progression to adenocarcinoma.
Other malignancies have inherited highly pen-
etrant mutations in key cancer susceptibility genes
that are used to target those patients and their families
needing premalignant therapy (e.g., familial adenoma
polyposis syndrome; APC gene); however, progress in

Barrett’s Esophagus:
Molecular Biology

developing predictive biomarkers based on common so-
matic genetic abnormalities in “at-risk” tissues has not
been as successful. In theory, neoplasia progresses by
clonal evolution in which genetic instability generates
variants on which natural selection acts, resulting in
waves of clonal expansion, generation of new variants,
and further selection (5). Therefore, early markers and
those accumulated combinations of events heralding a
more aggressive phenotype of metaplasia and low-grade
dysplasia may help identify those patients most in need
of early therapeutic strategies or at the very least more
appropriate surveillance.

CELL OF ORIGIN?

The metaplastic conversion of the esophageal squa-
mous epithelium to a columnar-lined epithelium could
arise from 2 potential types of cells. The more clas-
sical teaching was that differentiated cells underwent
transdifferentiation. Alternatively, metaplasia may de-
velop from the conversion of a stem or pluripotent cell,
meaning a cell with the capacity for unlimited or pro-
longed self-renewal (6,7). The origin of such a cell
is not known—that is, whether the cell originates
from the organ itself (interbasal layer of the epithe-
lium between the papillae) (8,9) or from circulating
pluripotent stem cells and after repopulating sites of

53
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FIGURE 6.1

The accumulation of genetic defects leads to the development of esophageal adenocarci-
noma through the metaplasia-dysplasia-carcinoma sequence. (A) Koppert LB, Wijnhoven
BP, van Dekken H, et al. The molecular biology of esophageal adenocarcinoma. | Surg
Oncol. 2005;92(3):169-190. (B) Wijnhoven BP, Tilanus HW, Dinjens WNM. Molecular
biology of Barrett’s adenocarcinoma. Ann Surg. 2001;(233)3:322-337.
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inflammation and injury could theoretically undergo
metaplastic changes. Houghton et al. recently showed
that bone marrow-derived cells might represent a
potential source of epithelial cancers (10,11). Work-
ing with mice infected by a Helicobacter strain, they
found that these bone marrow—-derived cells were able
to home, repopulate the chronically inflamed gastric
mucosa, and contribute over time to metaplasia, dys-
plasia, and cancer development. Though no animal
or human studies have demonstrated the presence of
esophageal tumors arising directly from circulating
stem cells, parallels to the finding of Houghton in mice
with gastric cancer exist—such as a known correlation
of esophageal cancer with the chronicity and severity
inflammation (12,13). Stem cell homing and differen-
tiation will undoubtedly be an intense area of study
and potential progress in the diagnosis and therapy for

Barrett’s esophagus during the next decade, particu-
larly if key events can be documented in metaplastic
tissues that lead to tumorigenesis.

CLASSIFICATION OF MOLECULAR
ALTERATIONS IN BARRETT’S

It is generally accepted that some of the many somatic
mutations that accumulate over time can be found only
in the patient’s tumor tissue. This would include epigen-
etic alterations like methylation of DNA sequences that
through a multistep process silences the gene eventually
resulting in cellular transformation and carcinogenesis
(14). All of which leads the cell toward genomic insta-
bility and rendering the cell independent of regulated
proliferation, apoptosis, and the capacity to metastasize,

TABLE 6.1

Categories of Genes Involved in Tumorigenesis

Gene type Normal function How altered Abnormal function Examples in BE/EA
Proto-oncogenes These are dominant genes e Mutation Converted to oncogenes Growth factors
that act in signal transduc- e Amplification  with unregulated, * EGETGF-o
tion from extracellular e Translocation  constitutive activity. (EGFR)
stimuli to the nucleus and This results in excessive ¢ C-erbB2 (late
in regulation of gene expres- stimulation of cell event)
sion. They also have a role proliferation or prevention e TGF-B (LOH
in cell proliferation or of apoptosis contributing 18q21)
inhibition of apoptosis. to tumor formation Oncogenes
e src
Tumor Normal recessive cellular  Genetic alteration: Because these are reces- * p53 + 17p LOH
Suppressor genes that primarily are in- e Mutation sive genes, both gene copies *pl6
genes volved in cell proliferation, e Deletion of all  need to be inactivated for e Rb
apoptosis, cell adhesion, or part of gene  tumorigenesis via prolif- e APC (EA &BE
and gene expression Epigenetic alteration  eration or prevention of with HGD
regulation. ® Promoter apoptosis. not BE)
methylation e ? FHIT
(silencing)
Mismatch Genetic stability is Contractions/expan-  The mismatch repair defi- ° PMS1 &
repair genes  assured by proper DNA sions of short repeat  ciency leads to a genome- PMS2
repair via these normally ~ sequences (micro wide accumulation of e MLH1,
functioning genes. satellites) can be mutations and specifically to MSH2 & MSH6
found in these proto-oncogenes and tumor e MBD4
genes. suppressor genes. (MED1)
Mitotic Regulate cellular mitosis,  Inactivation via Inactivation of mitotic check e Cyclin D1 (early)
checkpoint assuring chromosomal mutation of at least  point genes results in chro- ® p27 (down
genes stability and that a correct one copy having a mosomal instability and regulated)
number of chromosomes are dominant-negative an abnormal chromosome * p21 (down
replicated in cell division. effect number (aneuploidy). regulated)

Abbreviations: BE = Barrett’s esophagus/metaplasia; EA = esophageal adenocarcinoma; LOH = loss of heterozygosity.
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though the number of mutations needed to transform or
destabilize a cell is debatable and potentially infinite—at
least in variety of site mutations (15,16). Overall, gen-
etic instability leads to either chromosomal mutations
or microsatellite instability in 4 basic types of genes
that contribute toward tumorigenesis: proto-oncogenes,
tumor suppressor genes, mismatch repair genes, and mi-
totic checkpoint genes (Table 6.1).

Early Molecular Events
Phenotype Signals

Barrett’s epithelium is characterized by the presence
of goblet cells and the expression of intestinal mark-
ers such as MUC2, alkaline phosphatase, villin, and
sucrase isomaltase (17-19). Barrett’s metaplasia may
result from change in the activation status of a gene
as a result of repetitive injury to that of an alternative
phenotype. CDX1 and CDX2 are homeobox proteins
that have integral roles in the development of normal
intestinal epithelium and therefore may be important
transcription factors in the development of metaplas-
tic epithelium in the esophagus (17,18,20). CDX2 ex-
pression arises in the proximal intestine and declines
distally, whereas CDX1 expression arises in the distal
intestine with overlap in the midgut (21). It is possible
that injurious agents present in GERD activate ectopic
expression of CDX1 through NF-k signaling which, in
turn, initiates the development of the intestinal pheno-
type. Wong et al. (22) found CDX1 mRNA and protein
expression in all samples of Barrett’s metaplasia, but
not in normal esophageal squamous or gastric body
epithelia. The presence of CDX2 protein and mRNA
has also been shown in Barrett’s metaplasia cells of the
intestinal type in squamous epithelium of a proportion
of patients with Barrett’s metaplasia, and in esophageal
adenocarcinoma (20,23). Furthermore, several inflam-
matory cytokines through NF-kB signaling are impli-
cated in Barrett’s progression in patients, and these
same cytokines, as well as conjugated bile salts, were
also found to increase CDX2 mRNA expression in
vitro through NF-xB signaling (24,25).

Cell Cycle and Proliferation

Cell cycle regulatory genes known to be implicated in
esophageal adenocarcinoma development include pl6
(CDK inhibitor) and cyclin D1(CD1). Inactivation of p16
located on chromosome 9p or the overexpression of CD1
promote hyperphosphorylation of the retinoblastoma pro-
tein (Rb); phosphorylation inactivates Rb and stimulates
proliferation via the cell cycle and the transition between
phase G1 to S (Figure 6.2) (26). In organized epithelia,
downregulation of CD1 expression is necessary for or-

GO0 Phase

G2 Phase M Phase

CELL CYCLE

S Phase G1 Phase

FIGURE 6.2

Cell cycle regulatory genes known to be implicated in esoph-
ageal adenocarcinoma development.

dered differentiation—preventing unchecked proliferation
(27). Hyperproliferation has been consistently observed in
Barrett’s metaplasia by many assays, including immuno-
histochemistry staining for division markers such as pro-
liferating cell nuclear antigen (PCNA) and Ki67, and flow
cytometry for DNA content (28-31). In Barrett’s esopha-
gus, CD1 has been proposed as an earlier or end-point bio-
marker for cancer development because histochemically
assessed cyclin D1 overexpression has been documented in
Barrett’s esophagus and esophageal adenocarcinoma (32).
Prospective analysis has shown that Barrett’s metaplasia
patients with cyclin D1 overexpression were at increased
risk of cancer development compared to patients in whom
this expression was normal (32).

CDK Inhibitors (p16 and p27)

Due to a loss of control over the cell cycle, most nota-
bly through p16 lesions, a selection bias is conferred to
a cell resulting in clonal expansion thus permitting the
affected cells to grow and spread within Barrett’s seg-
ments. Subsequently, these clones accumulate further ge-
netic abnormalities that confer proliferative and survival
advantage over normal cells and progress to esophageal
adenocarcinoma (5,33). Many alterations of pl6 are
commonly observed in Barrett’s metaplasia and include
loss of heterozygosity, sequence mutation, and methyla-
tion of the promoter (29,34,35). Because the inactiva-
tion of 1 allele occurs in 85% to 90% of patients, the
prognostic significance of p16 is not likely to be too im-
portant, but its presence in metaplastic tissues maybe an
important early marker (33,36,37).

Similarly, over 80% of esophageal adenocarcinoma
demonstrates low protein levels of another CDK inhibitor
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and tumor suppressor gene, p27, paradoxically despite
increased mRNA, potentially through posttranscriptional
regulation of the gene (38). That is, for p27 to arrest the
cell cycle it must be localized to the nucleus while at least
50% of high-grade dysplasia (HGD) reported by Singh et
al. (38) had cytoplasmic localization of the protein. This
loss of localized staining for p27 correlated with higher
histologic grade, depth of invasion, lymph node metasta-
sis, and shorter survival. Therefore for p27 to be a valuable
marker, one must understand its localization and post-
translational status—adding another layer of complexity
to any diagnostic schema (i.e., in situ hybridization).

Cyclooxygenase-2

As alluded to before, inflammation, proliferation, and
mutagenesis go hand in hand. Cyclooxygenase-2 (COX-
2) is an enzyme normally found in the kidney and brain
with inducible expression in most other tissues, includ-
ing the esophagus, during inflammation in response to
interleukins, cytokines, hormones, growth factors, and
tumor promoters (13,39). Prostaglandins (PGE2) are
implicated in carcinogenesis because they prolong the
survival of abnormal cells by inhibiting apoptosis, but
accumulated genetic changes result. Prostaglandins also
directly increase cell proliferation while promoting an-
giogenesis and invasion and can induce tumor resistance
to localized host immune responses (40).

Expression of COX-2 in the distal esophagus has
been shown to be highly correlative with the amount of
acid exposure based on pH monitoring, and though, the
normal esophagus demonstrates COX-2 expression, its
expression was found to be significantly increased in Bar-
rett’s metaplasia and even more in HGD and esophageal
adenocarcinoma (41-43). Expression of COX-2 might
be of prognostic value in esophageal adenocarcinoma as
the COX-2 immunoreactivity in cancer tissues showed
that patients with high COX-2 expression were more
likely to develop distant metastases and local recurrence
and had significantly reduced survival rates when com-
pared to those with low expression (44). Recent data also
suggest that COX-2 may be an early marker associated
with reflux that can regress toward normal after reflux
surgery (43). Together, these data illustrate how chronic
inflammation can contribute to the carcinogenesis pro-
cess in the gastrointestinal tract, but the prognostic value
of overexpression of COX-2 in Barrett’s metaplasia has
not been documented in prospective studies (45). To this
end, the ASPECT Trial, a phase III randomized study of
aspirin and esomeprazole chemoprevention in Barrett’s
metaplasia, is a European, multicenter, randomized con-
trolled trial of low- or high-dose esomeprazole with or
without low-dose aspirin that should help elucidate the
utility of COX-2 chemoprevention strategies in halting
the progression toward cancer (46,47).

Progression of Dysplasia
Avoiding Apoptosis

The Bcl-2 family of proto-oncogenes blocks apoptosis
(48). It was found to be increased in reflux esophagitis,
nondysplastic Barrett’s and low-grade dysplastic Barrett’s
epithelium, but low or virtually absent in high-grade dys-
plasia and carcinomas (49-51). It has been proposed that
an apoptotic balance must be upset for transformation of
metaplasia to adenocarcinoma, such that the cell switches
toward an antiapoptotic phenotype due to increased
Bcl-xl and decreased Bax expression (51,52). Inhibition
of apoptosis by overexpression of Bcl-2 protein occurs
mainly early in the neoplastic progression and later di-
minishes perhaps due to loss of normal cellular processes
as tumor cells take on more mutations. Therefore, as
malignancy appears, cells acquire other ways of avoid-
ing apoptosis (i.e., p53—see later this section). For ex-
ample, Bcl-xI expression demonstrated early progression
in the metaplasia to low-grade to high-grade dysplasia
sequence without further expression in adenocarcinoma
(27%, 60%, 71%, and 59%, respectively) (53), and loss
of expression was associated with poor survival (52).
Telomere shortening characterizes the normal, al-
beit limited life span of somatic cells as compared to cells
that are not subject to replicative senescence like germ
line cells and stem cells. Telomerase is a ribonucleopro-
tein enzyme complex that restores and maintains telo-
mere length by the addition of telomeric sequences to
chromosome ends. Telomerase activation is associated
with increased expression of the telomere reverse tran-
scriptase catalytic subunit (h'TERT) that has been shown
to be upregulated in Barrett’s metaplasia, dysplasia, and
adenocarcinoma, as compared to normal tissue (54). Al-
though the prognostic significance of this has been con-
tested (55), the majority of esophageal adenocarcinomas
and high-grade dysplasia biopsies contained high levels
of telomerase RNA, the greatest increase occurred during
the transition from low- to high-grade dysplasia (56).
The tumor suppressor gene p53 has several critical
functions within the cell, the most important is its role
in signaling cells for repair or apoptosis, the so-called
guardian of the genome (57). The p53 gene at chromo-
some 17p13 encodes a protein that monitors the integ-
rity of the genome and halts cell cycle progression at
G1 (via p21) if the genome is damaged, allowing time
for DNA repair. When DNA damage occurs and p53
is functioning correctly, it leads to cell cycle arrest to
allow for DNA repair or apoptosis if the damage is ex-
cessive (tetraploidy and aneuploidy—see next section).
Loss or a mutation of p53 is probably the most common
single genetic change in all cancers, including esophageal
adenocarcinoma (31,58,59). Loss of heterozygosity of
the p53 locus has been found in 75%-80% of esopha-
geal adenocarcinomas as well as in 79% of patients
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with high-grade dysplasia, 42% of low-grade dyspla-
sia, and 14% of Barrett’s metaplasia (31). Mutations of
p53 were found in 29%-66% of patients with Barrett’s
metaplasia and low-grade dysplasia and in 40-88 % with
high-grade dysplasia/adenocarcinoma31,60. 17p loss of
heterozygosity analysis performed on endoscopic biop-
sies identified patients with Barrett’s esophagus at risk
of neoplastic progression within surveillance programs;
therefore, it could supplement histology in determining
the frequency that surveillance endoscopy should be
performed (31,61,62). Reid et al. (31) found patients
with p53 loss of heterozygosity to be at increased risk
for progression to adenocarcinoma, high-grade dyspla-
sia, increased 4N, and aneuploidy. In conclusion, there
is clear evidence that p53 gene alterations are early and
frequent events associated with malignant transforma-
tion of Barrett’s esophagus.

Loss of Heterozygosity and Aneuploidy

As discussed above, loss of heterozygosity is a strong and
significant predictor of progression to esophageal cancer
as well as to surrogate endpoints, including increased
4N, aneuploidy, and high-grade dysplasia, in Barrett’s
esophagus. The chromosomal regions most commonly
lost in the early stages of the M-D-A progression are 5q
(APC), 9p (p16), 13q (Rb), 17p (p53) and 18q (DCC)
(61,63,64). Increased tetraploid DNA and aneuploid
DNA content detected by flow cytometry reflect abnor-
mal proliferative capacity (30). In Barrett’s epithelium,
chromosome number abnormalities are associated with
progression to dysplasia and rarely occur in normal tis-
sue. Its predictive value has been extensively studied by
the Seattle group, who have shown in prospective studies
that tetraploidy is a strong and significant predictor of
progression to aneuploidy, dysplasia, and cancer (29-31).
The 5-year cumulative incidence of cancer was 28% in
patients with Barrett’s metaplasia with either aneuploidy
or tetraploidy, compared to 0% in those with normal cy-
tometric results. Based on these results, the Seattle group
has included flow cytometry analysis in its assessment
protocol of Barrett’s esophagus patients and offers an-
nual endoscopic surveillance to those with cytometry ab-
normalities detected, even if no HGD is present.

The most consistent numerical chromosomal abnor-
malities found in early cytogenetic studies of dysplastic
Barrett’s mucosa and adenocarcinoma comprised a loss
of the Y-chromosome, in 31%-93% of tumors (65-67).
Frequent structural rearrangements in esophageal adeno-
carcinomas were found in the 1p, 3q, 11p-13, and 22p
regions. Doak et al. (68) showed chromosome 4 and 8 hy-
perploidy to represent the earliest and most common al-
terations identified using tissue from endoscopic cytology
brushings (metaplasia 89% and 71%, low-grade dyspla-

sia 90% and 75%, high-grade dysplasia 88% and 100%,
carcinoma 100% and 100% respectively). Croft et al.
(69) also found certain chromosome changes to be absent
in low-grade dysplastic lesions, whereas a large amount
of widespread instability was present in high dysplastic
lesions (chromosome 4 amplification) and adenocarcino-
mas (with chromosome 8 amplified most frequently).

Later Alterations: Invasion and Metastases
Cell to Cell Adhesion Genes

Reduced cell—cell adhesion promotes growth of epithe-
lial cells as contact inhibition of proliferation is lost. A
potential crucial step toward invasion and metastases
involves dysregulation of cell adhesion molecules. The
cadherins, E-cadherin-catenin complex (E-cadherin),
belong to a family of calcium-dependent cell adhesion
molecules that form part of the adherens junction com-
plex providing tight adhesions between epithelial cells.
One of the earliest recognized molecular events in the
progression of Barrett’s esophagus to cancer was that
E-cadherin expression was reduced in both Barrett’s
esophagus and esophageal adenocarcinoma and corre-
lated with a greater frequency of lymph node metasta-
sis and worse prognosis (70,71). Epigenetic silencing by
aberrant methylation of the E-cadherin promoter seems
to be a common cause of inactivation in adenocarcino-
mas, more so than gene mutation (72). Another com-
ponent of the adherens junction complex, b-catenin, is
known to have an important role in cell-signaling (73).
The b-catenin protein can translocate to the nucleus,
where it complexes with the transcription regulator
proteins to activate transcription of oncogenes includ-
ing c-myc and cyclin D1. However, oncogene activa-
tion is limited by the normal function of the APC gene
product that normally targets b-catenin for degradation
(74). Nuclear and cytoplasmic instead of membranous
b-catenin localization has been described to occur fre-
quently in esophageal adenocarcinomas (75,76).

The CD44 gene produces a variety of glycosyl-
ated cell surface proteins that are involved in cell-cell
adhesion and matrix interactions. Several reports have
focused on the expression of certain splice variants of
this large 20 exon gene in esophageal adenocarcinoma.
CD44V6 was detected by immunohistochemistry in up
to 63% of adenocarcinomas and was associated with
more aggressive pathological features (77,78).

The cysteine protease cathepsin B (CTSB) gene
codes for a lysosomal enzyme that has been shown to
be both overexpressed and to exhibit altered localization
in cancers (79). Overexpression or altered localization of
CTSB is thought to result in degradation of the basement
membrane facilitating tumor invasion and metastasis.
Characterization of CTSB in esophageal adenocarci-
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nomas demonstrated that it was amplified and overex-
pressed (80,81). Other mechanisms (posttranslational)
in addition to gene amplification may be important with
regard to CTSB because gene amplification and mRNA
expression were found in less than 25% of tumors, while
protein staining was detected in 75% of tumors (82).
These data support an important role for CTSB gene am-
plification and CTSB protein overexpression in invasive
esophageal cancers.

CONCLUSION

The dramatic increase in esophageal adenocarcinoma
incidence over the last few decades has stimulated re-
search interest in the earliest molecular phases of its
development. The most important genetic events in
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nimal models are great tools for re-

search on human diseases. An ideal

animal model should recapitulate

T the disease in humans in etiology,

pathogenesis, and molecular fea-

tures. Animals should be reasonably easy to maintain,

be of sufficient size to provide enough samples for analy-

sis, be affordable, and survive long enough for experi-

mental observation. It is expected that any single model

system has its limitations, or there is no perfect animal

model. Therefore, multiple models are desired to meet

the needs of various research on mechanism, prevention,

and therapy of the disease in humans. These principles

apply to the case of animal models of Barrett’s esopha-

gus (BE) and esophageal adenocarcinoma (EAC). Read-

ers are encouraged to refer to recent review articles on
this subject (1-3).

SELECTION OF ANIMAL SPECIES

The human esophagus is covered with non-keratinized
stratified squamous epithelium containing submucosal
glands. Histology of the esophagus is a critical issue to
consider for developing an animal model of BE. Most
commonly used laboratory animals have stratified
squamous epithelium in the esophagus, except zebra-
fish. Two histologic features need to be taken into con-

Barrett’s Esophagus:
Preclinical Models for
Investigation

sideration: submucosal glands and the keratinization
status of the squamous epithelium. Submucosal glands
normally secrete mucus for protection of the epithelium
against gastroesophageal reflux. Studies on both human
tissues and animal models have suggested that the neck
of submucosal glands may contain so-called esophageal
stem cells, which may be a cellular origin of BE (4). Ke-
ratinization indicates terminal differentiation necessary
for protection of the esophagus from mechanical and
chemical injuries.

Rodents, especially rats (e.g., Sprague-Dawley,
F344, Wistar), are the most commonly used animals
to study BE and EAC. This is mainly because surgery
on the rat esophagus is relatively easy to perform. Rats
are highly susceptible to BE and EAC induced by reflux
of small intestinal contents, or combined reflux of both
gastric and small intestinal contents. Reflux of gastric
contents alone has never been reported to induce BE in
rats. Nevertheless, the histologic structure and pathol-
ogy of the rat esophagus are dissimilar to those of the
human esophagus in the following aspects: (a) there are
no submucosal glands in the rat esophagus; (b) there is
marked keratinization in the squamous epithelium of
the rat esophagus; (c) the normal rat esophagus often
shows endophytic epithelial ingrowths that invade the
lamina propria of the mucosa but never extend through
it, and should not be regarded as precancerous lesions;
(d) esophageal papilloma is frequently seen in the rat,

6l



62 I« BIOLOGY

but rarely in humans; and (e) rat esophageal carcinomas
almost never metastasize (5).

The mouse esophagus is very similar to the rat esoph-
agus in histology. The major advantage of mice is the po-
tential of genetic modifications for mechanistic studies.
However, the mouse esophagus may respond to gastro-
esophageal reflux and carcinogens in a different way than
the rat esophagus (6,7). Therefore, caution should be taken
when a rat model is translated into a mouse model of BE.

Dogs, cats, pigs, rabbits, and opossums have been
used to study mechanism and therapy of gastroesopha-
geal reflux disease (GERD) and BE. These animals have
non-keratinized stratified squamous epithelium in their
esophagi. Dogs, pigs, raccoons, guinea pigs, and opos-
sums also have submucosal glands (8). Despite ana-
tomic differences from humans, dogs and pigs are very
similar to humans in gastrointestinal physiology. They
have been used extensively as gastrointestinal models
for nutritional studies. Pigs, especially miniature pigs,
may be even better model animals than dogs because
of closer anatomic similarities to humans, better accep-
tance by the public, and lower cost of maintenance. In
large animals, disease progression can be monitored by
endoscopy and biopsy. Their esophagi are big enough to
provide multiple samples for pathologic and molecular
analysis. Moreover, gastroesophageal reflux and hiatal
hernia are seen in dogs and cats (9,10). Pigs also suffer
from GERD and stress ulceration of the esophagus (11).
Even metaplastic columnar esophageal epithelium has
been reported in cats as a complication of GERD (12).

Different strains of the same species may vary sig-
nificantly in their susceptibility to BE induced by reflux
surgery and/or genetic manipulations. This is especially
true when mice are used for model development.

SELECTION OF EXPERIMENTAL METHODS

Genetic modifications have not yet successfully induced
BE in animals. Esophagus-specific transgenic overexpres-
sion of CDX2, an intestinal transcription factor, failed
to produce intestinal metaplasia in the mouse esophagus
according to Dr. Anil Rustgi (University of Pennsylva-
nia, personal communication).

Surgery is still the most commonly used method
for creating reflux of gastric and/or small intestinal
contents into the esophagus. Various surgical proce-
dures and modifications have been designed to induce
GERD, BE, and EAC by gastric reflux, small intestinal
reflux (bile reflux and pancreatic reflux), or combined
reflux. Although rats were used in most previous stud-
ies, mice and large animals are also suitable for sur-
gery. Nitrosamines (e.g., methyl-n-amylnitrosamine,
2,6-dimethylnitrosomorpholine, methylbenzylnitrosa-
mine, diethylnitrosamine), or medications (e.g., pen-

tagastrin) can be combined with surgery to enhance
carcinogenesis. However, nitrosamines alone tend to
induce esophageal squamous cell carcinoma (ESCC),
not EAC. A combination of reflux surgery and nitrosa-
mine produces ESCC, EAC, and adenosquamous car-
cinomas (13,14). Interestingly, dietary zinc deficiency
induces glandular metaplasia in the mouse esophagus
(15). Although no goblet cells are present, it does sug-
gest that zinc may play a critical role in transdifferen-
tiation of esophageal epithelial cells.

Esophageal mucosal stripping in dogs induces re-
generation of squamous epithelium only. However, cre-
ation of gastroesophageal reflux and stimulation of acid
secretion in addition to mucosal stripping predominantly
induces regeneration of columnar epithelium. Continu-
ity of the regenerated columnar epithelium with ducts
of submucosal glands suggests the submucosal gland as
the cellular origin (16,17). Anti-reflux surgery and ant-
acid therapy with Omeprazole allow regeneration of
squamous islands in columnar epithelium (17). Unfortu-
nately, goblet cells, which are diagnostic of BE, are not
observed in these studies. Nevertheless, this procedure
has the potential of inducing BE in the dog esophagus
after a long period of reflux, or when used in combina-
tion with other procedures.

Esophagoduodenostomy (also called esophago-
duodenal anastomosis (EDA)) in rats was developed
by Dr. Tom DeMeester’s group (University of Southern
California) (13). At 22 weeks after surgery, EDA itself
produced EAC in 7% rats and benign diffuse papillo-
matosis in 50% rats, but did not induce ESCC. Addition
of a nitrosamine increased the incidences of both ESCC
(~40%) and EAC (~30%). Most rat tumors showed both
ESCC and EAC with nests of cells producing keratin in
one area and mucin in another. Only a small percentage
of tumors were pure, well-differentiated EAC (14,18).
When we adapted this model in our lab (19), rats devel-
oped BE, BE with dysplasia, and EAC at a low incidence
rate (~10%). However, when iron (50 mg Fe/kg/month,
i.p.) was administered to the animals to alleviate the
postoperative iron-defi dency anemia, the incidence of
EAC dramatically increased to 73% at 30 weeks after
surgery. Similar to EDA, esophagojejunostomy also in-
duces BE and EAC in rats and mice.

We further modified the EDA procedure by making
an anastomosis between the gastroesophageal junction
and the duodenum. This procedure, known as esopha-
gogastroduodenal anastomosis (EGDA), produces BE
and EAC in rats without major nutritional complications
and severe large-area esophagitis, which are unwanted
effects of the EDA procedure (20). Compared with the
other procedures, EGDA has several advantages: (a) it
allows food to pass through the normal alimentary tract,
and the EGDA rats have normal stomach function and
normal nutritional status; (b) there is substantial reflux
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of both gastric and duodenal contents into the esopha-
gus; and (c) recirculation of bile through the stomach
raises the antral pH, thus resulting in gastrin release by
the antral G cells. Gastrin is known to have a trophic
effect on the gastrointestinal epithelium by encouraging
the growth of esophageal carcinoma.

Duodeno-forestomach reflux may also induce BE
without disturbance to the anti-refl ux mechanism of
the lower esophagus. Miwa et al. observed an incidence
ESCC of 18% rats at 50 weeks after the surgery. Al-
though they did not observe any EAC, the authors sug-
gested that EAC might appear if the esophagus was
exposed to refluxate for a longer period of time (21).
Pancreaticoesophageal refl ux procedures and bilio-
esophageal reflux procedures were designed to examine
the effects of pancreatic juice or bile on rat esophagus,
respectively (22-24). It appears that pancreatic juice is
carcinogenic, while bile exerts a co-carcinogenic effect
when combined with pancreatic juice.

Several other procedures have also been reported
to produce reflux in animals, e.g., Wendel cardioplasty,
pyloplasty, gastrectomy, cardiectomy. These procedures
may be combined with procedures, such as Roux-en-Y
reconstruction, to manipulate the reflux constituents in
the esophagus (25,26).

Recently, 2 interesting procedures have been re-
ported in the literature: external esophageal perfusion
and heterotropic transplantation (27,28). In the perfu-
sion model, rat esophagus was cannulated at the upper
esophagus and connected to a subcutaneous osmotic
micropump to perfuse the esophageal lumen with bile
and/or acid. In the transplantation model, a piece of
rat esophagus was transplanted into the stomach or the
duodenum to induce transdifferentiation into the gas-
tric or duodenal phenotype. Because of their unique fea-
tures, these newly developed procedures hold promises
in studying mechanism of BE.

RAT MODEL

Pathologic phenotypes of rat surgical models are simi-
lar to each other. We have systematically compared the
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phenotype of the rat EGDA model to human BE and
EAC (29). At week 40 after EGDA, BE, dysplasia, and
EAC were found in 53.5%, 34.9%, and 25.6%, of 43
rats, respectively. Iron supplementation (4 mg Fe/kg/
week, i.p.) greatly promoted esophageal lesions and
increased the tumor incidence to 53.7%. Careful char-
acterization has demonstrated that rat EGDA model
mimics human carcinogenesis in 3 consecutive histo-
pathologic stages (Figure 7.1):

1. Infl anmation stage: Normal esophageal squamous
epithelium develops GERD as a result of chronic
refl ux. At this stage, the esophageal epithelium is
covered by squamous epithelium which expresses
squamous differentiation markers.
Metaplasia/precancerous stage: Squamous epithelial
cells undertake intestinal metaplasia to develop mul-
tilayered epithelium and BE. At this transition stage,
esophageal epithelial cells start to lose squamous dif-
ferentiation markers, and begin to express columnar
differentiation markers. The esophageal epithelium
consists of a mixture of squamous epithelial cells and
columnar epithelial cells.

Dysplasia/cancer stage: Columnar epithelial cells be-
come dysplastic, and finally develop adenocarcinoma.

Multilayered epithelium consists of 4 to 8 layers
of cells that show squamous differentiation in the basal
portion and columnar differentiation in the superficial
layers at the neo-squamocolumnar junction, and occa-
sionally in the mid-esophagus.

The occurrence of intestinal metaplasia, which is
defined by the presence of goblet cells in the esopha-
gus, characterizes BE. Multilayered epithelium and BE
in rats resemble the lesions in human BE in morphol-
ogy, mucin features, and expression of differentiation
markers (keratin 7, keratin 20, Das-1, villin and tre-
foil factor 1). Invasive EAC in EGDA rat is observed
as well-differentiated mucinous adenocarcinoma.
Both in rat and human BE and EAC, p53, c-myc, and
cyclooxygenase 2 are overexpressed. These similari-
ties make the EGDA rats a useful model of human BE
and EAC.

Barrett's mmmp Dysplasia  =ssep Esophageal
Esophagus Adenocarcinoma
(BE) (EAC)

A -

Inflammation Stage

B

Metaplasia/Precancerous Stage

™
Dysplasia/Cancer Stage

FIGURE 7.1

Pathologic progression of esophageal adenocarcinogenesis in the rat EGDA model.
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Many studies have been conducted with rat surgical
models by us and others to understand the mechanism,
prevention, and therapy of BE and EAC. Small intestinal
contents are believed to be the primary causative fac-
tor, in conjunction with gastric contents (26,30). Using
lacl transgenic rats and the EDA model, bile reflux was
found to generate gene mutations mainly at the CpG
dinucleotides in the form of C to T or G to A transi-
tions. This pattern of gene mutation is similar to p353
mutations in human EAC (31). Dietary or tobacco car-
cinogens, iron supplementation, high-fat diet, antacid
therapy, and certain intestinal microflora may modulate
the disease process in rats (19,20,26,32-36). Accumu-
lation of p53 and gene overexpression (e.g., cyclin D1,
inducible nitric oxide synthase, cyclooxygenase 2, mi-
crosomal prostaglandin E synthase 1, prostaglandin E
receptors, S-lipoxygenase, leukotriene A4 hydrolase,
and EGFR/ErbB2) are associated with the progression of
the disease (25,29,37-43). Gene microarray studies have
identified altered expression of many genes in rat tumor,
upregulation of the DNA damage pathway and the in-
terleukin 6 signaling pathway, and downregulation of
the DNA mismatch repair pathway (44-47). Using pro-
teomic technique, we have reported overexpression of
proteins (e.g., glucose-regulated protein 94) in rat tumor
in a way similar to human cancer (48).

Oxidative stress and aberrant arachidonic acid
metabolism are critical in the development of EAC,
and agents targeting these pathways have chemo-
prevention effects on the development of rat tumor
(14,39-41,48-54). Other agents, such as difluorometh-
ylornithine, nordihydroguaiaretic acid, curcumin, su-
peroxide dismutase, thioproline, and combinations of
different agents have also shown more or less chemo-
preventive effects on rat EAC (39,41,55-57). Biliary
diversion for rats with surgically induced BE prevents
the development of EAC, although it does not lead to
regression of BE. It suggested that bile reflux is a major
promoting factor of carcinogenesis and may be a fac-
tor to deal with for treatment of BE and prevention of
EAC (58).

In order to further understand the mechanism of
BE, we have recently examined the expression patterns
of transcription factors and differentiation markers of
squamous epithelium and columnar epithelium on serial
paraffin sections of rat esophagi with immunohistochem-
istry. Several transcription factors and differentiation
markers of squamous epithelium (p63, Sox2, K14, K4,
loricrin) are found to be expressed in the squamous
epithelial cells, but progressively lost during intestinal
metaplasia. Meanwhile, several other transcription fac-
tors and differentiation markers of columnar epithelium
(CDX1, CDX2, GATA4, HNF1q, and villin) appear in
columnar epithelial cells, and eventually fully expressed
in BE. Consistent with these findings in the rat model,

similar expression patterns of these transcription factors
and differentiation markers are observed during intes-
tinal metaplasia in human esophageal biopsy samples
(unpublished data). These data suggest that squamous
de-differentiation and columnar differentiation may be
the mechanism of intestinal metaplasia of the esophagus
in rats. Pluripotent stem cells in the esophageal squa-
mous epithelium are very likely a cellular origin of intes-
tinal metaplasia (59) (Figure 7.2).

MOUSE MODEL

Mouse models of BE may offer great advantages over
the rat models. Many genetically modified mouse lines
are readily available for investigating the functional roles
of specific genes in the development of BE. Experiments
with mice are likely more economic than those with rats
and large animals.

Esophagojejunostomy has been used in mice to in-
duce BE and EAC (7). In Swiss-Webster mice, surgery
alone induced BE in 42% of mice at 19 weeks after sur-
gery. When combined with a nitrosamine, it induced BE
in 20% of mice. It was surprising that carcinogen treat-
ment alone induced BE in 12.5% of mice. Some animals
developed EAC, ESCC, or adenosquamous carcinoma.
Significant promotion of BE and EAC by loss of p27 was
observed using this model in p277 mice 60. Flavopiri-
dol, a cyclin-dependent kinase inhibitor, had preventive
effects on both BE and EAC in this model (61).

With this procedure in mice, loss of p53 seemed to
enhance carcinogenesis (62), although this study was in-
conclusive because of the small number of animals used.
We performed EGDA on p53-/- mice. However, 28 of 32
operated mice died within 20 weeks after surgery and
most within 8 weeks, due to spontaneous lymphomas or
sarcomas. All of the 4 mice that survived 20 weeks after
surgery developed visible tumors (63).

Several other mouse lines with genetic defects
have been tested, such as APCM™* mice, iINOS knock-
out mice, COX-2 knockout mice, and arginase knock-
out mice (personal communications). In a recent study,
we performed EGDA with or without gastrectomy on
wild-type, p53213%V transgenic, and INK4a/Arf+ Al]
mice. After surgery, some mice were further treated with
Omeprazole or intraperitoneal iron supplementation for
20, 40, or 80 weeks. To our surprise, none of these mice
developed EAC, and many developed ESCC instead.
Consistent with this observation, only scattered muci-
nous cells were observed in the squamous epithelium of
mouse esophagus, but not the multilayered epithelium or
full-blown BE that was reported in the rats, p537 C57BL
mice, and wild-type or p277 Swiss-Webster mice. This
experiment suggests that genetic background may play a
critical role in developing BE and EAC in mice.
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FIGURE 7.2

Proposed mechanism of intestinal metaplasia of the esophagus in the EGDA rats. When
esophageal epithelial stem cells are stimulated by refluxate, the squamous differentiation
pathway may be inactivated through loss of expression of some critical transcription fac-
tors. Meanwhile, the columnar differentiation pathway may be activated through gain of
expression of intestinal transcription factors. In the presence of hyperproliferation and
chronic inflammation, these molecular events may lead to squamous de-differentiation
(i.e., loss of squamous differentiation markers [e.g., keratin 4, keratin 14, SPRRs, involu-
crin]), and columnar differentiation (i.e., gain of columnar differentiation markers). Once
metaplasia is initiated in stem cells, it tends to undergo clonal expansion and finally de-
velops histological intestinal metaplasia consisting of four major cell lineages with specific
differentiation markers. Similar mechanism may apply to human BE.

Several issues need to be considered: (a) early death
due to genetic defects, such as spontaneous tumor devel-
opment of p53” mice and renal insufficiency of COX-2"
mice, may not allow long-term studies; (b) mouse surgery
is technically challenging because of the small size of the
mouse esophagus; (c) certain genetically modified strains
do not breed well, and it may take a long period of time
to breed compound mutant mice.

Although a genetic mouse model of BE is cur-
rently not available yet, it is still highly feasible if the
genetic background and target genes are properly se-

lected. It is known that embryonic esophageal epithe-
lium of p63” mice appear columnar containing both
ciliated and goblet-like cells (64). A murine transgenic
model introducing E1A/E1B under the control of the
mouse mammary tumor virus-long terminal repeat
promoter developed adenocarcinoma at the squamoco-
lumnar junction in the foregut (65). Several relatively
esophagus-specific promoters have been reported in the
literature: keratin 5, keratin 6A, and keratin 14 promot-
ers (basal cells) (66—68); ED-L2 promoter (parabasal and
basal cells) (69); tamoxifen- and tetracycline-inducible
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systems (68,70); and cre-lox system driven by constitutive
or inducible K14 promoters (66,71). These genetic tools
will certainly help us develop a mouse model of BE.

CANINE MODEL

Cardioplasty, mucosal stripping, and other reflux pro-
cedures with dogs have been reported in the literature
(16,17,25,72,73). None of these studies provided solid
evidence of goblet cells in the esophagus, except one
recent long-term study (25). Cardiectomy and total gas-
trectomy plus esophagojejunostomy were performed on
dogs to induce gastric reflux and small intestinal reflux,
respectively. With endoscopy, BE was detected between
18 and 39 months after cardiectomy, low-grade dys-
plasia between 42 and 69 months, high-grade dyspla-
sia at 57 months, and adenocarcinoma at 63 months.
For those with small intestinal reflux, BE was observed
between 21 and 36 months, low-grade dysplasia be-
tween 48 and 63 months, high-grade dysplasia at 60
months, and adenocarcinoma at 66 months. Notably,
these 2 cases of EAC were reported as glandular adeno-
carcinoma, the commonly seen form of human EAC,
whereas most rat and mouse EAC are mucinous adeno-
carcinoma that is less commonly seen in humans. To
our knowledge, this is the first study showing dogs may
develop a full spectrum of pathology leading to EAC
when exposed to either gastric reflux or small intestinal
reflux alone for a long period of time. Further studies
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Richard Sampliner

arrett’s esophagus (BE) is a change
in the lining of the distal esophagus
seen at endoscopy and documented
< | to have intestinal metaplasia (IM)
by biopsy (1). This definition has
evolved over the last 30 years from extensive columnar
lining, to columnar lining proximal to the manometric
lower esophageal sphincter (LES), to 3 ¢cm of columnar
lining or any IM above the LES. The definition is critical
for case detection when embarking on screening and/or
surveillance. It implies the need for endoscopists to iden-
tify the apparent columnar lining in the esophagus and
to biopsy it to determine the presence of the necessary
histologic criterion of goblet cells of IM (2).
The major definitional controversy is whether IM
is necessary for the definition of BE. The fact that IM
harbors the vast majority of dysplasia and esophageal
adenocarcinoma (EAC) (3) argues for this criterion.
Given the general awareness of the cancer risk of BE,
engendering unnecessary concern on the patient’s part is
to be avoided if no IM is present. It is also appropriate
to avoid the increased financial burden for insurance in
the United States when this label is unnecessarily applied
(4). Erosive esophagitis can be mistaken for columnar
lining. Additionally, a columnar lined esophagus lacking
IM will often yield IM on subsequent endoscopic biop-
sies (5), confirming the diagnosis. So this methodologic
issue of controversy may be resolved over time for an

Barrett’s Esophagus:
Screening and Surveillance

individual patient or by future endoscopic technology
with refinements in our ability to recognize IM by pat-
terns at high resolution endoscopy (see Chapter 17) (6).

SCREENING FOR BE

Who

The highest risk patients for EAC identify those most
likely to have BE—male, Caucasian, older (7), with
long-standing reflux symptoms (Table 8.1). The specific
criteria for age and duration of reflux are not evidence
based. Although the yield of BE is highest in the above
patients, many people with BE do not fit these criteria.
Females, people of color, and especially people without
reflux symptoms experience BE. Other than by impracti-
cal universal screening of adults, we have no current way
to identify BE in the asymptomatic. About 40% of pop-
ulation determined BE patients are asymptomatic (8). If
BE could be identified without endoscopy, less targeted
screening would be more feasible. Esophageal capsule
endoscopy offers a technique to identify patients likely
to have BE, but the current sensitivity, 67 %—77%, is not
adequate (9, 10). Additionally, the cost of the capsule is a
barrier to wider usage. Other emerging non-endoscopic
screening tests (sponge immunocytology for detection of
minichromosome maintenance protein [2]) do not yet
have the necessary sensitivity and specificity (11).
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TABLE 8.1
Risk Factors for Barrett’s Esophagus

Male

Caucasian

Older - ? specific age

Long-standing GERD - ? specific duration
Visceral adiposity - ? specific measure

Epidemiologic evidence suggests abdominal obesity
is a risk factor for BE. Case control studies document
that visceral adipose tissue (OR 1.5), waist to hip ratio
(OR 2.4), and abdominal circumference (OR 2.2) are
associated with BE (12-14). But this does not provide a
specific criterion to identify people with BE.

Can we increase the yield of finding BE at the
time of endoscopy by defining pre-endoscopic criteria?
In a Veterans Affairs medical center, independent pre-
dictions of BE by multivariate logistic regression (88
patients with BE, 88 with GERD) were age >40, heart-
burn or acid regurgitation, and heartburn more than
once a week (15). In a logistic regression analysis of
517 GERD patients, significant predictors of BE were
male gender, heartburn, nocturnal pain, odynopha-
gia, and dysphagia (99 with BE and 418 with GERD)
(16). A screening nomogram for BE had a sensitivity of
77% and specificity of 63%. Another Veterans study
found no symptoms predictive of BE comparing 235
BE patients to 306 with erosive esophagitis (17). Eight
gastrointestinal (GI) departments in Italy found GERD
symptoms of more than 13 years duration were a risk
factor for BE (149 BE and 143 esophagitis) (18). Fi-
nally, after eliminating BE patients undergoing surveil-
lance, in 1011 adults undergoing endoscopy only the
duration of acid regurgitation for more than 5 years
was associated with BE (OR 7.86 [95% CI 1.61-38.4])
(19). At a sensitivity of 80%, the model for BE had a
specificity of 57%; at a specificity of 80%, the sensitiv-
ity was 62%. The only risk factors in common in posi-
tive studies was heartburn.

LIMITATIONS OF SCREENING

Pre-endoscopic criteria to predict BE are not validated.
There are no prospective trials to document the impact
of screening. Screening makes intuitive sense and analy-
ses have demonstrated the cost-effectiveness of screen-
ing in relation to what society is willing to spend (see
Chapter 9) (20).

In the future, screening will be more feasible
when high-risk groups for BE can be identified and the
initial phase of screening is less expensive and more
sensitive.

SURVEILLANCE

Who

Patients with documented BE who have an expected sur-
vival of greater than § years and agree to interval endos-
copy are candidates for surveillance. It is not reasonable
to undertake surveillance in frail elderly patients or in
those with life-limiting comorbidity (21). When the only
treatment of high-grade dysplasia (HGD) and early EAC
was esophagectomy, candidates for surveillance had to
be able and willing to undergo major surgery. With the
availability and documented impact of endoscopic ther-
apy (22), the latter is no longer true. The ideal selection
of BE patients for surveillance would include risk strati-
fication. We know males, Caucasians, and patients with
longer segment BE have a greater risk of EAC. However,
the precise criteria are not evidence based. The current
biologic marker used to determine surveillance intervals
is the grade of dysplasia (Table 8.2). Dysplasia is the first
step in the neoplastic process. It is an unequivocal change
in the cellular characteristics of the glands in the BE that
involve the crypts as well as the surface epithelium.
When no dysplasia has been documented with
systematic biopsies—4-quadrant every 2 cm—on 2 en-
doscopies over 1 year, the interval of endoscopy can
be extended to 3 to 5 years. When low-grade dysplasia
(LGD) is found, confirmation by an expert pathologist
is necessary. The prevalence and incidence of LGD is
higher than that of HGD and EAC. In a large multi-
center cohort of patients with documented BE, the prev-
alence of LGD was 7.3% and annual incidence 4.3%
(23). Frequency of endoscopy in surveillance tends to
be driven by LGD, and the greatest variability in his-
tologic interpretation is found in LGD cases. A study
of the economic impact of the diagnosis of dysplasia

TABLE 8.2
Grade of Dysplasia and Surveillance

Dysplasia Endoscopy (EGD)

None e 2 EGDs with biopsy in 1 year
e Every 3-5 years
Low grade e Highest grade on repeat EGD in
6 months with expert pathologist
confirmation
e Yearly until no dysplasia x2

High grade e Endoscopic resection for mucosal ir-
regularity. Repeat EGD in 3 months.
Expert pathologist confirmation
e 3-month surveillance or individualized
intervention
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estimated that 61% of endoscopies are performed be-
cause of the “transient” dysplasia—dysplasia not per-
sistent at 24 months of follow-up (24). When dysplasia
is categorized into 4 clinically relevant groups, the in-
terobserver agreement is only moderate (kappa = 0.46)
(25). This confirmation of the diagnosis is an effort to
focus surveillance on high-risk patients—the more pa-
thologists who agree on LGD, the greater the risk of
neoplastic progression (26). This finding suggests that
when more pathologists agree, changes are present that
can be discriminated from normal. The natural his-
tory of LGD is highly variable, but BE patients with
LGD should undergo an additional EGD in 6 months
to exclude a worse lesion in the esophagus. Thereafter,
once-yearly endoscopy can be done until no dysplasia
is found on 2 consecutive endoscopies.

The finding of HGD, documented by an expert
GI pathologist, warrants a repeat endoscopy within
3 months to exclude the presence of concomitant
(synchronous) EAC. Any mucosal irregularities should
undergo endoscopic resection to ensure the absence of
EAC. Endoscopic resection provides the opportunity
to evaluate a large piece (usually 1 cm) of tissue, which
includes the submucosa. This enables actual T staging.
With the confirmation of HGD, the next step is intensive
surveillance (endoscopies every 3 months for 1 year) or
individualized intervention. The threshold for therapeu-
tic endoscopic intervention in BE is HGD. The options
of esophagectomy, intensive surveillance, and endo-
scopic ablative therapy need to be carefully considered
by the patient. Patient and institutional issues factor into
the complex network of decision making. The patient’s
lesion—the length of the segment of BE—the stage of the
EAC, age, comorbidity, and aversion to surgery, and/or
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sophageal carcinoma is one of the
most increasingly prevalent and
highly lethal cancers in the United
" States and Europe. While the in-
creasing incidence of esophageal
cancer is between 4% and 10% per year, the 5-year sur-
vival rate may be as low as 10%. Of the approximately
14,000 new cases of esophageal cancer each year, over
50% represent the adenocarcinoma variant. The de-
velopment of esophageal carcinoma is thought to be a
histologic progression from metaplasia and low-grade
dysplasia to high-grade dysplasia and invasive cancer.
Barrett’s esophagus (BE) is the abnormal finding of in-
testinal metaplasia in the distal esophageal mucosa and
is a well-characterized premalignant precursor of esoph-
ageal adenocarcinoma (EAC). Thought to result from
chronic gastroesophageal reflux disease (GERD), BE car-
ries a 30-50 fold risk of developing EAC (1). Although
debated, the incidence of EAC in patients with known
BE (termed incident cases) may be as high as 0.5% per
year. The association of GERD with BE and eventual
progression to EAC represents a potential target for an
effective cancer screening program.

Screening for BE and subsequent surveillance of af-
flicted patients has been proposed as a way to improve
early detection of EAC and increase overall survival.
The traditional cornerstone of these efforts is upper en-
doscopy with biopsies of the gastroesophageal junction

Barrett’s Esophagus:
Models for Cost-Effective
Screening and Surveillance

and esophageal mucosa. Over the past decade, this prac-
tice has been endorsed by gastroenterologists and other
health care providers, despite a lack of direct evidence
supporting its effiacy or cost-effectiveness (2). While
the ultimate goal of any screening and surveillance pro-
gram is to decrease morbidity and mortality from dis-
ease, such techniques must also be evaluated from a
cost-effective perspective in a health care environment
of increasing expenditures and limited access to services.
The purpose of this chapter is to review and summarize
the available data on screening and surveillance of BE
from this point of view.

DEFINITION OF COST-EFFECTIVENESS

To begin any discussion of cost-effectiveness, several
key terms must be clarified. In general, the overall effec-
tiveness of a medical screening or surveillance program
is its total benefit to society, which for many diseases
is measured in terms of patient life-years saved. Obvi-
ously, this outcome measure is heavily influenced not
only by the validity of the intervention itself but also
by many other factors such as disease prevalence and
virulence. As noted in a recent review by Shaheen et
al., specific criteria have been described to help guide
an evaluation of any proposed screening or surveillance
program (Table 9.1) (3,4). While answers to these basic
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TABLE 9.1
Sackett’s Proposed Criteria for Seeking an Early
Diagnosis of Disease

1. Does early diagnosis lead to improved clinical out-
comes (survival, function, quality of life)?

2. Can one manage the clinical time required to con-
firm a diagnosis and provide long-term care for
those who screen positive?

3. Will patients with early diagnoses comply with sub-
sequent recommendations and treatment options?

4. Has the effectiveness of individual components of
a screening or surveillance program been demon-
strated before their combination?

5. Does the burden of disability from the target disease
warrant action?

6. Are the costs, accuracy, and acceptability of the
screening test adequate?

questions determine a program’s overall effectiveness,
they also comprise the baseline set of assumptions for
any subsequent calculation of cost-effectiveness. This
concept combines an intervention’s overall benefit
to society with the financial cost required to produce
such a benefit. In other words, determining the cost-
effectiveness of an intervention requires a comparison
to the cost of not performing that same intervention.
A common unit of measurement in cost-effectiveness
calculations is the incremental cost-effectiveness ratio,
which is the cost difference between 2 strategies (usu-
ally intervention versus no intervention) divided by the
gain in life expectancy. This typically yields a calculated
unit reported as a monetary amount per life-year saved.
In order to interpret this calculated value in the larger
context of a health care system, it is useful to compare
the incremental cost-effectiveness ratio of the interven-
tion in question to that of other widely accepted and
practiced interventions. Ultimately, cost-effectiveness
is simply a value judgment on the part of the decision
maker (either patient, physician, or policy maker) re-
garding their level of willingness to pay for a particular
intervention. Thus, the value of any intervention or pro-
gram in a given population is determined by a host of
societal, cultural, and financial forces, and often moves
the debate from medical to political arenas.

As with any derived value or outcome measure,
the assessment of an intervention’s cost-effectiveness is
completely dependent on the primary data used in the
equation. From a theoretical perspective, it is the answers
to criteria such as those proposed by Sackett (Table 9.1)
that provide this primary data or set of assumptions.
Specifically for BE, there are no data available from
randomized, controlled studies on the effectiveness of

screening or surveillance. Therefore, decision-making
and practice patterns have been developed based on co-
hort or observational studies. While providing valuable
information, the data derived from these types of stud-
ies may be prone to inaccurate generalizations, bias, or
other forms of methodologic error; any inaccuracies in
data would ultimately call into question the reliability of
subsequent cost-effectiveness calculations.

SCREENING

Regardless of the disease process, the concepts of screen-
ing and surveillance are 2 separate yet related entities.
Screening is defined as the examination of a large sample
of a population to detect a specific disease. In this case,
upper endoscopy is performed on a selected subset of
the general population in hopes of achieving earlier de-
tection of premalignant conditions (BE or dysplasia) or
adenocarcinoma. Early detection allows for more effec-
tive treatment for esophageal cancer and ultimately im-
proves survival. In order for such a screening program
to be effective, some general criteria must be met. First,
a high-risk population must be identified to target initial
screening efforts. In the case of BE, this population com-
prises patients with chronic symptoms of gastrointes-
tinal reflux disease (GERD). Second, upper endoscopy
must be able to accurately diagnose BE and dysplastic
changes before their progression to adenocarcinoma.
Finally, there must be potential interventions (such as
mucosal resection or esophagectomy) that can be used
to treat dysplastic or neoplastic changes, and result in
improved survival and QOL. While a full discussion of
these topics are beyond the scope of this chapter, taken
together they determine the cost-effectiveness of screen-
ing for BE and esophageal cancer.

While the complete epidemiology of BE is not
completely understood, there is evidence that patients
with EAC found as part of a screening program have
improved survival relative to those who are symptom-
atic. However, there are no prospective studies con-
firming that screening programs directly reduce overall
mortality. The exact prevalence of BE is unknown, but
it has been demonstrated that greater severity of GERD
symptoms is associated with an increased prevalence
(5,6). The current American Gastroenterological Asso-
ciation (AGA) guidelines for screening for BE state that
“patients with chronic GERD symptoms are those most
likely to have BE and should undergo upper endoscopy”
(2). With 14% of the United States population suffer-
ing from chronic symptomatic GERD, even if screening
were limited to patients greater than 50 years of age, an
overwhelming 10 million patients would still qualify for
screening endoscopy (3). However, with only 6,000 new
cases of EAC diagnosed in the United States annually,
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such a massive screening effort would still be very low-
yield. Clearly, this highlights the need for further iden-
tifying higher risk sub-populations for more targeted
screening. Risk factors for BE include male gender (2:1
male to female predominance), white race, > 40 years
of age, positive family history, and concomitant hiatal
hernias (7). Other risk factors may include obesity and
use of medications reducing lower esophageal sphincter
pressure (6). As a screening tool, endoscopy is able to
reliably differentiate the absence of dysplasia from the
presence of high-grade dysplasia or frank cancer (>80%
specificity), yet may struggle to distinguish between dif-
ferent grades of dysplasia (8). Finally, the requirement to
act on positive results from an endoscopic screening pro-
gram has far-reaching implications for any health care
system. With a finding of high-grade dysplasia or EAC,
subsequent esophageal resection will need to be per-
formed in a relatively small number of patients. How-
ever, as many as 3 million Americans may be diagnosed
with BE, requiring a large investment of health care re-
sources in order to carry out future surveillance. As more
data are acquired on less invasive methods for esophageal
resection, surveillance may have more of an impact.
While the majority of cost-effectiveness models
regarding BE include both screening and surveillance,
Soni et al. performed an analysis of endoscopic screen-
ing in patients with GERD to detect BE and dysplasia
(9) (Table 9.2). Using a decision-tree analysis, several
key assumptions were included. Patients at age 60 un-
derwent a single endoscopy with biopsies of abnormal
epithelium. Positive biopsy findings of high-grade dys-
plasia or adenocarcinoma resulted in esophagectomy.
Transition rates were estimated from published data
and national cancer statistics, including a high specific-
ity/sensitivity of endoscopy (90%), high prevalence of
BE (10%) and high-grade dysplasia (7%) with GERD,
and minimal reduction in quality of life (QOL) after
esophagectomy. The costs of endoscopy and cancer
care were estimated from Medicare data. Using the in-

cremental cost-effectiveness ratio (ICER) as an outcome
measure, screening endoscopy cost $24,700 per life-
year saved when compared to no screening. Subsequent
univariate and multivariate analysis demonstrated that
this outcome is highly sensitive to assumptions about
the prevalence of BE and dysplasia, ability of endos-
copy to diagnose abnormalities, and health-related
QOL after surgery. For instance, a small decrease of
10% in QOL following esophagectomy increases the
calculated ICER to $63,000 per life-year saved, while
a 16% decrease eliminates any benefit. Nevertheless,
this study suggests that in the setting of favorable pa-
rameters, endosopic screening of a population (>60 yrs
age) of patients with symptomatic GERD may be cost-
effective. As with any screening program, further risk
stratification is needed to better define those patients
most at risk of harboring undiagnosed disease, thus
leading to increased cost-effectiveness.

SURVEILLANCE

Surveillance is defined as the ongoing, periodic monitor-
ing of patients considered to be at high-risk for a disease,
which is often determined by prior testing (i.e., screen-
ing). In this case, surveillance involves follow-up endos-
copy at scheduled intervals in patients with BE in order
to detect early progression toward dysplasia or cancer.
Early detection would permit early surgical or other
therapeutic interventions before development of invasive
cancer, thus improving survival. Although endoscopic
surveillance of BE has not been definitively shown in
prospective, randomized trials to decrease cancer inci-
dence or increase life expectancy, this strategy is widely
practiced. Retrospective and cohort studies have demon-
strated that patients diagnosed with EAC in the setting
of surveillance endoscopy have a lower stage cancer and
improved survival (10-12). While promising, these types
of studies may be influenced by selection, lead-time, or

TABLE 9.2
Cost-Effectiveness Models of Screening and Surveillance of Barrett’s Esophagus
Surveil-
lance Incidence cancer Survival (5-yr) QOL ICER @ ($/life-
Study interval (Barrett’s esophagus) (esophagectomy) (esophagectomy) yr gained)
Soni (2000) n/a 7% (screening only) 23% 100% $24,718
Provenzale (1999) 5-year 0.4%/year 22% 97% $98,000
Sonnenberg (2002) 2-year 0.5%/year 20% 100% $16,965
Inadomi (2003) 5-year 0.5%/year 20% 97% $12,336

@ Incremental cost-effectiveness ratio (compared to no screening/surveillance program)
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publication bias, and may overestimate critical parame-
ters such as the incidence of EAC in BE (13). The current
recommendations are based on guidelines from the AGA
and include multiple 4-quadrant biopsies performed in
patients with BE at intervals determined chiefly by the
presence, and histologic grade, of dysplasia (2).

As with screening, there are no prospective random-
ized trials studying the clinical role or cost-effectiveness
of surveillance for BE. Such research would be very dif-
ficult to perform given statistical requirements for a large
patient population, long-term follow-up, and standard-
ized protocols. Instead, economic decision models have
been developed to calculate the cost-effectiveness of in-
tervention strategies (14). Perhaps the most controversial
variable influencing the cost-effectiveness of surveillance
of BE is its natural history. While an estimated 700,000
patients in the United States have BE, their annual esti-
mated risk of progression to adenocarcinoma is reported
to range between 0.2 % and 2%, with a generally accepted
incidence of 0.5% per year (13,15-17). If progression to
high-grade dysplasia is included, this risk may be as high
as 1.4% per year (18). As listed in Table 9.3, other im-
portant variables include the surveillance interval, cost
of endoscopy, and the ability of endoscopy to accurately
diagnose dysplasia and cancer. Finally, accurate data
regarding the clinical outcomes, costs, and QOL after
esophagectomy are necessary in order to calculate how
much patients benefit from an intervention following a
positive endoscopic finding. As will be discussed, vary-
ing the baseline values of any of these parameters can
dramatically alter the cost-effectiveness of any proposed
surveillance strategy for BE.

SURVEILLANCE COST-
EFFECTIVENESS MODELS

The first cost-effectiveness analysis for surveillance
of BE was published by Provenzale et al. in 1994 (19)
(Table 9.2). A Markov model (20), a mathematical model
used to estimate life expectancy in medical contexts,
was used to construct a computer cohort simulation of
10,000 55-year-old men with BE. In the simulation, the
surveillance interval was varied between 1 and 5 years,
and a diagnosis of either high-grade dysplasia or ad-
enocarcinoma resulted in esophagectomy. The analysis
concluded that surveillance every 5 years resulted in an
ICER of $27,400 per life-year gained. Shortening the
surveillance interval to 4 years provided a greater gain in
life expectancy but increased the ICER to $276,700 per
life-year gained. Further analysis revealed that the 2 most
important parameters influencing the analysis were the
incidence of cancer and the QOL after esophagectomy.
In a follow-up study, the same authors performed a
similar analysis using updated estimates for cancer risk
and esophagectomy outcomes (21). In this simulation,

TABLE 9.3
Baseline Variables Most Influencing the
Cost-Effectiveness of Surveillance for
Barrett’s Esophagus®

Variable Rate or Reference
cost range

Incidence rate of adenocarci- 0.2%-2.0% 13,16,17
noma per year arising
from Barrett’s esophagus

Starting age of surveillance 40-60 43
endoscopy years

Surveillance interval for 1-10 years 43
endoscopy

Efficacy of endoscopy in pre-  25%-75% 27
venting cancer

Cost of endoscopy $400- 25

$1500

5-year survival after 20% 17
esophagectomy

Health-related quality of life 83%-100% 21,25
after esophagectomy

Cost of esophagectomy for can- $21,277 25
cer or high-grade dysplasia

Cost of medical care for $44,931 25

adenocarcinoma

aAdapted from Sonnenberg et al. Aliment Pharmacol Ther.
2002;16:41-50.

the average annual incidence of cancer was estimated at
0.4%, while the QOL adjustment factor following sur-
gery was 0.97. The assumed costs for endoscopy were
$600, esophagectomy $23,800, and long-term cancer
care $34,000 per year. Using these estimates and a sur-
veillance interval of § years, the incremental cost-utility
ratio (ICUR; which is the ICER adjusted for QOL) was
$98,000 per life-year gained. In a sensitivity analysis, once
again the incidence of cancer in BE was demonstrated to
be the most important parameter. For instance, if the
annual incidence of cancer was set at <0.2%, no surveil-
lance would be preferred, as the risks of surveillance and
the potential surgery would outweigh potential gains in
survival or QOL. Conversely, if the incidence rate ap-
proached 2% per year, more frequent endoscopy (every
1-2 years) became cost-effective. Similarly, if operative
mortality and morbidity from esophagectomy increases,
less frequent surveillance is required to maintain equiv-
alent cost-effective ratios with other accepted medical
practices. For an operative mortality between 6% and
10%, surveillance every 5 years was the only strategy
that increased quality-adjusted life expectancy, with an
ICUR ranging from $80,000-$120,000.
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Recent surgical series reporting outcomes after
esophagectomy suggest that perioperative mortality
rates may range from 10% to as high as 24% (22), with
an associated morbidity of 50%-64% (23,24). If these
outcome data are used, the calculated cost-effectiveness
ratios become prohibitively high.

A computer-simulated Markov model of bi-annual
surveillance was performed by Sonnenberg et al. (25)
(Table 9.2). Using baseline assumptions including an
adenocarcinoma incidence rate of 0.5%, a low surgical
mortality rate (0%-3.5%), and a 20% 5-year survival
rate, the ICER of surveillance was $16,695 per life-year
saved. If either the estimated operative mortality rate
was increased (to 7%) or the QOL after surgery was
reduced (to 50%), the ICER recalculated to $19,488 or
$33,929, respectively. Once again, sensitivity analysis
demonstrated that the incidence of EAC in patients with
BE and outcomes after esophagectomy were the most
important determinants of cost-effectiveness. While the
true S-year survival rate following esophagectomy for
EAC ranges from 15%-24% (26), the operative mor-
tality is certainly greater than 7%, suggesting that the
ICER is probably higher than reported in this analysis.

The most comprehensive cost-effectiveness model
was reported by Inadomi et al., and incorporated a sim-
ulation of both screening and surveillance for BE (27)
(Table 9.2). A decision analysis Markov model was cre-
ated to analyze white 50-year old male patients with
symptomatic GERD; the model included over 7,000 deci-
sion points encompassing the natural history of patients
with GERD compared to strategies of screening and sur-
veillance for BE, dysplasia, and cancer. This simultaneous
evaluation allowed comparison of the benefit and cost of
screening for prevalent EAC with that of surveillance for
incident EAC. When screening and surveillance of patients
with BE and evidence of dysplasia was compared to no
intervention, the ICER was $10,440 per life-year saved;
this amount increased to $12,336 for patients without

dysplasia. Viewed from a different perspective, however,
the incremental ICER was >$500,000 for surveillance in
patients with BE without dysplasia compared to those
with both BE and dysplasia, suggesting that such a surveil-
lance strategy may not be cost-effective. From this, the au-
thors concluded that the benefit obtained from screening
is greater than that of surveillance, since the prevalence
of EAC in patients with symptomatic GERD is greater
than the subsequent annual incidence of EAC in patients
with BE. An additional sensitivity analysis highlighted the
importance of several key factors, including identifying
groups of patients most at risk of developing EAC and
quantifying the QOL of patients undergoing surveillance
for BE and following surgery. Cost-effectiveness may also
be improved by decreasing the costs of screening and sur-
veillance programs through increased utilization of physi-
cian extenders or lowering the cost of endoscopy. Finally,
while esophagectomy for high-grade dysplasia has been
the traditional therapeutic approach, continued close sur-
veillance (28) or less aggressive surgical options in this sub-
group may also be a viable strategy, especially in light of
recently published esophagectomy outcomes (22-24,26).
Finally, a threshold analysis demonstrated that perform-
ing esophagectomy for both EAC and high-grade dyspla-
sia resulted in higher survival only if the annual incidence
of EAC with BE was >0.75%, and proved cost-effective
(ICER <$50,000) only if this rate was >0.82%.

COMPARISON TO OTHER HEALTH
CARE EXPENDITURES

Any discussion regarding cost-effectiveness of a screen-
ing or surveillance program is inadequate without a
comparison to other accepted medical practices. League
tables are commonly used to group and rank interven-
tions in terms of their overall cost-effectiveness, and
often form the basis of difficult health care policy deci-
sions (14,29). As summarized in Table 9.4, screening and

TABLE 9.4
Cost-Effectiveness Comparison with Other Medical Practices
Incremental cost-effectiveness ratios

Health care interventions ($/life-year gained) References
Screening and surveillance of Barrett’s esophagus $12,000-$98,000 2,21
Colon cancer screening $11,000-$20,000 30,31
Breast cancer screening with annual mammography $8,300-$57,000 17,32,33
Evaluation of chest pain $57,700 34
Screening carotid disease (asymptomatic men) $130,000 35
Cervical cancer screening (Pap smear every 3 yr) $250,000 32
Heart transplantation $160,000 36
Empiric omeprazole therapy for dyspepsia $780,000 37
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surveillance programs for BE and EAC compare favor-
ably to similar programs for other diseases. For exam-
ple, screening for colon cancer with annual fecal occult
blood testing and flexible sigmoidoscopy in asymptom-
atic 50-year old men has an estimated ICER of $20,000
(30,31). Screening mammography for breast cancer car-
ries an ICER ranging from $8,000 to nearly $60,000,
which compares favorably with surveillance for BE in a
head-to-head analysis (32,33). Commonly accepted in-
terventions such as work-up of chest pain, screening for
carotid artery stenosis, and heart transplantation may be
less cost-effective, while long-term proton-pump inhibi-
tor therapy and cervical cancer screening are even more
expensive (28,34-37).

FUTURE DIRECTIONS

In the past several years, there have been several prom-
ising developments with potential to increase the cost-
effectiveness of screening and surveillance of BE. Perhaps
the most influential factor for improvement is a more
precise identification of patient populations most at risk
for developing BE and subsequent EAC. A recent study
found that age > 40 years and GERD symptoms more
than once per week were independent predictors of BE
(7). In patients undergoing surveillance of BE, progres-
sion to high-grade dysplasia and EAC was associated
with BE segment length > 2 cm, hiatal hernia > 3 cm, and
the presence of any dysplasia during earlier surveillance
(38). Biologic and genetic markers may also eventually
prove useful in identifying higher-risk patients; however,
no marker has yet emerged that is superior to histologic
diagnosis of dysplasia or cancer. Novel techniques for
screening and surveillance have been developed, includ-
ing capsule endoscopy, brush cytology, and chromo-
endoscopy. When compared to traditional endoscopy,
capsule endoscopy cannot obtain biopsies; however, it
is less invasive, with comparable sensitivity (97%) and
specifi ¢ty (99%) for diagnosing BE based on visual
clues (39). When analyzed using a Markov model, this
technology was suggested to be equivalent in efficacy
and cost-effectiveness to upper endoscopy as a screen-
ing tool (40). Techniques such as brush cytology, chro-
moendoscopy, and magnification endoscopy may prove
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George Triadafilopoulos

uring the last few decades, a rapid

increase in the incidence of esopha-

geal adenocarcinoma has occurred

in the industrialized world with

gastroesophageal reflux, high body
mass, male sex, Barrett’s esophagus, and tobacco smok-
ing having been identified as key risk factors. Several
other potential risk factors, such as the use of medica-
tions that relax the lower esophageal sphincter, high fat
diets, or diets low in nutrients from plant foods, have also
been identified. In contrast, infection with Helicobacter
pylori and the use of anti-inflammatory drugs (such as
aspirin and other non-steroidal anti-inflammatory drugs,
including cyclooxygenase inhibitors) have been inversely
linked with the risk of esophageal adenocarcinoma (1).
This rise in incidence of esophageal adenocarcinoma
and the improved understanding of the epidemiology
and pathophysiology of the disease has spurred robust
clinical and research activity aimed at preventing cancer
development through application of early screening of
subjects at risk, endoscopic surveillance, and widespread
use of new technologies, such as ablation and endoscopic
resection before invasive cancer develops.

Cancer chemoprevention is the pharmacologic
intervention that aims to intervene in pathways that
lead to cancer before such cancer occurs. Esophageal
cancer chemoprevention is a new field that has been

Barrett’s Esophagus:
Chemoprevention

mostly ignited by observational studies, showing that
non-steroidal anti-inflammatory drugs (NSAIDs) are
protective against esophageal adenocarcinoma, while
a combination of beta-carotene, alpha-tocopherol, and
selenium may protect against squamous esophageal
cancer (2). Herein we review the current evidence that
promotes the concept of chemoprevention of esopha-
geal adenocarcinoma utilizing various agents either
alone or in combination. However, there are no ran-
domized clinical trials demonstrating a clear clinical
benefit on chemoprevention of dysplasia and adeno-
carcinoma. Instead, using intermediate end-points (i.e.,
cellular proliferation, dysplasia rates), studies have
suggested that maximal intraesophageal acid suppres-
sion with proton pump inhibition (PPI) therapy and
cyclooxygenase-2 (COX-2) inhibition may be useful.

Since symptoms of gastroesophageal reflux dis-
ease (GERD) and Barrett’s esophagus are the key risk
factors for esophageal adenocarcinoma, the evidence
has centered on patients with these conditions. Nev-
ertheless, up to 40% of esophageal adenocarcinoma
cases occur in people without prior or concurrent
reflux symptoms, and future efforts should focus on
chemoprevention strategies that would be applied to
the general population (3). Table 10.1 outlines the
specific means for chemoprevention of esophageal
adenocarcinoma.
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TABLE 10.1
Means for Chemoprevention of Esophageal
Adenocarcinoma

Control of acid reflux for the prevention of Barrett’s
esophagus

Acid suppressive therapy

Control of bile reflux

Inhibition of ornithine decarboxylase

Aspirin and NSAIDs

Combination of PPI and aspirin

GENERALITIES

Barrett’s esophagus, defined as endoscopically recognized
and histologically proven intestinal metaplasia of the
esophagus, is a 3-phase process (4). During the initiation
phase, genetically predisposed individuals (typically white
men) are exposed to clinical or occult gastroesophageal
reflux, suffer esophageal squamous epithelial damage,
and develop a new cell phenotype (transformation). Dur-
ing the formation phase, the new phenotype matures to
short-segment (< 3cm) or long-segment (> 3cm) Barrett’s
esophagus and does not expand further. During the pro-
gression phase, low-grade dysplasia, high-grade dyspla-
sia, or invasive cancer may occur at rates of 4.3%, 0.9%,
and 0.5% per year respectively, under the influence of
a cascade of molecular events leading to proliferation,
increasing DNA damage and cellular aneuploidy (5).
Hence, chemoprevention efforts focus on one or more of
these genetic and epigenetic alterations that are involved
in the progression of Barrett’s esophagus to adenocarci-
noma. It is important to emphasize that Barrett’s esopha-
gus progression is not geographic; that is, not associated
with expansion of the length or surface of the metaplasia.
Instead, progression is molecular, with increased prolif-
eration under the influence of acid and bile reflux and
associated genetic and cytometric abnormalities.

Simplistically seen, the overall risk for cancer is a
function of the number of dividing metaplastic cells over
time: r = f (n / t). If such dividing cells are removed by
biopsy or endoscopic mucosal resection, ablated by pho-
todynamic therapy or balloon-based radiofrequency cur-
rent, or their rate of cell division is suppressed or halted
pharmacologically, the risk for cancer will be reduced
or eliminated. This latter approach could be viewed as
cancer chemoprevention.

CONTROL OF ACID REFLUX FOR
THE PREVENTION OF BARRETT’S
ESOPHAGUS

It is unclear why only a minority of patients with GERD
develop Barrett’s esophagus, but some recent in vitro

evidence suggests that, damaged by acid, the esophageal
squamous epithelium of such patients becomes metaplas-
tic rather than regenerating more squamous esophageal
cells (6). Evaluating the response of the extracellular
regulated kinase (ERK)1/2, an enzyme involved in stimu-
lating cell proliferation, following acid exposure of the
squamous esophagus of GERD patients with and with-
out Barrett’s esophagus, Souza et al. found that baseline
levels of ERK1/2 were significantly lower in the squa-
mous mucosa of GERD patients without metaplasia and
that acid exposure increased the activity of ERK1/2 in the
squamous epithelium of GERD patients without but notin
those with Barrett’s esophagus. It is therefore possible that
individuals who have high baseline levels of ERK1/2 and
fail to activate this pro-proliferative pathway in response
to acid exposure may be predisposed to intestinal meta-
plasia rather than squamous re-epithelialization. Hence,
early institution of acid suppressive therapy in patients
with GERD might prevent this first formation step in
the metaplasia-dysplasia-carcinoma sequence described
above. Further, it may also be possible to identify a molec-
ular biomarker that would identify GERD patients bound
to develop Barrett’s esophagus and therefore select a sub-
group which might benefit from endoscopic screening/
surveillance or cancer chemoprevention.

Acid suppressive therapy is associated with a reduc-
tion in the eventual length of newly diagnosed Barrett’s
esophagus in patients with GERD (Figure 10.1). A retro-
spective analysis of a well-characterized large cohort of
patients with Barrett’s esophagus compared the length of
metaplasia between patients who received acid suppres-
sive therapy prior to their diagnosis to those who did
not receive such therapy. In the same study, the authors
further examined the association between prior use
of acid suppressive therapy and the length of Barrett’s
esophagus in correlation and multivariate linear regres-
sion analyses. Of all patients, 139 (41%) had prior use
of histamine-2 receptor antagonists (H2RAs), or PPIs
(41 used both), and 201 (59%) used neither prior to the
diagnosis of Barrett’s esophagus. The mean length of
Barrett’s esophagus was significantly shorter in patients
with prior PPI use (3.4 cm) or PPIs and H2RAs (3.1 cm)
when compared to those with none of these medications
(4.8 cm). In the multivariate linear regression model, the
prior PPl use or either PPT or H2RAs was an independent
predictor of shorter length of Barrett’s esophagus (7).

This evidence suggests that early utilization of PPI
therapy in patients with acid refl ux symptoms would
protect against the development of Barrett’s metaplasia
and in turn of adenocarcinoma. However, despite the
over-the-counter availability and accessibility of acid
suppressants and their lower costs, we have not seen an
impact on the incidence of Barrett’s esophagus detected
on endoscopy, and the role of such therapy in averting
Barrett’s esophagus formation remains unclear.
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FIGURE 10.1
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esophagus
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Possible beneficial role of PPI therapy in Barrett’s esophagus
chemoprevention (based on references 7 and 13).

CONTROL OF ACID REFLUX IN
PATIENTS WITH ESTABLISHED
BARRETT’S ESOPHAGUS FOR
THE PREVENTION OF CANCER

Aggressive control of gastric acid secretion resulting in
reduction or elimination of intraesophageal acid expo-
sure has been proposed as a strategy to decrease the
risk of cancer in Barrett’s esophagus (Figure 10.1). This
notion is based on ex vivo as well as in vivo data sug-
gesting that intraesophageal acid suppression decreases
proliferation in the metaplastic epithelium. However,
prospective randomized trials using clinical endpoints
(i.e., development of dysplasia or cancer, cancer mor-
tality) are not yet available and only intermediate sur-
rogate endpoints with unclear clinical significance have
been used.

Fitzgerald et al. investigated the ex vivo effects
of acid on cell differentiation (as determined by villin
expression) and on cell proliferation (as determined
by tritiated thymidine incorporation and proliferating
cell nuclear antigen expression) (8). To mimic known
physiologic conditions, endoscopic biopsies of normal
esophagus, Barrett’s esophagus, and duodenum were
exposed, in organ culture, to acidified media (pH 3-5)
either continuously, or as a 1-hour pulse and compared
with exposure to pH 7.4 for up to 24 hours. Before
culture, villin expression was noted in 25% of Barrett’s
esophagus samples, and increased after 6 or 24 hours
of continuous acid to 50% or 83% of samples, respec-
tively. Increased villin expression correlated with ultra-
structural maturation of the brush border. In contrast,

an acid-pulse followed by culture at pH 7.4, did not
alter villin expression in Barrett’s esophagus. Moreover,
continuous acid exposure blocked cell proliferation in
these explants, whereas, an acid-pulse enhanced cell
proliferation, as compared to pH 7.4. Based on these
ex vivo findings, Fitzgerald et al. proposed a model in
which the diverse patterns of acid exposure in vivo may
contribute to the observed heterogeneity and unpredict-
able progression to dysplasia and neoplasia of Barrett’s
esophagus (8).

Acid may contribute to carcinogenesis in Barrett’s
esophagus through activation of MAPK pathways. In a
study by Souza et al., Barrett’s adenocarcinoma cell line
(SEG-1) cells were exposed to acidic media for 3 min-
utes, and the activities of 3 MAPKs (ERK, p38, and JNK)
were determined. Proliferation was assessed using flow
cytometry, and cell growth and apoptosis were assessed
using cell counts and an apoptosis ELISA assay. Further,
MAPK activation was studied in biopsy specimens taken
from patients with Barrett’s esophagus before and after
esophageal perfusion for 3 minutes with 0.1N HCI.
Acid-exposed SEG-1 cells exhibited a significant increase
in proliferation and total cell numbers, and a significant
decrease in apoptosis. These effects were preceded by a
rapid increase in the activities of ERK and p38, and a de-
layed increase in JNK activity. The acid-induced decrease
in apoptosis was abolished by inhibition of either ERK
or p38. In patients, acid exposure significantly increased
the activity of p38 in metaplastic tissues (9).

In another in vitro study, treatment with PPIs fa-
vorably altered the expression and DNA copy number
of key cell cycle regulatory genes in paired normal and
Barrett’s esophagus samples. In this study, protein lev-
els were evaluated in 60 formalin-fixed and paraffin-
embedded human tissues by immunohistochemistry
while DNA copy number was analyzed by Southern
blot analysis in 20 fresh tissue pairs. All normal mu-
cosal samples expressed the p27 (kip1) protein but did
not exhibit nuclear staining for p16 (kip4), p21 (cip1)
or cyclins D1 and E. In contrast, Barrett’s metaplastic
samples revealed increased expression of pl6 (kip4)
(74%), p21 (cipl) (89%), and cyclins D1 (43%) and E
(37%) levels. p27 protein was absent in 3 cases. There
was a significant correlation between p16 (kip4) and
cyclin E expression, while p21 (cipl) and p27 (kip4)
correlated with cyclin D1. Although DNA analysis did
not reveal any amplification or deletion of these genes,
acid suppression was associated with significantly lower
expression levels of key cell cycle proteins (10).

Contradicting these in vivo and ex vivo studies, acid
exposure has p53-mediated, antiproliferative effects in
non-neoplastic Barrett’s epithelial cells. In a study of the
effects of acid on proliferation and apoptosis in a non-
neoplastic, telomerase-immortalized Barrett’s epithelial
cell line, cells were treated with two 3-minute exposures



84 I« BIOLOGY

to acidic media and cell growth was determined using
cell counts, proliferation was studied by flow cytometry,
cell viability was determined by trypan blue staining,
and apoptosis was assessed by TUNEL and Annexin V.
The expression levels of p53 and p21 were determined
by Western blotting; p53 siRNA was used to study the
effect of p53 inhibition on total cell numbers after acid
exposure. Acid exposure signifi antly decreased total
cell numbers at 24 hours without affecting either cell vi-
ability or apoptosis. Acid exposure resulted in cell cycle
prolongation that was associated with greater expres-
sion of p53, but not p21. The acid-induced decrease in
total cell numbers was abolished by p53 RNAi (11).
Cell proliferation and differentiation were studied
in vivo in biopsy specimens of Barrett’s esophagus before
and after 6 months of therapy with the PPI lansoprazole
at doses needed to render patients acid reflux symptom-
free. Cellular proliferation (as measured by PCNA immu-
nohistochemical staining) decreased while differentiation
(as measured by villin immunoblotting) increased in the
patients who exhibited normalization of esophageal
acid exposure by 24-hour ambulatory pH monitoring
but not in those who—despite being asymptomatic on
therapy—exhibited persistently abnormal acid exposure
(12). Further, a more recent study showed that patients
with Barrett’s esophagus treated with PPIs developed
dysplasia less frequently than those treated with H2R As,
which are less effective at controlling gastric acid secre-
tion and, in turn, intraesophageal pH (13). In this retro-
spective study of 236 veteran patients, 86% Caucasian
and 98% male, during 1,170 patient-yr of follow-up, 56
patients developed dysplasia giving an annual incidence
rate of 4.7%. Of those, 14 had high-grade dysplasia.
The cumulative incidence of dysplasia was significantly
lower among patients who received PPI after the diagno-
sis of Barrett’s esophagus than in those who received no
therapy or used H2RAs. Furthermore, among those on
PPIs, a longer duration of use was associated with less
frequent occurrence of dysplasia. In multivariate analy-
sis, the use of PPI after the diagnosis of Barrett’s esopha-
gus was independently associated with reduced risk of
dysplasia, with a hazards ratio of 0.25. Longer segments
of Barrett’s metaplasia and Caucasian race were other in-
dependent risk factors for developing dysplasia. Similar
findings were also observed when only cases with high-
grade dysplasia were analyzed (Figure 10.2).
Furthermore, a significantly increased rate of cell
proliferation and pro-proliferative cell cycle abnormali-
ties have been detected in biopsies of Barrett’s epithe-
lium taken from patients treated with H2RAs compared
with similar biopsies from patients treated with PPIs. In
1 randomized 2-year follow-up study, 45 patients with
long-segment Barrett’s esophagus were treated with
either omeprazole 40 mg or ranitidine 150 mg both
taken twice daily and were compared for the effect on
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FIGURE 10.2

Dysplasia rates in patients with Barrett’s esophagus treated
with PPIs versus those either not receiving any treatment or
receiving H2RA therapy (adapted from reference 13).

epithelial cell proliferation (14). Biopsies were taken
3 cm above the GE]J at 0, 3, 9, and 24 months. Epithe-
lial cell proliferation was determined by in vitro labeling
with 5-bromo-2-deoxyuridine and immunohistochemis-
try and labeling indices for luminal and crypt epithelium
were used separately. Ambulatory 24-hour esophageal
monitoring was performed at 0 and 3 months. Omepra-
zole reduced mean acid reflux to 0.1% per 24 hours,
while ranitidine to 9.4% and this was associated with
a significant increase in the labeling index in ranitidine-
treated patients, while in those on omeprazole it re-
mained stable.

It should be noted that, aggressive acid suppres-
sion that goes beyond what is required to effectively
control reflux symptoms and tissue healing and does
not concomitantly eliminate other harmful components
of the gastro-duodenal refluxate may have unfavorable
consequences. A very important role of duodenal com-
ponents (i.e., bile acids) in the development of Barrett’s
adenocarcinoma has been raised in several clinical stud-
ies. Kauer et al. showed that patients with Barrett’s
metaplasia have a significantly higher prevalence of ab-
normal intraesophageal bilirubin exposure than those
with erosive or non-erosive reflux disease. In their
study, the correlation of pH and bilirubin monitoring
showed that the majority (87%) of esophageal bilirubin
exposure occurred when the pH of the esophagus was
between 4 and 7, suggesting that bile acids—the major
component of duodenal juice—are capable of damaging
the esophageal mucosa at a near-neutral pH (15).

In another study, Kaur et al. investigated the ef-
fect of bile salts, with or without acid, on cell prolif-
eration in ex vivo mucosal explants. In order to mimic
physiologic conditions in this study, biopsies of esopha-
gus, Barrett’s esophagus, and duodenum were exposed
to a bile salt mixture, either continuously or at 1-hour
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pulses, and were compared with control media without
bile salts (pH 7.4) for up to 24 hours. Similar experi-
ments were also performed with acidified media (pH
3.5), combined with the bile salt mixture as 1-hour
pulses. Bile salt pulses enhanced cell proliferation only
in Barrett’s explants without affecting cell proliferation
in esophageal or duodenal epithelia. In contrast, 1-hour
pulses of bile salts in combination with acid signifi-
cantly inhibited proliferation in Barrett’s esophagus but
had no effect on esophagus or duodenum. The authors
concluded that, in Barrett’s esophagus explants, brief
exposure to bile salts, in the absence of acid, increases
proliferation, whereas exposure to a combination of
bile salts and acid together inhibits proliferation (16).
In order to further understand the mechanisms of acid-
and bile-induced hyperproliferation in Barrett’s esopha-
gus, these researchers further investigated the release of
PGE, in response to acid or bile salt exposure. Biop-
sies of esophagus, Barrett’s esophagus, and duodenum
were exposed to a bile salt mixture at 1-hour pulses and
compared with exposure to pH 7.4 for up to 24 hours,
and PGE, release, cyclooxygenase-2 (COX-2), and pro-
tein kinase C (PKC) expression were compared. Similar
experiments were also performed with acidified media
(pH 3.5) alone, in the presence or absence of a selective
PKC inhibitor, and a COX-2 inhibitor. One-hour pulses
of bile salts or acid significantly enhanced proliferation,
COX-2 expression, and PGE, release in Barrett’s esoph-
agus. In contrast, the combination pulse of acid and bile
salts had no such effect. Furthermore, treatment with
either PKC or COX-2 inhibitors led to a dramatic de-
crease in PGE, release in Barrett’s esophagus explants
and a suppression of proliferation, suggesting that the
acid- or bile salt-mediated hyperproliferation is related
to COX-2-mediated PGE, release and explain, at least
in part, the tumor-promoting effects of acid and bile in
Barrett’s metaplasia (17). Taken together, these ex vivo
studies suggest that complete acid inhibition may not
be beneficial unless associated by concomitant effective
control of bile reflux. In contrast, if intraesophageal acid
exposure is effectively controlled pharmacologically, un-
abated bile reflux may promote proliferation in Barrett’s
metaplasia and increase the risk for cancer.

Chronic PPI therapy frequently leads to elevated
serum gastrin levels. Gastrin is a mitogen capable of
inducing growth in both normal and malignant gas-
trointestinal mucosa and has been linked to increased
proliferation in Barrett’s biopsy specimens in vitro. Per-
forming reverse-transcription polymerase chain reaction
(RT-PCR) and northern analysis for the cholecystokinin
(CCK-2) receptor on normal squamous, inflamed squa-
mous, Barrett’s metaplastic, and malignant esophageal
mucosa, Haigh et al. noted that gastrin induces prolifera-
tion via the CCK-2 receptor in Barrett’s mucosa. Real-
time PCR quantified receptor expression in 10 patients

with Barrett’s esophagus showing twice the level of ex-
pression than that of 12 controls. Further, 10 nmol/L of
G17 induced a 2-fold increase in [3-H]-thymidine incor-
poration in mucosal biopsy specimens (18). Abdalla et al.
noted that biopsies from non-dysplastic Barrett’s esopha-
gus expressed increased gastrin mRNA levels compared
with other epithelia. Further, gastrin significantly induced
COX-2, prostaglandin E2, and cell proliferation in biop-
sies and cell lines. Gastrin-induced proliferation could be
inhibited by inhibitors for CCK-2 and COX-2 suggesting
that, during carcinogenesis, gastrin is a significant deter-
minant of COX-2 activity levels via the CCK-2 receptor
(19).

Chronic acid suppressive therapy in patients with
gastroesophageal reflux disease (GERD) may induce
gastric bacterial overgrowth leading to an increased
amount of deconjugated bile acids and increased mu-
cosal injury. In one study, 30 patients with GERD who
were treated with omeprazole 40 mg daily for at least
3 months and 10 patients with GERD who were un-
treated for at least 2 weeks were studied by gastric fluid
aspiration and analyzed for bacterial growth and bile
acids. Eleven of the 30 patients taking omeprazole had
bacterial overgrowth compared to 1 of the 10 control
patients. Bacterial overgrowth only occurred when the
pH was >3.8. The ratio of conjugated to unconjugated
bile acids changed from 4:1 in the patients without bac-
terial overgrowth to 1:3 in those with bacterial growth
greater than 1000/ml (20). Chronic PPIs can also re-
sult in increased production of secondary bile acids,
particularly deoxycholic acid (DCA), which has been
demonstrated to have a tumor-promoting capacity (see
below).

The aforementioned experimental and clinical
data support the concept of potent acid suppression as
a chemopreventive strategy in patients with Barrett’s
esophagus. However, because of possibly unabated bile
reflux, this approach will require proper validation by
controlled, prospective clinical trials before it can be rec-
ommended for widespread long-term practice. Presently,
although some groups feel that patients with Barrett’s
esophagus should be treated with PPIs given in doses
that adequately eliminate acid reflux symptoms and heal
esophagitis, others are more aggressive and (in such
asymptomatic patients with Barrett’s esophagus) they
routinely advocate 24-hour esophageal pH monitoring
while on PPI therapy to document the “normalization”
of esophageal acid exposure. Although it is generally as-
sumed that acid suppressive therapy with PPIs improves
or eliminates GERD symptoms by normalizing intra-
esophageal pH, such normalization has been reported to
happen in less than 50% of patients with Barrett’s esoph-
agus treated with PPIs and rendered asymptomatic. For
example, in one study, 62 patients with GERD and 48
with Barrett’s esophagus were prospectively evaluated
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by dual sensor 24h pH monitoring while receiving PPI
therapy for complete symptom control. Only 24 (50%)
patients with Barrett’s esophagus normalized their in-
traesophageal pH profiles on PPI. Overall, as compared
with patients with GERD, patients with Barrett’s esoph-
agus were more likely to have higher degree of patho-
logic acid reflux despite PPI therapy and exhibited less
intragastric acid suppression, particularly supine, sug-
gesting that intraesophageal and intragastric pH control
are significantly more difficult to achieve in patients with
Barrett’s esophagus (21).

In another study to assess the efficacy of esome-
prazole on symptom relief and intraesophageal and
intragastric acid suppression in patients with Barrett’s
esophagus, all patients tolerated esomeprazole (40-
80 mg/day) with good symptom control. However, 62%
of these patients had abnormal intraesophageal pH
profiles and significant nocturnal breakthrough despite
adequate symptom control despite PPI therapy. Low noc-
turnal intragastric pH correlated highly with nocturnal
intraesophageal acid reflux, and there was a relative fail-
ure of nocturnal intragastric acid control with esomepra-
zole. These authors concluded that for an antisecretory
treatment aimed at chemoprevention of esophageal ade-
nocarcinoma to be effective, higher PPI dosing confirmed
by pH monitoring may be necessary (22).

Since patients with Barrett’s esophagus may con-
tinue to have abnormal esophageal acid exposure de-
spite PPI therapy, Wani et al. evaluated esophageal
acid exposure in a large Barrett’s esophagus population
treated with twice daily PPIs and determined clinical fac-
tors predicting normalization of intraesophageal pH on
therapy. In this study, 34 of the Barrett’s esophagus pa-
tients (73.9%) had a normal pH study and 12 patients
(26.1%) had an abnormal result. The authors found
no significant differences between patients with a nor-
mal and abnormal 24h pH result with respect to age,
Barrett’s esophagus length, hiatal hernia size, and pres-
ence of H. pylori infection; hence, such factors cannot
be used to predict persistent abnormal intraesophageal
pH on PPI (23).

Nevertheless, PPIs have been shown to decrease
the bile component of the refluxate Using a spectro-
photometric technique to measure bile reflux and 24-
hour esophageal pH monitoring, 4 groups were studied:
healthy subjects, reflux patients, patients with Barrett’s
esophagus, and patients with esophageal symptoms after
partial gastrectomy. Such simultaneous 24-hour pH and
bile monitoring of distal esophagus found a close asso-
ciation (r = 0.78) between intraesophageal acid expo-
sure and duodeno-gastroesophageal reflux. The use of
omeprazole (20 mg twice daily) normalized both acid
refl ux and duodeno-gastroesophageal reflux suggest-
ing that aggressive acid suppression markedly decreases
both (24).

CONTROL OF BILE REFLUX IN
PATIENTS WITH ESTABLISHED
BARRETT’S ESOPHAGUS FOR
THE PREVENTION OF CANCER

The molecular mechanisms by which bile acids promote
the development of esophageal adenocarcinoma are still
largely unknown and have not been fully investigated.
Combined pH and bilirubin monitoring and esopha-
geal aspiration studies in humans suggest a combined
role for bile acids, particularly taurine-conjugated bile
acids, in causing esophageal mucosal injury. Animal
model experiments have also shown that duodenal juice
alone may induce Barrett’s esophagus and cancer. Like-
wise, ex vivo studies with biopsies from patients with
Barrett’s esophagus have shown increased proliferation
and COX-2 expression after a pulsed exposure to acid
or conjugated bile acids, but not if acid and bile acids are
combined (25).

Unconjugated bile acids induce CREB and AP-1-
dependent COX-2 expression in Barrett’s esophagus
and adenocarcinoma through ROS-mediated activation
of PI3K/AKT and ERK1/2. The secondary bile acid,
DCA, is one of the commonly refluxed bile acids that
causes chromosome damage and induces human p53
gene mutations at both neutral and acidic pH. Since it
can induce DNA damage at neutral pH, suppressing
the acidity of the refluxate will not completely remove
its carcinogenic potential. The genotoxicity of DCA
is, however, reactive oxygen species (ROS) dependent,
hence anti-oxidant supplementation in addition to acid
suppression may block DCA-driven carcinogenesis in
Barrett’s patients (26).

The oral administration of ursodeoxycholic acid
(UDCA) decreases plasma and biliary endogenous bile
acid concentrations while UDCA itself is found in high
concentrations in these compartments (27). It is unclear
if the reduction in endogenous bile acid concentration
is induced by competition for intestinal absorption of
endogenous bile acids or if there is increased hepatic
clearance of endogenous bile acids. The endogenous bile
acids have greater detergent activity and are therefore
more cytotoxic than UDCA. Thus, such UDCA-induced
decrease in endogenous bile acids in the gastroduodenal
refluxate could have a favorable chemopreventive role
in patients with Barrett’s esophagus. A small, open pilot
study, however, failed to show a significant reduction in
cellular proliferation or PGE2 decrease in biopsies of pa-
tients treated with UDCA (unpublished observations).
The use of bile acid-binding agents, such as cholestyr-
amine, cholestipol, or sucralfate has not been studied.

Because it controls both acid and bile reflux, anti-
reflux surgery (fundoplication) has been proposed as
more effective than antisecretory therapy for preventing
cancer in Barrett’s esophagus (28). For example, 2 small,
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uncontrolled studies found fewer cases of dysplasia and
cancer among patients with Barrett’s esophagus who
had undergone fundoplication than among those who
had received medical treatment. McCallum et al. pro-
spectively followed 181 patients with Barrett’s esopha-
gus: 29 who had anti-reflux surgery and 152 who were
treated medically (29). Dysplasia was found in 3.4% of
the surgical group after a mean follow-up of 62 months
and in 19.7% of the medical group after a mean follow-
up of 49 months. No patient in the surgically treated
group developed adenocarcinoma, compared with 2
medically treated patients. Similarly, Katz et al. fol-
lowed 102 patients with Barrett’s esophagus for a mean
of 4.8 years (30). By 3 years, dysplasia had developed
in approximately 8% of the medically treated patients.
In contrast, patients treated by anti-reflux surgery had
a significantly reduced risk of developing dysplasia. In
contrast, a randomized trial of medical versus surgical
therapy of 247 veteran patients with erosive esophagitis
(including 108 with Barrett’s esophagus) did not show
that fundoplication prevents esophageal adenocarci-
noma better than medical therapy (31). In this study,
during 10 to 13 years of follow-up, 4 of 165 patients
(2.4%) receiving medical therapy and 1 of 82 (1.2%)
who had undergone fundoplication developed esopha-
geal adenocarcinoma, a insignificant difference due to
inadequate statistical power. In another large, Swedish,
population-based cohort study, patients with GERD
were followed for up to 32 years. The relative risk for
developing esophageal adenocarcinoma (compared with
the general population) among 35,274 men who received
medical anti-reflux therapy was 6.3, whereas the relative
risk for 6,406 men treated with fundoplication was 14.1
(32). A recent meta-analysis also found no significant
cancer-protective effect of anti-reflux surgery (33).

INHIBITION OF ORNITHINE
DECARBOXYLASE

Ornithine decarboxylase (ODC) is the rate-limiting en-
zyme in the synthesis of polyamines that are essential
for cells to progress through the cell cycle (34). Barrett’s
esophagus expresses higher ODC than control epithelia
and such expression increases significantly with dyspla-
sia (35-37). The ODC inhibitor DFMO has been used
in clinical trials as a chemopreventive and chemothera-
peutic agent, but its use has been limited by ototoxicity
(38-40). In one study, low-dose (0.5 g/m2) DEMO treat-
ment of patients with Barrett’s esophagus for 6 weeks
decreased the polyamine tissue content by 60% (41) but,
in another study, 1 patient treated with DFMO devel-
oped irreversible ototoxicity (42).

Indirect inhibitors of ODC may also have a po-
tential role for chemoprevention in Barrett’s esophagus.

For example, troglitazone, a peroxisome proliferator-
activated receptor gamma (PPAR-gamma) ligand,
reduces ODC activity in human esophageal adenocar-
cinoma cells in vitro by inhibiting cell growth and in-
ducing apoptosis (43). In vitro treatment of a human
esophageal adenocarcinoma cell line with troglitazone
significantly inhibited cell growth and induced apopto-
sis, events which would limit the growth of neoplastic
cells in vivo. Controlled clinical trials will be needed
before ODC inhibitors can be recommended for cancer
chemoprevention in patients with Barrett’s esophagus.

ASPIRIN AND SELECTIVE OR
NON-SELECTIVE NON-STEROIDAL
ANTI-INFLAMMATORY DRUGS

Aspirin, as well as both selective and non-selective non-
steroidal anti-inflammatory drugs (NSAIDs), all inhibi-
tors of cyclooxygenase, have been extensively studied
as potential chemopreventive agents in patients with
Barrett’s esophagus. Cyclooxygenase and its 2 isoforms,
COX-1 and COX-2, mediate the production of pros-
taglandins from arachidonic acid. Whereas COX-1 is
expressed constitutively in many epithelia, COX-2 ex-
pression is inducible by cytokines, growth factors, and
tumor promoters, and maybe detected in many gastro-
intestinal premalignant and malignant epithelia (44-46).
Since increased COX-2 expression promotes prolifera-
tion and decrease apoptosis in vitro, its inhibition by
COX-2 inhibitors may have chemopreventive effect
(47,48).

Several epidemiologic studies suggest that the use
of aspirin and other NSAIDs protects against gastro-
intestinal neoplasia, including adenocarcinoma of the
esophagus (49-52). However, the anti-neoplastic effect
of NSAIDs may also be independent of COX inhibition
(53,54). In a prospective study of the relation between
duration, frequency, and recent use of NSAIDs and the
risk of esophageal adenocarcinoma, aneuploidy, and tet-
raploidy in a cohort of 350 people with Barrett’s esopha-
gus followed for 20,770 person-months, NSAID use was
shown to be an effective chemopreventive strategy, re-
ducing the risk of neoplastic progression in patients with
Barrett’s esophagus. Compared with never users, hazard
ratios for esophageal adenocarcinoma in current NSAID
users was 0.32, and in former users was 0.70. The 5-year
cumulative incidence of esophageal adenocarcinoma was
14.3% for never users, 9.7% for former users, and 6.6%
for current NSAID users. Further, compared with never
users, current NSAID users (at baseline and follow-up)
had less aneuploidy and tetraploidy (55).

A systematic review with meta-analysis of obser-
vational studies evaluating the association of aspirin or
NSAID use and esophageal cancer identified 9 studies
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(2 cohort, 7 case control) containing 1,813 cancer cases
and showed a protective association between any use
of aspirin/NSAID and esophageal cancer (odds ratio
[OR] = 0.57). Further, the study provided evidence for
a dose effect since both intermittent (OR = 0.82) and
frequent medication use were protective (OR = 0.54)
with greater protection with more frequent use. Strati-
fied by medication type, aspirin use was protective
(OR = 0.5) and NSAIDs had a borderline protective
association (OR = 0.75) (56).

A literature review identified 27 studies that quali-
tatively or quantitatively assessed COX-2 protein or
gene expression in either Barrett’s esophagus, dysplastic,
or adenocarcinoma tissue in humans. In this study, there
was general agreement that COX-2 was either absent
or very weakly expressed in normal esophageal squa-
mous mucosa, but there was considerable disagreement
regarding the presence of COX-2 in Barrett’s and low-
grade dysplasia. All studies agreed that high-grade dys-
plasia and adenocarcinoma expressed COX-2 to some
extent although levels varied considerably between tis-
sue samples (57).

Sonnenberg et al. analyzed the incremental cost-
effectiveness ratio (ICER) of chemoprevention—as
compared with endoscopic surveillance or with no sur-
veillance—using a Markov computer model (58). They
found that under baseline conditions for all patients with
Barrett’s esophagus (neoplastic and non-neoplastic), the
ICER of chemoprevention ranges between $12,700 and
$18,500 per life-year saved. However, these cost values
are sensitive to variations in the costs of chemopreven-
tion, incidence of cancer in patients with Barrett’s esoph-
agus, and efficacy of NSAIDs in reducing the incidence
of cancer, which can shift the ICER into a cost range that
is prohibitively expensive. Conversely, in those patients
with Barrett’s esophagus and high-grade dysplasia, the
ICER ranges between $3,900 and $5,000, and chemo-
prevention remains a cost-effective option even under
rather unfavorable conditions, such as higher cost and
lower efficacy of chemoprevention and lower incidence
of cancer. However, chemoprevention may not be a cost-
effective measure in the general population of all pa-
tients with Barrett’s esophagus, depending on unknown
factors such as cost and efficacy of chemoprevention as
well as true incidence of cancer (58).

Although aspirin use is associated with many com-
plications, such as gastrointestinal bleeding and hem-
orrhagic stroke, its use in the management of Barrett’s
esophagus appears to be a cost-effective strategy to
prevent esophageal adenocarcinoma. A Markov Monte
Carlo decision model was constructed to compare, from
a societal perspective from age 55 years until death, 4
strategies for management of Barrett’s esophagus: aspirin
therapy, endoscopic surveillance with biopsies, both, or
neither. Patients who took a daily enteric-coated aspirin

were modeled to have a 50% reduction in the incidence
of esophageal adenocarcinoma but could have complica-
tions related to therapy, at which point the aspirin was
discontinued. Potential cardiac benefits of aspirin and its
role in the chemoprevention of other cancers were not
analyzed. Sensitivity analyses were performed to inves-
tigate the effects of changes in model parameters on es-
timated costs and effectiveness outcomes across a wide
range of assumptions. Aspirin therapy was more effective
and less costly than no therapy, resulting in 0.19 more
quality-adjusted life years (QALYs). The combination
of aspirin and endoscopic surveillance produced 0.27
more QALYs than no therapy at a cost of $13,400 more,
for an associated incremental cost-effectiveness ratio of
$49,600/QALY. Aspirin use in combination with endo-
scopic surveillance dominated endoscopic surveillance
alone, resulting in 0.06 more QALYs and $11,400 less
cost. These results, however, were sensitive to increasing
age and to decreased benefit or delay in the chemopre-
ventive efficacy of aspirin (59).

In Barrett’s esophagus, selective COX-2 inhibitors
have been used both in vivo and in vitro studies and
shown to decrease proliferation and increase apoptosis in
vitro in combined primary cultures of dysplastic and non-
dysplastic Barrett’s epithelial cells and in human esopha-
geal adenocarcinoma cell lines (60,61). In an animal
model, selective inhibition of COX-2 decreases both the
development of Barrett’s esophagus and the incidence of
esophageal adenocarcinoma (62,63). Further, short-term
treatment of patients with the selective COX-2 inhibitor
rofecoxib decreases cellular proliferation in Barrett’s epi-
thelia in vivo (64).

In adenocarcinoma cells in vitro and in an animal
model of Barrett’s esophagus, the administration of
nonselective NSAIDs induces apoptosis and decreases
the risk of tumor formation (65). However, in an animal
model of Barrett’s esophagus, there is no significant dif-
ference in the risk of tumor formation in animals treated
with MF-tricyclic (a selective COX-2 inhibitor) and su-
lindac (a nonselective NSAID) (66).

The effect of long-term administration of cele-
coxib in 100 patients with low- or high-grade Barrett’s
dysplasia was investigated in the Chemoprevention for
Barrett’s Esophagus Trial (CBET), a phase IIb multi-
center randomized placebo-controlled trial. Patients
were randomly assigned to treatment with 200 mg of
celecoxib or placebo, both administered orally twice
daily, and then stratified by grade of dysplasia. The pri-
mary outcome was the change from baseline to 48 weeks
of treatment in the proportion of biopsy samples with
dysplasia between the celecoxib and placebo arms. Sec-
ondary and tertiary outcomes included evaluation of
changes in histology and expression levels of relevant
biomarkers. After 48 weeks of treatment, no difference
was observed in the median change in the proportion
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of biopsy samples with dysplasia or cancer between
treatment groups in either the low- or high-grade dys-
plasia and there were no significant differences in total
surface area of the Barrett’s esophagus, in prostaglan-
din levels, in cyclooxygenase-1/2 mRNA levels, or in
methylation of tumor suppressor genes p16, adenoma-
tous polyposis coli, and E-cadherin (67). Further, the
risk of cardiovascular side effects has limited the utility
of the COX-2 selective agents for chemoprevention in
Barrett’s esophagus. However, aspirin is cardioprotec-
tive and, in conjunction with PPI therapy to treat acid
reflux and prevent aspirin-induced gastrotoxicity, it
could be used in patients with Barrett’s esophagus (68)
(see below).

COMBINATION OF PPI
AND ASPIRIN

Epidemiologically, the use of NSAIDS and aspirin, most
likely via inhibition of COX-2 and other inflammatory
pathways, is associated with a reduction of adenocar-
cinoma rates (69). In a recent exploratory, multicenter,
randomized, open-label, crossover study in 45 patients
with Barrett’s esophagus, the combined treatment of
esomeprazole 40 mg twice daily and aspirin 325 mg
daily significantly decreased mucosal prostaglandin E(2)
content and reduced proliferating cell nuclear antigen
expression (70). Combining the anti-inflammatory ef-
fects of acid suppression with aspirin, is the subject of
the Aspirin Esomeprazole Chemoprevention Trial (AS-
PECT; http://www.digestivediseases.org/) clinical trial,
which has been initiated in the United Kingdom (71).
This randomized controlled trial will involve 5,000 male
patients 40-735 years of age with long-segment Barrett’s
esophagus and will have a 2-by-2 intervention trial fac-
torial design. The agents tested are a high-dose proton
pump inhibitor (PPI) and a low-dose PPI. In addition,
half of these patients will receive either low-dose aspirin
or no aspirin. The follow-up will be at least 8 years long,
with 2 years of initial recruitment, for a total of 10 years.
Patients will receive endoscopy and biopsy examinations
every 2 years. The primary end point is all-cause mortal-
ity. This trial explores the chemoprevention potential of
standard (20 mg/d) versus twice daily (80 mg/d) doses of
esomeprazole in conjunction with or without low-dose
(300 mg) aspirin. If new dyspeptic symptoms arise, a
dose reduction protocol will be used for aspirin, decreas-
ing from 300 mg/day, then 100 mg/day, and ultimately
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enetic polymorphisms are common

inherited variations in the genetic

code, typically defined as compris-

4 ing at least 1% of the population

of interest. They exert their effects

through a high prevalence (i.e., common) but low pen-
etrance (i.e., small amount of effect per polymorphism)
genetic model. Among the most common genetic varia-
tions are single nucleotide polymorphisms (SNPs), which
are single nucleotide substitutions in the genetic code
(Figure 11.1). Some of these SNPs will lead to changes
in the amino acid sequence (known as exonic non-syn-
onymous SNPs), while many others do not change the
sequence (synonymous SNPs), or sit in regions of the
gene that are not transcribed. SNPs located in non-cod-
ing regions (e.g., splice sites, promoter regions, transcrip-
tional binding sites, untranslated regions adjacent to a
gene, etc.) can exert an effect through indirect gene or
protein regulatory effects. With an estimated 1-3 mil-
lion SNPs in the human genome, deciphering which SNP
affects specific risks or outcomes of esophageal cancer
is overwhelming. In addition, there are other common
genetic variations that include microsatellite variations,
insertions, and deletions. Microsatellite polymorphisms
typically involve repeated sequences that vary according
to the number of sequence repetitions. For example,

CACACACACA or (CA);, is a dinucleotide repeat, and

Epidemiology
of Esophageal
Cancer: Molecular

in the case of an intron 1 EGFR gene polymorphism,
individuals can have between 14 and 23 repeats—or
(CA),, to (CA),,. Insertions/deletions may be of only one
or a few base pairs but can be as large as that of an en-
tire gene, as in the case of the glutathione s-transferases,
GSTM1 and GSTT1 deletions. Recently, genetic varia-
tions consisting of duplication or deletion of thousands
of bases have been described and termed copy number
variants. Most of the existing literature has focused on
single nucleotide polymorphisms, insertions, deletions,
and microsatellites.

Genetic factors can affect both the risk and prog-
nosis of cancer (Figure 11.1). The genetic factors may
be tumor-specific (such as somatic p53 mutation) or
inherited/germline (e.g., germline p53 mutation in Li-
Fraumeni syndrome). A variety of pathways are in-
volved in both esophageal carcinogenesis and prognosis
(Figure 11.2), and for each pathway, human genetic
variation exists that can alter the efficiency or effective-
ness of that pathway or pathways. The development
of most cancers involves the interaction of genetic and
environmental factors. In esophageal cancer, the known
risk factors are distinct by histology: for squamous cell
cancers (ESCCs), the risk factors include tobacco and
alcohol exposure and physical trauma to the esophagus;
for adenocarcinoma (EAC), the risk factors include toba-
cco exposure, obesity, gastroesophageal reflux disease,
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Examples of pathways involved in esophageal cancer risk
and outcomes. Within each pathway, genetic variation can
modify risk and outcomes.

%,

Factors refated

N\ to hotly distribution %
9#@ @\ & xanlmmcrhaiﬁes/ |

Absorptive factors

f Xenobiotic Phase |l enzymes

Hormal "
asophaous
i \ @*
i * & Secretory/EXcratory factors
PrE-cancerous \
Hssue &
% @*‘9
¥ PROGNDSIS
Esophageal PHARMACOGENETICS

Cancer

& Treamment--+-+0utcomes

FIGURE 11.2

Gene-environmental interactions in esophageal cancer risk
and prognosis. Genetic variation in a variety of factors can
alter the exposure of environmental factors that affect esoph-
ageal cancer risk and prognosis. When these genetic factors
are modifying the effects of drugs on treatment outcomes, it
is known as a pharmacogenetic factor.

and the presence of a pre-neoplastic lesion, Barrett’s
esophagus. Gene-environment interaction has been the
cornerstone of molecular epidemiologic research in the
past three decades. Figure 11.3 illustrates how these in-
teractions can affect both risk and prognosis of disease.
Thus, molecular epidemiology is the study of inberited
(not tumor specific) human genetic variations in the
risk or prognosis of esophageal cancer, either by itself
or in conjunction with environmental factors.
Molecular and genetic factors can also affect
disease outcome. These factors may be prognostic,

CATGGCAT Variation1

—

CATGAICAT Variation 2

FIGURE 11.3

Single nucleotide polymorphisms (SNPs). SNPs are single
nucleotide substitutions in the genetic code. In the example
shown, most individuals have 2 copies (alleles) of genetic
variation 1 (the wildtype genotype) in their DNA, but a mi-
nority of patients have 1 or 2 copies of variation 2 (heterozy-
gous and homozygous variant genotypes, respectively).

reflecting an association between the factor and the
metastatic potential or aggressiveness of the cancer,
which enables the identification of patients requiring
additional treatment. It is predictive and may aid the
selection of the most beneficial treatment modality.
Molecular prognostic factors have been identified in
lung, breast, colon, and ovarian cancers, among many
others (1).

This chapter will focus on 2 common themes: (a)
the current state of the literature on genetic polymor-
phisms and esophageal cancer risk and prognosis; and
(b) where the future lies in these areas of active research.
The separate role of genetic polymorphisms in ESCC
and EAC risk will be discussed first, followed by the role
of genetic polymorphisms in the prognosis of these can-
cers. We will also focus on methodologic issues, since
the field is still emerging in the post-genome era.

GENETIC POLYMORPHISMS AND RISK
OF ESOPHAGEAL CANCER

Familial Susceptibility to Esophageal Cancer

Esophageal cancer is typically considered a sporadic dis-
ease. However, familial clusters have been found, and
there is an increased risk of esophageal cancer in indi-
viduals with a family history of esophageal cancer (both
ESCC and EAC) (2,3). Further, familial association of
the risk factors of esophageal cancer, particularly gastro-
esophageal reflux disease and Barrett’s esophagus are also
associated with elevated risks of EAC (4,5). These data
suggest a familial susceptibility in a proportion of indi-
viduals who develop esophageal cancers, arguing for the
evaluation of genetic factors in esophageal cancer risk.
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Genetic Polymorphisms and Esophageal
Cancer Risk

Interest in, and progress toward, defining the genetic
contribution to susceptibility of complex diseases has
increased substantially with the development of tools for
high-volume, low-cost genetic analysis, and the avail-
ability of detailed genomic information accumulated
through the Human Genome Project and its offshoots
(6-8). An understanding of the molecular epidemiology
of esophageal cancer risk would enable 2 major advances
in the management of this disease: (a) the identification
of genetically susceptible groups that could be targeted
for risk-reduction, screening or chemoprevention strate-
gies; and (b) an improved understanding of the biologic
basis of esophageal cancer, which could inform the ra-
tional development of novel therapeutic strategies.

Much attention has been devoted recently to large-
scale genome-wide association studies that have iden-
tified putative risk alleles or loci in an ever-expanding
array of conditions. These studies generally are con-
ducted under the umbrella of international consortia,
which permit the collection of large cohorts of affected
individuals, necessary to achieve the statistical power
these designs demand (9,10). In contrast, the published
literature on genetic risk factors in esophageal cancer
consists primarily of small, case-control studies that in-
vestigate the impact of genetic polymorphisms in a small
number of candidate genes. These studies have been the
subject of a recent review, which identified 100 publi-
cations and 3 meta-analyses (11), the vast majority of
which focused on Asian populations. Given the distinct
epidemiology and pathogenesis of the 2 major histologic
subtypes of EAC and ESCC, most research into the ge-
netic factors associated with this disease has analyzed
these histologies separately. Approximately 90% of the
published studies have focused on ESCC.

Genetic Polymorphisms and Squamous
Cell Carcinoma Risk

To date, most studies of the molecular epidemiology of
ESCC risk have focused on individuals in areas of high
incidence, primarily in China and Japan. Based on an un-
derstanding of the environmental factors (including smok-
ing, alcohol consumption, exposure to nitrosamines, and
dietary deficiencies in specific micronutrients) known or
believed to contribute to the development of ESCC, in-
vestigations of the genetic susceptibility to this disease
have concentrated on genetic polymorphisms involved
in pathways that may modify the effects of these expo-
sures. Enzymes include those responsible for carcinogen
detoxification: Phase I (activation pathways of the Cyto-
chrome P450 [CYP] family) (12-25), and Phase II (de-
activation enzymes such as the glutathione s-transferase

[GST] family) (12-15,17-23,25-29), NAD(P)H: quinine
oxidoreductase 1 (NQO1) (30-35), microsomal epoxide
hydrolase (mEH) (36,37), alcohol metabolism (aldehyde
dehydrogenase [ALDH2] and alcohol dehydrogenase
[ADH2]) (12,26,38-44), and folate metabolism (thymi-
dylate synthase [TS] [45-47] and methylenetetrahydro-
folate reductase [MTHFR] [45,48-51]). Another group
of candidates that has been considered includes genes
involved in cell cycle control, DNA repair, and apoptosis
(i.e., p5329 [52-57]; cyclin D1 [CCND1] [58,59]; nu-
cleotide excision repair [NER] genes [60-63]; base exci-
sion repair [BER] genes [44,60,61,64-68]; and others),
which are critical to the cellular response to damage from
carcinogen exposure and are known to contribute to the
susceptibility to other cancers.

The results of these studies are summarized in Table
11.1. Few genes have been demonstrated consistently to
be associated with susceptibility to ESCC. A polymor-
phism in aldehyde dehydrogenase (ALDH2), the gene
responsible for elimination of acetaldehyde produced in
the metabolism of alcohol, confers the greatest increase
in ESCC risk, with an odds ratio (OR) of 3.2 for the
ALDH?2 *1/%*2 heterozygous genotype (38). This poly-
morphism, common in East Asians but rare in other
populations, codes for an inactive enzyme that results
in elevated serum acetaldehyde levels after consumption
of alcohol and is associated with a flushing reaction.
This polymorphism is an excellent example of a gene-
environment interaction, whereby the increased risk it
confers is strongly dependent on the amount of alcohol
consumed. Interestingly, the homozygous *2/*2 variant
is associated with a lower risk of ESCC, which has been
attributed to the intolerance to alcohol that this geno-
type imparts.

Genetic Polymorphisms and Esophageal
Adenocarcinoma Risk

While much has been written about the classic epide-
miology and rapidly increasing incidence of EAC, com-
paratively little has been published on its molecular
epidemiology. In contrast to the large number of studies
involving ESCC, fewer than 20 studies assessing roughly
2 dozen genetic polymorphisms in adenocarcinoma have
been reported. In keeping with the epidemiology of EAC,
these studies have included mostly North American and
European Caucasians. The number of cases in the major-
ity of these studies has been very small, with most involv-
ing fewer than 50 individuals (the smallest involving only
9 patients) (69,70). Only recently have studies with larger
cohorts (up to 203 cases) been published (71). As with
squamous cell carcinoma, the polymorphisms chosen for
study have included genes involved in DNA repair, cell
cycle control, and carcinogen metabolism. Results of these
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TABLE 11.1
Polymorphic Genes ° Associated with Esophageal Squamous Cell Carcinoma Susceptibility (11).
Mostly posi- Positive & neg- Mostly negative Single, unreplicated
tive studies ative studies studies positive study
Phase I enzymes CYP1Al CYP2EI CYP3A5
Phase II enzymes NQO1I SULTIAI GSTM1 GSTP1 GSTM3
NAT2 GSTT1 mEH
DNA repair/ p53 XRCC1 Fas ECRG2
Cell cycle/ p73 hOGG1 Fas-L ECRGI
Apoptosis XRCC1 L-Myc MDM2 p21
XPD CCND1
Other ALDH2 TS MTHFR MTRR MMP2
ADH2 12-LOX SHMT1
MTHFR COX-2 TAP2
BRCA2 LMP7
Mitochon- androgen
drial DNA receptor
MMP7
2 For some genes, more than one SNP has been evaluated.

studies are summarized in Table 11.2: XPC and XPD are
DNA repair genes; Cyclin D1 and p73 are cell cycle/p53
pathway genes; GSTT1, GSTP1, and GSTM3 are Phase I
enzymes. The lack of consistency and conflicting results
among studies that have examined the same genetic poly-
morphisms is notable. While this may reflect differences
between the populations studied, it is more likely a reflec-
tion of the small sample sizes examined in earlier studies,
and the consequent high rate of false positive and false
negative results that this generates. A number of genetic
polymorphisms have been reported to show no associa-
tion with EAC susceptibility, though many of these stud-
ies lack the statistical power to detect such an association
(Table 11.3) (21,69,70,72,73).

Future Directions

The goal of identifying the genetic factors associated
with the risk of esophageal cancer will best be achieved
through the conduct of suitably large cohort studies
that consider and adjust for possible confounders, em-
ploy rigorous statistical methods including adjustment
for multiple hypotheses testing, and ensure adequate
statistical power to detect the associations of interest.
Consensus guidelines for the design and reporting of
such studies have been developed recently, and should
contribute to the advancement of this field of research
reporting (74). As with all investigations of this nature,
replication of results in independent validation cohorts

is critical, and publication of methodologically sound
negative findings is important. Much work remains to
be performed to identify the interactions between ge-
netic polymorphisms and environmental exposures, and
to investigate the importance of gene-gene interactions
among risk alleles. One avenue, recently attempted on a
pilot scale in esophageal cancer, to assess many genetic
polymorphisms concurrently involves the application of
DNA micro-arrays or “SNP chips.” This powerful tech-
nology, which can evaluate from several hundred to even
a million SNPs, enables the consideration of complex
gene-gene interactions and holds much promise, though
study design and statistical issues discussed above are
still of paramount importance in ensuring the validity of
this high-throughput method.

Identification of novel alleles and confirmation of
previously suggested esophageal cancer risk alleles is
sure to occur at an increasing pace as this field matures.
Once confirmed, the application of genetic risk factors
to interventional screening or chemoprevention studies
in a prospective, randomized fashion can be considered
definitively to assess their role in clinical practice.

GENETIC POLYMORPHISMS AND
ESOPHAGEAL CANCER PROGNOSIS

Research into the association between germline poly-
morphic variants, and either survival or toxicity out-
comes in EAC and ESCC, is an emerging field of study.
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TABLE 11.2
Polymorphic Genes ° Associated with Esophageal Adenocarcinoma Susceptibility
Gene Polymorphism Genotype/effect Ethnicity  Country Evidence®
XPC Intron 9 Poly AT Homozygous inser-  Caucasian Canada Single study (n=56) (86)
insertion tion T
XPD Lys751Gln GIn/-T,GIn/GIn I Caucasian Canada, United Conflicting (61,86)
States, Sweden
Cyclin D1 G870A AAT Caucasian  Canada, Germany Weak (72,73)
P73 5'UTR G4A + C14T  AT/AT 1 Caucasian Ireland Single study (n=59) (87)
GSTT1 Deletion (*1->*2) 227 4 Caucasian  Canada, France Weak (15,21,88)
GSTP1 Ile104Val -/Val T Caucasian Canada, Nether- Weak (15,18,21,71,88)
lands, United King-
dom, France
GSTM3 *A—*B -/*B T Indian India Single study (n=9) (70)
NQO1I C609T T/- T, /T L, null Caucasian  Germany, United Conlflicting (89-91)
Kingdom
ADH3 Vi =7 /17 Caucasian  United States Single study (n=114)
(92)
2 For some genes, more than one SNP has been evaluated.
> Weak = positive result in single study and multiple studies with negative results; Conflicting = positive results in multiple studies but
with conflicting definitions of at-risk allele; Single study = unreplicated data. For single studies, number of cases shown in parentheses.

Current research is attempting to identify candidate
genes that can be tested in methodologically rigorous
validation studies. The ultimate goal is to create prog-
nostic models incorporating genetic and clinical data,
which will inform management and prognosis of pa-
tients with esophageal cancer.

Outcome studies are of interest in esophageal
cancer because overall survival remains poor despite
treatment, and the morbidity and consequences result-
ing from treatment (including disfigurement, dyspha-
gia, and reduced quality of life [75]) remain significant.
Polymorphic variants have the potential to contribute
to the identifi @tion of those individuals who would
benefit most from treatment, thus maximizing survival
outcomes while minimizing toxicity. Outcomes of clini-
cal interest include overall survival, disease/progression-
free survival, response to treatment, and early and late
toxicity caused by chemotherapy and/or radiotherapy.
However, different outcomes may require evaluation of
different polymorphic variants, since the relevant as-
sociated genetic pathways may be distinct. Conversely,
variants from a single pathway may affect survival and
toxicity in opposite ways. For instance, nucleotide ex-
cision DNA repair pathway genes conferring improved
DNA repair capacity are thought to play a role in resis-
tance to cisplatin-based chemotherapy in non-small cell

lung cancer (76) and ovarian cancer (77). In contrast,
the same DNA repair pathway genes may have a role in
predicting outcomes such as toxicity, where improved
DNA repair capacity may reduce toxic side effects of
platinum agents.

Current State of Literature

The current literature is limited to a handful of studies
(Table 11.4). Histologic subtypes studied were generally
divided along ethnic lines, with adenocarcinoma being
studied primarily in Caucasians and squamous cell car-
cinoma being studied primarily in Asians. Study types
were limited to case series or cohort studies of modest
size. Although most studies reported overall survival and
disease-free survival (47,78-84), 2 reported intermedi-
ate end-points, such as response to treatment (80,83).
Often, the selection of polymorphic variants was based
on previous information from cancer risk studies or hy-
pothesized functional pathways. Polymorphic variants
of interest represented a number of different pathways,
including DNA repair (e.g., XRCC1) (83) and xenobi-
otic metabolism (e.g., GSTT1, GSTM1) (78,84), among
others. Pharmacogenetic pathway analyses have focused
primarily on either the folate pathway because of the com-
mon use of S-fluorouracil in the treatment of this cancer
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TABLE 11.3
Other Polymorphisms Reported with No Demonstrated Associations with Adenocarcinoma Risk
Pathway Gene Polymorphism
Cell cycle p53 p53 Arg72Pro (93)
plé pl6 3’ UTR C540G (rs11515) (73)
Murine double minute oncogene MDM2 -T309G (55)
DNA repair Xeroderma pigmentosum group C XPC Lys939Gln (61)

Xeroderma pigmentosum group D

XPD Argl56Arg

Xenobiotic metabolism Cytochrome P450

Glutathione peroxidase

Glutathione s-transferase

X-ray repair cross complimenting protein

Microsomal epoxide hydrolase

Manganese superoxide dismutase

XPD Asp312Asn (61,94)

XRCCI Arg194Trp
XRCC1 Arg399Gin
XRCC1 Thr241Met
XRCC3 Thr241Met (61,86)

CYP 2E1 c2/cl

CYP 1A1 Ile462Val (15,21,95)
mEH His113Tyr

mEH His139Arg (21,88)

GPX2 intron 1 A/G (rs4902346)
GPX2 intron 1 C/T (rs2737844) (71)
GSTM1 deletion (15,21,88)

SOD2 AlaleéVal
SOD?2 intron 4 A/G (rs3798215)
SOD2 3’ UTR (rs1967802) (71)

(particularly genetic polymorphisms of thymidylate syn-
thase [TS] [47,78,80,82,83] and methylenetetrahydrofo-
late reductase [MTHFR] [80,83], or polymorphisms of
the glutathione s-transferase and DNA repair pathways
because of the common use of cisplatin chemotherapy to
treat these tumors [83,84]). Overall, no consistent pat-
tern of results has emerged. A few polymorphic variants
of other pathways (IL-1f, L-Myc, IL-6) have also been
evaluated in very small studies (79,81,83). Wu et al. re-
ported a prognostic association with the polymorphic
variant of the gene coding for the multidrug resistant
protein MDR1 (83). Independent replication of these re-
sults has not yet been performed.

Future Directions

Currently, genotypic information is not used in the man-
agement of esophageal cancer. In order for the translation
from clinical science to clinical practice to occur, future
studies will need to improve in design methodology, sta-
tistical analysis, and reporting. Polymorphism-outcomes
association studies suffer from a lack of thorough re-
porting (74) and fail to include important information
such as a description of the source population, inclusion/

exclusion criteria, follow-up time/losses-to-follow-up,
and complete clinical data for other important prog-
nostic factors. As such, multivariate analyses are neces-
sary as they provide more information about the role of
polymorphic variants within the larger clinical context
and can take gene-gene and gene-environment interac-
tions into account. However, special attention should be
given to adjustment for multiple comparisons when test-
ing multiple genes and outcomes; otherwise, there is a
high probability of false positive results (85). Research-
ers should also consider polymorphic variants that have
been previously studied but yielded negative results, as
many studies are underpowered, leading to a high prob-
ability of falsely negative results.

Once candidate genes have been identified, vali-
dation should take place. Two reasonable options for
polymorphism validation studies exist: (a) a multistage
validation approach and (b) controlled trials.

Multistage Validation Approach

A case series or small cohort study can represent the first
stage of the multistage validation approach. Statistically
significant polymorphisms from these initial studies can
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TABLE 11.4
Genetic Polymorphisms and Esophageal Cancer Outcomes

Study Gene Polymorphism Results

Okuno et al. TS TSER/6bp del 3° UTR Two or 3 homozygous variants
(squamous) GSTP1 Ile105Val of TSER, 6bp del 3°UTR, and Ile-
Japan (n=31) (78) 105Val had better prognosis

Shibuta et al. L-myc Intron 2 long/short Short allele had poorer
(squamous) prognosis
Japan(n=65)(79)

Sarbia et al. MTHFR C677T No prognostic significance
(squamous) TS TSER No prognostic significance
AT () MTR A2756G A/G & G/G more responsive to

chemoradiation

Deans et al. IL-1f8 511 Not significant
(adeno) United 1L-6 174 C/C had reduced survival
Kingdom (n=56) (81)

Liao et al. TS 6bp del 3’'UTR Deletion had non-significant
(adeno) improved prognosis
United States (n=146) (82)

Wu et al. MTHFR A429C G/A & A/A had better prognosis
(83% adeno) C222T and combined variants had bet-
United States (n=210) (83) ter prognosis

TS and MTR Multiple “at-risk” allele combos had
WOrISe prognosis

MDRI C3435T C/C & C/T had improved
prognosis

NER genes 9 SNPs Decreasing number of “at-risk”
alleles had better prognosis

XRCC1 Arg399Gin A/A & G/A had worse prognosis

Lee et al. GSTT1 deletion No prognostic significance
(squamous) GSTM1 deletion No prognostic significance
Taiwan (n=233)(84) GSTP1 Ile105Val Ile/Val & Val/Val had worse

prognosis

Zhang et al TS TSER 2R/3G (vs 3R/3R) genotype had
(squamous). TS G/C in TSER 11-fold increase in lymph node
China (n=465) (47) metastasis in ESCC patients

TS 6bp del 3’'UTR No prognostic significance

be tested in a larger validation cohort study. Subsequent
sequential validation cohorts consist of groups of patients
who are relatively homogeneous as a group and similar
in characteristics to the original study participants. With
each stage, the number of polymorphic variants being
tested decreases, since each validation cohort acts as an
additional filter for false-positive results. Care must be
taken to ensure complete collection of important clinical
prognostic factors. When planned carefully to answer

a specific question, validation cohorts may represent a
higher level of evidence than case series or small single
cohort studies.

Controlled Trials

Ideally, researchers would like to perform controlled tri-
als. To date, no controlled trials have been performed in
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this field. Generally, controlled studies are methodologi-
cally difficult to design and more expensive to implement.
One of the largest barriers to this is the requirement of
large numbers of participants, which is often not feasible
in esophageal cancer studies. However, controlled trials
have an advantage over validation cohorts by balancing
known and unknown confounding factors and could be
useful for ultimate validation as well as implementation
into clinical practice.

SUMMARY

In general, the literature describing the role of germline
polymorphic variants in outcomes represents a new bur-
geoning research area, though many published examples
to date suffer from methodologic problems: The report-
ing often lacks information on the source population,
there is a lack of statistical adjustment for multiple com-
parisons, and studies are generally underpowered. There
is also inadequate consideration and documentation of
environmental factors that may confound risk results. In
addition, publication bias may exist leading to underrep-

References

1. Liu G, Zhou W, Wang Z, et al. Incorporating molecular oncology in prognosis. In:
Gospodarowicz MK, O’Sullivan B, Sobin L, eds. Prognostic Factors in Cancer. 3rd ed.
Hoboken, NJ: Wiley and Sons; 2006:79-94.

2. Hu N, Goldstein AM, Albert PS, et al. Evidence for a familial esophageal can-
cer susceptibility gene on chromosome 13. Cancer Epidemiol Biomarkers Prev.
2003;12:1112-1115.

3. Ji ], Hemminki K. Familial risk for esophageal cancer: an updated epidemiologic study
from Sweden. Clin Gastroenterol Hepatol. 2006;4:840-845.

4. Chak A, Ochs-Balcom H, Falk G, et al. Familiality in Barrett’s esophagus, adenocarci-
noma of the esophagus, and adenocarcinoma of the gastroesophageal junction. Cancer
Epidemiol Biomarkers Prev. 2006;15:1668-1673.

5. Akbari MR, Malekzadeh R, Nasrollahzadeh D, et al. Familial risks of esophageal
cancer among the Turkmen population of the Caspian littoral of Iran. Int | Cancer.
2006;119:1047-1051.

6. Gudmundsson J, Sulem P, Manolescu A, et al. Genome-wide association study
identifies a second prostate cancer susceptibility variant at 8q24. Nat Genet.
2007;39:631-637.

7. Sladek R, Rocheleau G, Rung J, et al. A genome-wide association study identifies novel
risk loci for type 2 diabetes. Nature. 2007;445:881-885.

8. Saxena R, Voight BE, Lyssenko V, et al. Genome-wide association analysis identifies loci
for type 2 diabetes and triglyceride levels. Science. 2007;316:1331-1336.

9. Easton DE, Pooley KA, Dunning AM, et al. Genome-wide association study identifies
novel breast cancer susceptibility loci. Nature. 2007;447:1087-1093.

10. Gudmundsson J, Sulem P, Steinthorsdottir V, et al. Two variants on chromosome 17
confer prostate cancer risk, and the one in TCF2 protects against type 2 diabetes. Nat
Genet. 2007;39:977-983.

11. Hiyama T, Yoshihara M, Tanaka S, et al. Genetic polymorphisms and esophageal can-
cer risk. Int | Cancer. 2007;121:1643-1658.

12. Hori H, Kawano T, Endo M, et al. Genetic polymorphisms of tobacco- and alcohol-
related metabolizing enzymes and human esophageal squamous cell carcinoma suscep-
tibility. | Clin Gastroenterol. 1997;25:568-575.

13. Morita S, Yano M, Shiozaki H, et al. CYP1A1, CYP2E1 and GSTM1 polymorphisms
are not associated with susceptibility to squamous-cell carcinoma of the esophagus. Int
J Cancer. 1997;71:192-195.

14. Shao G, Su Y, Huang G, et al. Relationship between CYP1A1, GSTM1 genetic poly-
morphisms and susceptibility to esophageal squamous cell carcinoma [in |. Zhonghua
Liu Xing Bing Xue Za Zhi [Chinese]. 2000;21:420-423.

15. Abbas A, Delvinquiere K, Lechevrel M, et al. GSTM1, GSTT1, GSTP1 and CYP1A1
genetic polymorphisms and susceptibility to esophageal cancer in a French population:
different pattern of squamous cell carcinoma and adenocarcinoma. World | Gastroen-
terol. 2004;10:3389-3393.

resentation of negative results in the published literature.
Finally, for risk studies pertaining to ESCC, the external
validity of reported findings is limited by the heavy focus
on isolated populations with very high disease incidence.
In these special populations, distinct genetic and environ-
mental risk factors may exist that lack relevance in other
groups. However, this is an emerging field, and informa-
tion from these initial studies can help to identify candi-
date genes to test in future larger and validative studies.

The mapping of the entire human genome has ad-
vanced this field in quantum leaps. A new series of larger,
comprehensive, multistage test and validation studies
involving multiple replication patient populations that
are well characterized will likely be available in the next
few years. The information gleaned from these studies
should yield good candidates for the development of fu-
ture interventional studies designed to identify strategies
to clinically exploit this genetic information. The ulti-
mate goal of this research is to improve our understand-
ing of esophageal cancer, its treatment and prognosis,
with a more practical goal of utilizing these polymorphic
data to better stratify at-risk individuals and better clas-
sify individuals who already have this disease.

16. Wu MT, Lee JM, Wu DC, et al. Genetic polymorphisms of cytochrome P4501A1 and
oesophageal squamous-cell carcinoma in Taiwan. Br | Cancer. 2002;87:529-532.

17. Wang LD, Zheng S, Liu B, et al. CYP1A1, GSTs and mEH polymorphisms and sus-
ceptibility to esophageal carcinoma: study of population from a high- incidence area in
north China. World | Gastroenterol. 2003;9:1394-1397.

18. van Lieshout EM, Roelofs HM, Dekker S, et al. Polymorphic expression of the gluta-
thione S-transferase P1 gene and its susceptibility to Barrett’s esophagus and esopha-
geal carcinoma. Cancer Res. 1999;59:586-589.

19. Nimura Y, Yokoyama S, Fujimori M, et al. Genotyping of the CYP1A1 and GSTM1
genes in esophageal carcinoma patients with special reference to smoking. Cancer.
1997;80:852-857.

20. Wang AH, Sun CS, Li LS, et al. Relationship of tobacco smoking CYP1A1 GSTM1
gene polymorphism and esophageal cancer in Xi’an. World | Gastroenterol.
2002;8:49-53.

21. Casson AG, Zheng Z, Chiasson D, et al. Associations between genetic polymorphisms
of Phase I and II metabolizing enzymes, p53 and susceptibility to esophageal adenocar-
cinoma. Cancer Detect Prev. 2003;27:139-146.

22. Lin DX, Tang YM, Peng Q, et al. Susceptibility to esophageal cancer and genetic poly-
morphisms in glutathione S-transferases T1, P1, and M1 and cytochrome P450 2E1.
Cancer Epidemiol Biomarkers Prev. 1998;7:1013-1018.

23. Tan W, Song N, Wang GQ, et al. Impact of genetic polymorphisms in cytochrome
P450 2E1 and glutathione S-transferases M1, T1, and P1 on susceptibility to esopha-
geal cancer among high-risk individuals in China. Cancer Epidemiol Biomarkers Prev.
2000;9:551-556.

24. Gao C, Takezaki T, Wu J, et al. Interaction between cytochrome P-450 2E1 poly-
morphisms and environmental factors with risk of esophageal and stomach cancers in
Chinese. Cancer Epidemiol Biomarkers Prev. 2002;11:29-34.

25. Yang CX, Matsuo K, Wang ZM, et al. Phase I/Il enzyme gene polymorphisms and
esophageal cancer risk: a meta-analysis of the literature. World | Gastroenterol.
2005;11:2531-2538.

26. Yokoyama A, Kato H, Yokoyama T, et al. Genetic polymorphisms of alcohol and
aldehyde dehydrogenases and glutathione S-transferase M1 and drinking, smoking,
and diet in Japanese men with esophageal squamous cell carcinoma. Carcinogenesis.
2002;23:1851-1859.

27. Gao CM, Takezaki T, Wu JZ, et al. Glutathione-S-transferases M1 (GSTM1) and
GSTT1 genotype, smoking, consumption of alcohol and tea and risk of esophageal
and stomach cancers: a case-control study of a high-incidence area in Jiangsu Province,
China. Cancer Lett. 2002;188:95-102.

28. Morita S, Yano M, Tsujinaka T, et al. Association between genetic polymorphisms of
glutathione S-transferase P1 and N-acetyltransferase 2 and susceptibility to squamous-
cell carcinoma of the esophagus. Int | Cancer. 1998;79:517-520.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

11 e« EPIDEMIOLOGY OF ESOPHAGEAL CANCER: MOLECULAR 101

Lee JM, Lee YC, Yang SY, et al. Genetic polymorphisms of p53 and GSTP1, but not
NAT2, are associated with susceptibility to squamous-cell carcinoma of the esophagus.
Int | Cancer. 2000;89:458-464.

Zhang WC, Yin LH, Pu YD, et al. Relationship between quinone oxidoreductasel gene
ns-cSNP and genetic susceptibility of esophageal cancer [in |. Zhonghua Yu Fang Yi
Xue Za Zbi [Chinese]. 2006;40:324-327.

Li Y, Zhang JH, Guo W, et al. Polymorphism of NAD(P)H dehydrogenase (quinone) 1
(NQO1) C 609 T and risk of esophageal neoplasm [in |. Zhonghua Liu Xing Bing Xue
Za Zhi [Chinese]. 2004;25:731.

Zhang JH, Li Y, Wang R, et al. The NAD(P)H: quinone oxidoreductase 1 C609T poly-
morphism and susceptibility to esophageal cancer [in |. Zhonghua Yi Xue Yi Chuan
Xue Za Zhi [Chinese]. 2003;20:544-6.

Zhang JH, Li Y, Wang R, et al. NQO1 C609T polymorphism associated with esopha-
geal cancer and gastric cardiac carcinoma in North China. World | Gastroenterol.
2003;9:1390-1393.

Zhang ], Schulz WA, Li Y, et al. Association of NAD(P)H: quinone oxidoreductase 1
(NQO1) C609T polymorphism with esophageal squamous cell carcinoma in a German
Caucasian and a northern Chinese population. Carcinogenesis. 2003;24:905-909.
Hamajima N, Matsuo K, Iwata H, et al. NAD(P)H: quinone oxidoreductase 1 (NQO1)
C609T polymorphism and the risk of eight cancers for Japanese. Int | Clin Oncol.
20025;7:103-108.

Zhang JH, Jin X, Li Y, et al. Epoxide hydrolase Tyr113His polymorphism is not associ-
ated with susceptibility to esophageal squamous cell carcinoma in population of North
China. World | Gastroenterol. 2003;9:2654-2657.

Lin YC, Wu DC, Lee JM, et al. The association between microsomal epoxide hydrolase
genotypes and esophageal squamous-cell-carcinoma in Taiwan: interaction between
areca chewing and smoking. Cancer Lett. 2006;237:281-288.

Lewis SJ, Smith GD. Alcohol, ALDH2, and esophageal cancer: a meta-analysis which
illustrates the potentials and limitations of a Mendelian randomization approach. Can-
cer Epidemiol Biomarkers Prev. 2005;14:1967-1971.

Yokoyama A, Muramatsu T, Omori T, et al. Alcohol and aldehyde dehydrogenase
gene polymorphisms and oropharyngolaryngeal, esophageal and stomach cancers in
Japanese alcoholics. Carcinogenesis. 2001;22:433-439.

Boonyaphiphat P, Thongsuksai P, Sriplung H, et al. Lifestyle habits and genetic sus-
ceptibility and the risk of esophageal cancer in the Thai population. Cancer Lett.
2002;186:193-199.

Itoga S, Nomura F, Makino Y, et al. Tandem repeat polymorphism of the CYP2E1
gene: an association study with esophageal cancer and lung cancer. Alcohol Clin Exp
Res. 2002;26:155-19S.

Wu CF, Wu DC, Hsu HK, et al. Relationship between genetic polymorphisms of al-
cohol and aldehyde dehydrogenases and esophageal squamous cell carcinoma risk in
males. World | Gastroenterol. 2005;11:5103-5108.

Chen Y], Chen C, Wu DC, et al. Interactive effects of lifetime alcohol consumption
and alcohol and aldehyde dehydrogenase polymorphisms on esophageal cancer risks.
Int | Cancer. 2006;119:2827-28231.

Cai L, You NC, Lu H, et al. Dietary selenium intake, aldehyde dehydrogenase-2 and
X-ray repair cross-complementing 1 genetic polymorphisms, and the risk of esophageal
squamous cell carcinoma. Cancer. 2006;106:2345-2354.

Wang LD, Guo RE Fan ZM, et al. Association of methylenetetrahydrofolate reduc-
tase and thymidylate synthase promoter polymorphisms with genetic susceptibility
to esophageal and cardia cancer in a Chinese high-risk population. Dis Esophagus.
2005;18:177-184.

Tan W, Miao X, Wang L, et al. Significant increase in risk of gastroesophageal cancer is
associated with interaction between promoter polymorphisms in thymidylate synthase
and serum folate status. Carcinogenesis. 2005;26:1430-1435.

Zhang ], Cui Y, Kuang G, et al. Association of the thymidylate synthase polymor-
phisms with esophageal squamous cell carcinoma and gastric cardiac adenocarcinoma.
Carcinogenesis. 2004;25:2479-2485.

Song C, Xing D, Tan W, et al. Methylenetetrahydrofolate reductase polymorphisms
increase risk of esophageal squamous cell carcinoma in a Chinese population. Cancer
Res. 2001;61:3272-3275.

Stolzenberg-Solomon RZ, Qiao YL, et al. Esophageal and gastric cardia cancer risk
and folate- and vitamin B(12)-related polymorphisms in Linxian, China. Cancer Epi-
demiol Biomarkers Prev. 2003;12:1222-1226.

Zhang ], Zotz RB, Li Y, et al. Methylenetetrahydrofolate reductase C677T poly-
morphism and predisposition towards esophageal squamous cell carcinoma in a
German Caucasian and a northern Chinese population. | Cancer Res Clin Oncol.
2004;130:574-580.

Larsson SC, Giovannucci E, Wolk A. Folate intake, MTHFR polymorphisms, and
risk of esophageal, gastric, and pancreatic cancer: a meta-analysis. Gastroenterology.
2006;131:1271-1283.

Cai L, Mu LN, Lu H, et al. Dietary selenium intake and genetic polymorphisms of
the GSTP1 and p53 genes on the risk of esophageal squamous cell carcinoma. Cancer
Epidemiol Biomarkers Prev. 2006515:294-300.

Peixoto Guimaraes D, Hsin Lu S, et al. Absence of association between HPV DNA,
TP53 codon 72 polymorphism, and risk of oesophageal cancer in a high-risk area of
China. Cancer Lett. 2001;162:231-25.

Zhang L, Xing D, He Z, Lin D. p53 gene codon 72 polymorphism and susceptibility to
esophageal squamous cell carcinoma in a Chinese population [in |. Zhonghua Yi Xue
Yi Chuan Xue Za Zhi [Chinese]. 2002;19:10-3.

Hong Y, Miao X, Zhang X, et al. The role of P53 and MDM2 polymorphisms in the
risk of esophageal squamous cell carcinoma. Cancer Res. 2005;65:9582-9587.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Vos M, Adams CH, Victor TC, et al. Polymorphisms and mutations found in the re-
gions flanking exons 5 to 8 of the TP53 gene in a population at high risk for esophageal
cancer in South Africa. Cancer Genet Cytogenet. 2003;140:23-30.

Hu N, Li W], Su H, et al. Common genetic variants of TP53 and BRCA2 in esopha-
geal cancer patients and healthy individuals from low and high risk areas of northern
China. Cancer Detect Prev. 2003;27:132-138.

Yu C, Lu W, Tan W, et al. Lack of association between CCND1 G870A polymorphism
and risk of esophageal squamous cell carcinoma. Cancer Epidemiol Biomarkers Prev.
2003;12:176.

Zhang J, Li Y, Wang R, et al. Association of cyclin D1 (G870A) polymorphism with
susceptibility to esophageal and gastric cardiac carcinoma in a northern Chinese popu-
lation. Int ] Cancer. 2003;105:281-284.

Xing D, Qi J, Miao X, et al. Polymorphisms of DNA repair genes XRCC1 and XPD
and their associations with risk of esophageal squamous cell carcinoma in a Chinese
population. Int | Cancer. 2002;100:600-605.

Ye W, Kumar R, Bacova G, et al. The XPD 751GlIn allele is associated with an in-
creased risk for esophageal adenocarcinoma: a population-based case-control study in
Sweden. Carcinogenesis. 2006;27:1835-1841.

Yu HP, Wang XL, Sun X, et al. Polymorphisms in the DNA repair gene XPD and
susceptibility to esophageal squamous cell carcinoma. Cancer Genet Cytogenet.
2004;154:10-15.

Cui Y, Morgenstern H, Greenland S, et al. Polymorphism of Xeroderma Pigmentosum
group G and the risk of lung cancer and squamous cell carcinomas of the oropharynx,
larynx and esophagus. Int | Cancer. 2006;118:714-720.

Hao B, Wang H, Zhou K, et al. Identification of genetic variants in base excision repair
pathway and their associations with risk of esophageal squamous cell carcinoma. Can-
cer Res. 2004;64:4378-4384.

Ratnasinghe LD, Abnet C, Qiao YL, et al. Polymorphisms of XRCC1 and risk of
esophageal and gastric cardia cancer. Cancer Lett. 2004;216:157-164.

Yu HP, Zhang XY, Wang XL, et al. DNA repair gene XRCC1 polymorphisms, smok-
ing, and esophageal cancer risk. Cancer Detect Prev. 2004;28:194-199.

Xing DY, Tan W, Song N, et al. Ser326Cys polymorphism in hOGG1 gene and risk of
esophageal cancer in a Chinese population. Inz | Cancer. 2001;95:140-143.

Lee JM, Lee YC, Yang SY, et al. Genetic polymorphisms of XRCC1 and risk of the
esophageal cancer. Int | Cancer. 2001;95:240-246.

Jain M, Kumar S, Rastogi N, et al. GSTT1, GSTM1 and GSTP1 genetic polymor-
phisms and interaction with tobacco, alcohol and occupational exposure in esophageal
cancer patients from North India. Cancer Lett. 2006;242:60-67.

Jain M, Kumar S, Lal P, et al. Role of GSTM3 polymorphism in the risk of developing
esophageal cancer. Cancer Epidemiol Biomarkers Prev. 2007;16:178-181.

Murphy SJ, Hughes AE, Patterson CC, et al. A population-based association study of
SNPs of GSTP1, MnSOD, GPX2 and Barrett’s esophagus and esophageal adenocarci-
noma. Carcinogenesis. 2007;28:1323-1328.

Casson AG, Zheng Z, Evans SC, et al. Cyclin D1 polymorphism (G870A) and risk for
esophageal adenocarcinoma. Cancer. 2005;104:730-739.

Geddert H, Kiel S, Zotz RB, et al. Polymorphism of p16 INK4A and cyclin D1 in
adenocarcinomas of the upper gastrointestinal tract. | Cancer Res Clin Oncol.
2005;131:803-808.

Chanock SJ, Manolio T, Boehnke M, et al. Replicating genotype-phenotype associa-
tions. Nature. 2007;447:655-660.

Kleinberg L, Forastiere AA. Chemoradiation in the management of esophageal cancer.
] Clin Oncol. 2007;25:4110-4117.

Rosell R, Taron M, Barnadas A, et al. Nucleotide excision repair pathways in-
volved in Cisplatin resistance in non-small-cell lung cancer. Cancer Control.
2003;10:297-305.

Selvakumaran M, Pisarcik DA, Bao R, et al. Enhanced cisplatin cytotoxicity by disturb-
ing the nucleotide excision repair pathway in ovarian cancer cell lines. Cancer Res.
2003;63:1311-1316.

Okuno T, Tamura T, Yamamori M, et al. Favorable genetic polymorphisms predictive
of clinical outcome of chemoradiotherapy for stage II/IIl esophageal squamous cell
carcinoma in Japanese. Am | Clin Oncol. 2007;30:252-257.

Shibuta K, Inoue H, Sato K, et al. L-myc restriction fragment length polymorphism in
Japanese patients with esophageal cancer. Jpn | Cancer Res. 2000;91:199-203.
Sarbia M, Stahl M, von Weyhern C, et al. The prognostic significance of ge-
netic polymorphisms (Methylenetetrahydrofolate Reductase C677T, Methio-
nine Synthase A2756G, Thymidilate Synthase tandem repeat polymorphism)
in multimodally treated oesophageal squamous cell carcinoma. Br | Cancer.
2006;94:203-207.

Deans DA, Wigmore SJ, Gilmour H, et al. Elevated tumour interleukin-1beta is associ-
ated with systemic inflammation: a marker of reduced survival in gastro-oesophageal
cancer. Br | Cancer. 2006;95:1568-1575.

Liao Z, Liu H, Swisher SG, et al. Polymorphism at the 3>-UTR of the thymidylate syn-
thase gene: a potential predictor for outcomes in Caucasian patients with esophageal
adenocarcinoma treated with preoperative chemoradiation. Int | Radiat Oncol Biol
Phys. 2006;64:700-708.

Wu X, Gu J, Wu TT, et al. Genetic variations in radiation and chemotherapy drug
action pathways predict clinical outcomes in esophageal cancer. | Clin Oncol.
2006524:3789-3798.

Lee JM, Wu MT, Lee YC, et al. Association of GSTP1 polymorphism and survival for
esophageal cancer. Clin Cancer Res. 2005;11:4749-4753.

Hunter D], Kraft P. Drinking from the fire hose—statistical issues in genomewide as-
sociation studies. N Engl | Med. 2007;357:436-439.



102

87.

88.

89.

90.

I« BIOLOGY

. Casson AG, Zheng Z, Evans SC, et al. Polymorphisms in DNA repair genes in the

molecular pathogenesis of esophageal (Barrett) adenocarcinoma. Carcinogenesis.
2005526:1536-1541.

Ryan BM, McManus R, Daly ]S, et al. A common p73 polymorphism is associated with
a reduced incidence of oesophageal carcinoma. Br | Cancer. 2001;85:1499-1503.
Casson AG, Zheng Z, Porter GA, et al. Genetic polymorphisms of microsomal ep-
oxide hydroxylase and glutathione S-transferases M1, T1 and P1, interactions with
smoking, and risk for esophageal (Barrett) adenocarcinoma. Cancer Detect Prev.
2006;30:423-431.

Sarbia M, Bitzer M, Siegel D, et al. Association between NAD(P)H: quinone oxido-
reductase 1 (NQO1) inactivating C609T polymorphism and adenocarcinoma of the
upper gastrointestinal tract. Int | Cancer. 2003;107:381-386.

von Rahden BH, Stein HJ, Langer R, et al. C609T polymorphism of the NAD(P)H:
quinone oxidoreductase I gene does not significantly affect susceptibility for esophageal
adenocarcinoma. Int | Cancer. 2005;113:506-508.

91.

92.

93.

94.

95.

di Martino E, Hardie L], Wild CP, et al. The NAD(P)H:quinone oxidoreductase I
C609T polymorphism modifies the risk of Barrett esophagus and esophageal adeno-
carcinoma. Genet Med. 2007;9:341-347.

Terry MB, Gammon MD, Zhang FF, et al. Alcohol dehydrogenase 3 and risk of esoph-
ageal and gastric adenocarcinomas. Cancer Causes Control. 2007;18:1039-1046.
Hamajima N, Matsuo K, Suzuki T, et al. No associations of p73 G4C14-to-A4T14 at
exon 2 and p53 Arg72Pro polymorphisms with the risk of digestive tract cancers in
Japanese. Cancer Lett. 2002;181:81-85.

Liu G, Zhou W, Yeap BY, et al. XRCC1 and XPD polymorphisms and esophageal
adenocarcinoma risk. Carcinogenesis. 2007;28:1254-1258.

Lucas D, Menez C, Floch F, et al. Cytochromes P4502E1 and P4501A1 genotypes and
susceptibility to cirrhosis or upper aerodigestive tract cancer in alcoholic Caucasians.
Alcohbol Clin Exp Res. 1996;20:1033-1037.



Clinical

Linda Morris Brown
Susan S. Devesa

his chapter reviews the epidemiol-

ogy of esophageal cancer and its 2

major histologic types, squamous

" cell carcinoma (SCC) and adeno-

carcinoma (AC). Although patients

with either of the tumors share a poor prognosis, the

cancers have rather distinct epidemiologic profiles.

Herein we review the descriptive patterns of both tu-

mors, along with known and suspected risk or protec-

tive factors. Because AC comprised only a small fraction

of esophageal cancers until recently, most epidemiologic

studies of esophageal cancer did not distinguish histo-

logic types and results largely reflect the risk factors for

SCC. However, special attention has recently centered

on AC in view of the rapidly rising incidence rates of
this tumor.

DEMOGRAPHIC CHARACTERISTICS

Mortality Patterns and Trends

Globally, esophageal cancer is the sixth most common
cause of cancer death (261,162 deaths among men;
124,730 deaths among women) (1). Fatality rates are
high, so that global estimates of age-standardized rates
per 100,000 are generally comparable for incidence (11.5
for men, 4.7 for women) and mortality (9.9 for men, 3.9

Epidemiology and Risk
of Esophageal Cancer:

for women) (1). The most recent estimates of global can-
cer incidence indicate that esophageal cancer is the eighth
most frequent cancer in the world (315,394 cases in men;
146,723 cases in women) (1). Esophageal cancer is known
for its marked variation by geographic region, ethnicity,
and gender. Some of the highest mortality rates in both
men and women occur in the so-called Asian esopha-
geal cancer belt, an area not covered by population-
based tumor registries that stretches from northern Iran
and central Asia (including Turkmenistan and Kazakh-
stan) into northern and western China. Other high-rate
areas are found in southern and eastern Africa.

In the United States, esophageal cancer accounts
for only 1% of all diagnosed cancers; however, it is the
seventh leading cause of death from cancer among men
(2). According to estimates provided by the American
Cancer Society, approximately 11,250 men and 3,030
women are expected to die from esophageal cancer in
the United States during 2008 (2).

Based on data from the National Center for Health
Statistics, 1950-2004, mortality rates for esophageal
cancer almost doubled among non-whites between 1950
and 1984, reaching a high of 16.1/100,000 among non-
white men and 4.0/100,000 among non-white women
(Figure 12.1). However, since 1985 rates have decreased
steadily, with rates for nonwhite men and women fall-
ing to 8.1/100,000 and 2.4/100,000, respectively, in
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FIGURE 12.1

Trends in esophageal cancer mortality rates (per 100,000
person-years, age-standardized to the 2000 U.S. population)
in the United States by race and sex, 1950-2004. Data from
the Surveillance, Epidemiology, and End Results (SEER)
Program of the National Cancer Institute (www.seer.cancer.
gov) SEER*Stat Database: Mortality—Cancer, Total U.S.
(1950-2004), National Cancer Institute, DCCPS, Surveil-
lance Research Program, Cancer Statistics Branch, released
March 2007. Underlying mortality data provided by NCHS
(www.cde.gov/nchs).

2000-2004. Among whites, mortality rates changed
little during 1950-1984; rates have risen notably since
1985 among men, but not women. Mortality rates for

white men and women in 2000-2004 were 7.7/100,000
and 1.6/100,000, respectively. Rates specific for blacks,
available since the early 1970s, are higher than rates for
all nonwhites combined.

Incidence Patterns and Trends

International differences in esophageal cancer incidence
rates are striking (Figure 12.2) (3). Based on updated
data available on the International Agency for Research
on Cancer (IARC) website (http://www.iarc.fr/), recent
esophageal cancer rates varied 7-fold among males,
from 18 in Calvados, France, to 2.5 in Israel. Recent
rates among females varied over 20-fold, from 6.6 in
India to 0.3 in Spain. Male to female rate ratios varied
from less than 2 in India and China to more than 6 in
Japan, Italy, and Calvados, France, and to more than 10
in Spain; Bas-Rhin, France; and Slovakia. Rates in all
populations rose consistently with age.

Among men, rates declined by 24%-60% over
most of the time period in U.S. blacks, France, Italy,
India, China, and Singapore; increased by 20%-98%
in U.S. whites, Australia, Scotland, England, Denmark,
and Norway; and more than doubled in Slovakia. Al-
though rates among females tended to fluctuate more
over time due to the smaller number of cases, similar to
males, rates decreased 27%—-65% in U.S. blacks, India,
China, and Singapore, whereas they rose 21%-83% in
Scotland, England, Denmark, Norway, and Slovakia.

These divergent incidence trends and patterns re-
flect the changing frequencies of SCC and AC in these
populations. Rates of SCC, which tend to be higher in de-
veloping countries and U.S. blacks, appear to be falling,
whereas AC rates, which tend to be higher in more de-
veloped countries and in U.S. whites, have been steadily
increasing (4). Examples of these trends are presented in
Figure 12.3, which demonstrates the impact of changing
rates of SCC and AC on total esophageal cancer rates
among U.S. black and white men and women in the 9
Surveillance, Epidemiology, and End Results (SEER) reg-
istries over the time period 1973-1976 to 2001-2004,
as well as the marked differences in cell type distribution
by race (5).

Total esophageal cancer incidence rates among
U.S. blacks peaked at 21.7 in 1977-1980 and then
began a marked decline, reaching 10.0 in 2001-2004,
whereas rates among white men increased from 5.8 in
1973-1976 to 8.4 in 2001-2004. Rates among white
women remained around 2 over the several decades,
but they declined among black women since the early
1980s. The dramatic decrease in total esophageal can-
cer rates for black men was driven by the concurrent
57% drop in rates for SCC (from 19.1 in 1981-1984 to
8.2 in 2001-2004). Rates of SCC also decreased 50%,
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International trends in esophageal cancer incidence rates (per 100,000 person-years, age-
standardized to the world population) by geographic area, registry, and sex, circa 1973—
1977 to 1993-1997. Adapted from updated data available at http:/www.iarc.fr/.

48%, and 35% among white males, black females, and
white females, respectively. In contrast, the increase in
total esophageal cancer rates for white men reflects the
dramatic increase of over 600% in the incidence of AC
(from 0.8 in 1973-1976 to 5.7 in 2001-2004). With
the decreases in SCC and the increases in AC, the AC
rate among white men surpassed that for SCC during

the late 1980s. In addition, AC rates rose over 400%
among white women. Rates of AC among black men
more than doubled; however, the rates of SCC remain
considerably higher. Rates of AC among black females
were more variable since they were based on the few-
est number of cases. During 2001-2004, AC, SCC, and
other histologies accounted for 61.6%, 31.0%, and
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FIGURE 12.3 (continued)

SEER*Stat Database: Incidence—SEER 9 Regs Limited-Use,
Nov 2006 Sub (1973-2004)—Linked To County Attributes—
Total U.S., 1969-2004 Counties, National Cancer Institute,
DCCPS, Surveillance Research Program, Cancer Statistics
Branch, released April 2007, based on the November 2006
submission.

7.5% of esophageal cancer among whites and 11.6%,
82.7%, and 5.6% among blacks, respectively (6).

Esophageal cancer incidence rates in the 17 SEER
registries by race/ethnicity and gender during 2001-
2005 are presented in Table 12.1. Among both males
and females, rates were highest for blacks and lowest for
Asian/Pacific Islanders. Rates were higher for males than
for females among all race/ethnicity groups (7).

U.S. Survival Patterns

Presented in Table 12.2 are survival data for patients di-
agnosed with esophageal cancer during 1975-2004 in 9
SEER population-based cancer registries (7). Although
survival among patients diagnosed with esophageal can-
cer is poor for all race-gender groups, marked improve-
ments in the S-year relative survival rates have occurred

Trends in esophageal cancer incidence rates (per 100,000
person-years, age-standardized to the 2000 U.S. popula-
tion) in 9 SEER areas in the United States by histologic cell
type, race and sex, 1973-1976 to 2001-2004. Data from the
Surveillance, Epidemiology, and End Results (SEER) Pro-
gram of the National Cancer Institute (www.seer.cancer.gov)

TABLE 12.1
Age-Adjusted Esophageal Cancer SEER Incidence
Rates * 2001-2005 by Race/Ethnicity
and Gender (7) ©

Race/ethnicity Total Male Female

All races 4.6 7.8 2.0

White 4.6 8.0 1.9

Black 5.9 9.9 3.0

Asian/Pacific 2.4 4.0 1.2
Islander

American Indian/ 4.4 7.1 2.0
Alaska Native ©

Hispanic ¢ 3.1 5.5 1.2

2 Rates per 100,000 person-years, age-adjusted to the 2000 U.S.
standard.

® Based on November 2007 SEER data submission, posted to
the SEER website, 2008, from 17 population-based registries:
San Francisco, San Jose-Monterey, Los Angeles, other Califor-
nia, Connecticut, Detroit, Hawaii, Iowa, New Mexico, Seattle,
Utah, Atlanta, Alaska Native Registry, Rural Georgia, Kentucky,
Louisiana, and New Jersey.

< Based on the CHSDA (Contract Health Service Delivery Area)
counties.

4 Excludes data from the Alaska Native Registry and Kentucky.
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TABLE 12.2
Esophageal Cancer 5-Year Relative Survival Rates, 1975-2004, by Diagnosis Year, Gender, and Race (7) °

All races White Black
Year of
diagnosis Male Female Male Female Male Female
1975-1979 4.3% 6.6% 5.1% 6.2% 2.2% 6.8%
1985-1989 9.5% 10.6% 10.8% 10.5% 6.7% 10.3%
1996-2004 16.4% 18.9% 17.6% 19.7% 9.0% 15.6%

through 2005.

2 Based on November 2007 SEER data submission, posted to the SEER website, 2008. Based on data from 9 population-based registries:
San Francisco, Connecticut, Detroit, Hawaii, Iowa, New Mexico, Seattle, Utah, and Atlanta. Rates are based on follow-up of patients

over the past three decades. The 5-year relative survival
rates for those diagnosed during 1996-2004 were 17.6%
for white males, 19.7% for white females, 9.0% for
black males, and 15.6% for black females. Survival rates
for SCC and AC are similar (data not shown), and there
is a strong decreasing gradient in patient survival with in-
creasing extent of disease. For total esophageal cancer, the
S-year relative survival rates, 1996-2004, ranged from
34.4% for localized, to 17.1% for regional, to 2.8% for
distant, and 11.6% for unstaged disease at diagnosis (7).

ETIOLOGIC FACTORS

The established or suspected risk or protective factors
for SCC and AC are listed in Table 12.3 and explained
in greater detail below.

Tobacco
Squamous Cell Carcinoma

Tobacco use, regardless of form, is a major risk factor
for esophageal cancer in most parts of the world. Sev-
eral case-control studies have reported strong positive
dose-response effects with duration and/or intensity of
cigarette smoking (8—13). In most studies evaluating the
effect of quitting smoking, a 50% reduction in risk has
been seen for ex-smokers compared with current smok-
ers, along with an inverse effect with time since stopped
smoking (8,13,14). Smoking has been associated with
esophageal cancer risk among nondrinkers, supporting
an independent effect of tobacco smoke on the esopha-
geal epithelium (13,15). In some studies, pipe smokers
have shown a higher risk of esophageal cancer than
smokers of commercial cigarettes, perhaps because pipe
tobacco condensates are swallowed, allowing tobacco
carcinogens to have direct contact with the esophagus

(13). In case-control studies in the United States, the per-
centage of SCC attributable to ever smoking has ranged
from 57% to 65% (16,17). In several studies from South
America, the risks of esophageal cancer for use of black
(air-cured) tobacco were 2-fold or more higher than
those for blond (flue-cured) tobacco (13). Elevated risks
have also been reported for hand-rolled cigarettes, which
have a higher tar content than commercial cigarettes
(13). Case-control studies in India and Taiwan identified
bidi smoking (a native cigarette of coarse tobacco in a
dry temburni leaf), pan chewing (a mixture of betel leaf,
sliced areca nut, and aqueous shell lime), and betel quid
chewing (areca nut chewing with a piece of Piper betle
inflorescence, which contains approximately 15 mg/g of
the animal carcinogen safrole) as major risk factors for
esophageal cancer (10,12,13,18).

Adenocarcinoma

Although smoking is a less potent cause of AC than SCC,
cigarette smoking, especially heavy/long-term smoking, is
a significant risk factor for AC in most of the world (13,19-
21). Although results are inconsistent, quitting smok-
ing appears to attenuate risks for AC somewhat (22).
It has been suggested that changes in the constituents of
tobacco smoke or the introduction of filtered cigarettes
might have differentially affected rates of SCC and AC
(23). The percentage of AC attributable to ever use of ciga-
rettes was recently estimated at 40% and 58 %, based on
U.S. case-control and cohort data, respectively (16,22).

Alcohol
Squamous Cell Carcinoma

There are clear-cut epidemiologic data indicating that al-
coholic beverages are a major cause of SCC, particularly
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TABLE 12.3

Risk and Protective Factors for Esophageal Cancers by Histologic Cell Type
Factors Squamous cell carcinoma Adenocarcinoma
Tobacco use +++ ++
Alcohol use +++ +
Dietary deficiencies ++ 0
Obesity/high Body Mass Index (BMI) -- +++
High fruit and vegetable intake ++ ++
Hot food and beverages ++ 0
Gastroesophageal reflux disease 0 +++
Barrett’s esophagus 0 +++
Helicobacter pylori prevalence +/- -
Human papilloma virus + 0
Aspirin/NSAID? use = =
Other medical conditions ++
Poverty/low socioeconomic status ++ +
Radiotherapy ++ +
Occupational exposures + 0
Abbreviation: “NSAID = non-steroidal anti-inflammatory drugs.
Risk factor: +++ (strong and well documented); ++ (medium); + (weak/not well documented)
Protective factor: --- (strong and well documented); -- (medium); - (weak/not well documented)
No documented relationship: 0

in Western populations (12). Strong dose-response rela-
tionships for ethanol consumption, after adjustment for
smoking, have been demonstrated in many case-control
and cohort studies in the United States, Europe, South
America, Asia, and South Africa (8,10,12,13,24). How-
ever, alcohol drinking has not been shown to be a risk
factor in some developing countries with exceptionally
high rates of SCC, including rural parts of Africa, Iran,
and China (13,25). In the United States, the percentage
of SCC attributable to alcohol intake has been estimated
to range from 72% to 82% (16,17).

In case-control studies in Italy, Hong Kong, and
South America, the dose-response gradients for alcohol
consumption remained strong when analyses were re-
stricted to lifelong nonsmokers (13). However, other
measures of exposure such as duration and age started
drinking have not shown signifi ant gradients in risk
(13). Years since stopping drinking did not affect the
risk of esophageal cancer in France or Argentina but did
in Hong Kong, Paraguay, and Taiwan (12,13).

Variability in risks by type of alcoholic beverage
may reflect culturally or economically determined drink-
ing habits. Generally, the beverage most strongly asso-
ciated with the risk of esophageal cancer has been the
one most frequently consumed by the study population

(13). For example, in most studies, the risk was greatest
among users of hard liquor. However, wine was most
strongly implicated in a region of Italy where wine is
the major contributor to ethanol intake, and moonshine
(home-brewed) whiskey was implicated in a high-risk
area of coastal South Carolina (13). In addition, con-
sumption of apple brandy, home-brewed rum, aguardi-
ente (a local spirit), and shochu has been associated with
excess risk of esophageal cancer in France, Puerto Rico,
Paraguay, and Japan, respectively (13).

Although alcohol is strongly related to risk of
esophageal cancer, the components or mechanisms re-
sponsible for its carcinogenicity have not been identified.
Findings of studies conducted in Italy and Switzerland
have supported the notion that subjects who drank alco-
hol outside meals (i.e., not with food) regardless of level
were at greater risk of SCC than subjects who drank only
with meals, possibly because of the more rapid absorp-
tion of alcohol (26). The results of several studies suggest
that concentrated liquor is associated with higher risk
than diluted liquor because of local effects on tissue (13).
While certain kinds of alcoholic beverages, including
beer and whiskey, may contain compounds that are car-
cinogenic, findings suggest that the risk of SCC is associ-
ated with alcohol per se, rather than with the presence
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of contaminants, flavoring compounds, or additives that
may vary among types of beverages (13). Acetaldehyde,
a metabolite of alcohol and a recognized animal carcino-
gen, may play a critical role in the mechanism by which
alcohol causes esophageal cancer (13).

Adenocarcinoma

Although several earlier case-control studies suggested
a modest association between alcohol intake and risk
of AC, more recent studies found no association with
any measure of alcohol intake or type of beverage
(13,19,20,22).

Alcohol-Tobacco Interactions
Squamous Cell Carcinoma

In Western Europe and North America, 80%-90% of
the risk of SCC has been attributed to alcohol and to-
bacco use (13,17). Alcohol and tobacco appear to act
independently, with the importance of each factor de-
pending on the baseline characteristics of the population
under study. In most studies, heavy consumers of both
alcohol and tobacco have the highest risk of esophageal
cancer, often consistent with multiplicative interaction
(8,12,13).

Diet and Nutrition

Body Mass Index (BMI), Food Groups,
and Nutrients

Squamous Cell Carcinoma
Dietary insufficiencies appear to contribute to the vary-
ing incidence of SCC around the world (13). High-risk
populations for SCC are frequently malnourished, and
risk tends to increase as BMI decreases (11,13,24,27).

A protective effect of fruit and vegetable consump-
tion, especially those eaten raw, is supported by a large
quantity of epidemiologic data from around the world
(13,28-30). Fruits and vegetables contain a variety of
micronutrients and other dietary components with po-
tential anticarcinogenic effects. The population attrib-
utable risk for low fruit and vegetable intake has been
estimated to range from 29% to 44 % in U.S. case-control
studies (16,17).

A number of case-control studies have suggested
a protective effect of vitamin C from supplements and
food sources (13,31-33). Vitamin C blocks the endog-
enous formation of N-nitroso compounds, which are
suspected factors in the etiology of esophageal cancer in
some high-risk areas of the world (13).

Case-control studies that have attempted to evalu-
ate other food groups and nutrients have found an el-
evated risk associated with high consumption of retinol,

dietary cholesterol, animal protein, polyunsaturated fat/
linoleic acid, total fat, and vitamin B12, while alpha-
and beta-carotene, beta-crytoxantin, lycopene, folate,
vitamin E, vitamin B6, zinc, selenium, and flavonoids
generally appeared to be protective (13,31-40).

Some case-control studies of SCC have reported el-
evated risks associated with consumption of barbequed
or fried meats, possibly due to the formation of het-
erocyclic amines during cooking (13). In addition, the
higher risks associated with red meat (especially cured
or processed meat); pickled vegetables; salted fish; and
moldy breads, rice, and cereals suggest an effect of
N-nitroso compounds or their precursors (nitrates and
amines) (13,28,30,41). A protective effect of frequent
consumption of fish high in polyunsaturated omega-3
essential fatty acids has also been reported (13,30).

It has been difficult to disentangle the influence of
dietary and nutritional factors from the potent effects of
alcohol and tobacco on the risk of esophageal cancer. In
particular, heavy consumption of alcoholic beverages can
interfere with the consumption and utilization of a variety
of nutrients, including vitamins A, C, D, the B vitamins,
zinc, and protein (13). Also, since poor nutrition is a risk
factor for esophageal cancer, it is conceivable that alco-
hol increases risk, in part, by reducing nutrient intake. In
addition, smokers appear to have lower intake of several
nutrients including vitamin C than nonsmokers (13).

Adenocarcinoma

In contrast to SCC, where high-risk populations are
generally poorly nourished, AC risk tends to rise as
BMI increases, with subjects in the highest quartile of
BMI having 3-7 times the risk of subjects in the low-
est quartile (13,21,27,42,43). The mechanism by which
obesity affects the risk of AC is unclear (21), although
it may be linked to the predisposition of obese individu-
als to develop gastroesophageal reflux disease (GERD)
(13). Whatever the process, it seems likely that obesity
contributes to the upward trend in AC, in view of the
sharply increasing prevalence of individuals classified as
overweight and/or obese in the United States (44). The
percentage of AC attributable to the highest vs. the low-
est quartile of BMI was recently estimated at 21% in a
U.S. case-control study (16).

Various foods, food groups, and nutrients have
been associated with risk of AC, but most consistent is a
protective effect of consumption of fruits and vegetables
as well as fiber (13). In the United States, the percentage
of AC attributable to low consumption of fruits and veg-
etables was recently estimated at 15% (16).

Nutrients that may be protective against AC include
antioxidants (vitamin C, vitamin E, and beta-carotene), vi-
tamin B6, vitamin B12, and folate (13,36,40,45). Animal-
based foods (total meat, processed meat, red meat) and
associated macronutrients (e.g., total fat, saturated fat,
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total protein, animal protein, and cholesterol) have been
associated with elevated risk in some studies (13,46).

Hot Food and Beverages

Squamous Cell Carcinoma

Although consumption of green tea at normal tempera-
tures has been associated with a reduced risk of esopha-
geal cancer (13,28), drinking tea, including green tea,
at exceptionally hot temperatures appears to increase
SCC (13). Excess risks have also been associated with
consumption of burning hot soup, gruel, porridge, and
other beverages, suggesting a role for thermal injury to
the esophagus (13,28,41).

Consumption of hot alcoholic beverages, especially
hot Calvados, was associated with elevated risks of esoph-
ageal cancer in France; declines in that formerly wide-
spread habit likely contributed to the downward trend
in incidence in western France (13). In high-risk areas of
South America, chronic thermal injury from mate, a local
tea prepared as an infusion of the herb Ilex paraguayenis
and usually drunk very hot, has been linked to esopha-
geal cancer (13,24,47). Based on the South American
data, an IARC working group concluded in 1991 that
“hot mate drinking is probably carcinogenic to humans”
(48). In Uruguay, the percentage of SCC due to consump-
tion of mate was estimated at 53% (47).

Medical Conditions and Medications

Gastroesophageal Reflux Disease (GERD)
and Helicobacter pylori

Squamous Cell Carcinoma

Helicobacter pylori (H. pylori) infection, especially with
CagA+ strains, has been associated with an increased
risk of SCC in some studies and a protective effect in
others (49-51). The discrepancy may result from the in-
terplay of H. pylori infection and atrophic gastritis (52).
H. pylori infection appears to be associated with an in-
creased risk of SCC when it induces atrophic gastritis but
a decreased risk when it induces an antral-predominant,
non-atrophic gastritis (52).

Adenocarcinoma

Significant 2-fold or greater risks of AC have been as-
sociated with the presence of GERD, a major risk factor
that predisposes the esophagus to Barrett’s esophagus, a
precursor lesion for AC (13,21,53). It has been hypoth-
esized that use of lower esophageal sphincter-relaxing
(LES) drugs such as anticholinergic agents, may promote
GERD and thus contribute to the risk of AC (13). An
elevated risk with LES drug use was observed in a Nor-
wegian case-control study (20) but not in most other
studies (13,54).

Several but not all case-control studies found that
infection with CagA+ strains of H. pylori was associated
with a reduced AC risk (13,51,55-57). Further investi-
gations are needed to determine whether the decreasing
prevalence of H. pylori infection may contribute in some
way to the upward trend for AC.

Human Papilloma Virus

Squamous Cell Carcinoma

Human papilloma virus (HPV) (particularly HPV-16 and
HPV-18) is an oncogenic virus that appears to play an eti-
ologic role in some high risk areas with an exceptionally
high incidence of esophageal cancer, such as China, Iran,
South Africa, and South America (13,58-65). However,
HPV does not appear to be related to the risk of SCC in
the United Kingdom and North America (13).

Other Medical Conditions

Squamous Cell Carcinoma

Elevated risks of esophageal cancer have been reported
with certain medical conditions, such as pernicious ane-
mia, achalasia, some autoimmune diseases, gastrectomy,
and chemical injuries to the esophagus (13). In clinical and
case-control studies, a high risk of SCC has been reported
in association with tylosis, a dominantly inherited disorder
characterized by palmar and plantar keratoses (PPK) and
often accompanied by esophageal hyperkeratosis (13,66).
It has been suggested that a hereditary predisposition may
cause both PPK and SCC (66). Some studies have indicated
a familial tendency for esophageal cancer, although it is
difficult to distinguish genetic from environmental factors
(11,13,67). A striking excess risk of SCC has been demon-
strated following other tumors of the upper aerodigestive
tract that share major risk factors (alcohol and tobacco)
and may share genetic mechanisms (13).

Aspirin and Non-Steroidal Anti-Inflammatory
Drugs (NSAIDs)

Squamous Cell Carcinoma

Use of aspirin and other NSAIDs has been associated
with reduced risk of SCC in most epidemiologic studies
(13,20,68)

Adenocarcinoma

Use of aspirin and other NSAIDs, COX-2 inhibitors,
and corticosteroids have been associated with a reduced
risk of AC in some but not all studies (20,54,69,70).
There is a suggestion that recent use may be more im-
portant than long-term use and might protect against
development of AC in people with Barrett’s esophagus
(68,71).
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Socioeconomic Status
Squamous Cell Carcinoma

The highest rates of SCC are generally found in areas of
the world where the population is impoverished. Within
various populations, the risk of esophageal cancer is
greatest among those with the lowest socioeconomic
status (SES), whether measured by income, education,
or occupation (11,13,30,47). In addition, increased
risks have been reported for single compared with mar-
ried men (13). Low SES is obviously a surrogate for a set
of lifestyle and other environmental factors (e.g., poor
housing, unemployment or workplace hazards, limited
access to medical care, stress, poor nutrition, exposure
to infectious agents), some of which may affect suscep-
tibility to environmental carcinogens (13).

Adenocarcinoma

Low SES based on income, education, and occupation
has been related to excess risk of AC (13,19,72), al-
though the effect is less pronounced than for SCC. This
differential is consistent with studies reporting a higher
percentage of AC cases in professional/skilled occupa-
tions as compared with SCC cases (13).

Radiation
Squamous Cell Carcinoma

Ionizing radiation has been linked to esophageal can-
cer, particularly among patients irradiated for ankylos-
ing spondylitis and for breast cancer (13,73-76). In one
study, postmastectomy radiation therapy was associated
with greater than a 2-fold risk of SCC, whereas no sig-
nificant increase in risk was associated with lower-dose
postlumpectomy radiation therapy (75). In addition,
increased risk was restricted to SCCs in the upper and
middle thirds of the esophagus. Significant excesses of
esophageal cancer risk also have been reported among
A-bomb survivors in Japan (13).

Adenocarcinoma

In a study based on U.S. SEER data, no significant risk
of AC was found following either postmastectomy or
postlumpectomy radiation (75).

Occupation and Industry
Squamous Cell Carcinoma

Esophageal cancer is not usually considered to be an
occupational disease, although elevated risks have been

reported for several exposures. Presented below are
some of the more consistent findings.

Excesses reported among Swedish brewery work-
ers and Norwegian and Swedish hotel and restaurant
workers are likely due to their higher intake of alcohol
or tobacco or to exposure to passive smoking (13,77).
The lower risk of esophageal cancer generally reported
among farmers appears to be related to their lower in-
take of alcohol compared with the general population
(13,78).

Increased risks of esophageal cancer have been
observed among chimney sweeps, printers, metal work-
ers exposed to metalworking fluids, metal polishers and
platers, dry cleaners, gas station attendants, vulcaniza-
tion and other rubber industry workers, asphalt work-
ers, automobile manufacturing workers, and textile
finishers and dyers exposed to fumes from incomplete
combustion of organic material or to perchloroethy-
lene (PCE) and other chemical solvents and detergents
(13,79). Excess risks of esophageal cancer have been
reported among workers exposed to silica and metal
dust, and among concrete and construction workers
(13,77,78). The association between asbestos exposure
and esophageal cancer is unclear, as increased risks have
been reported in some but not all studies (13,80).

Adenocarcinoma

Although a few associations between employment and
AC have been noted (e.g., construction workers exposed
to asbestos and cement dust, and health services work-
ers), occupational exposures are thought to play only a
minor etiologic role (81,82). Occupational physical ac-
tivity was associated with a modest protective effect in a
recent U.S. case-control study (83).

Impact of Risk Factors in the United States
Squamous Cell Carcinoma

In a U.S. case-control study, moderate/heavy levels of al-
cohol intake, use of tobacco, infrequent consumption of
raw fruits and vegetables, and low income were found to
account for over 98% of the SCC among both black and
white men (17). It is likely that declines in the prevalence
of smoking since the 1960s, especially among men, may
have contributed to the downward trends reported for
this cancer.

Adenocarcinoma

In another U.S. case-control study, use of tobacco, high
BMI, infrequent consumption of fruits and vegetables,
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and GERD were found to account for almost 82%
of the AC among white men and 51% among white
women (16). Data emerging from recent studies suggest
that the relationship with obesity may account for part
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HISTOLOGIC ASPECTS AND DEFINITIONS

The presence of islands of columnar epithelium amidst
the esophageal squamous mucosa was described by
investigators in early publications. It was Norman R.
Barrett, however, who investigated in depth the esopha-
geal mucosa in hundreds of specimens, finally conclud-
ing that foci of columnar epithelium could regularly
be found in the esophagus in 3 circumstances: (a) in
hiatal hernia, (b) as true ectopic mucosa, and (c) as
an extension of the esophagogastric junction. In his
last paper, presented at the Mayo Clinic in 1957, he
speculated that these islands represented a failure of
the embryonic lining of the esophagus to achieve ma-
turity (congenital origin). In his last remark, however,
he emphasized that chronic gastroesophageal reflux
could also pay a role (1). Subsequent publications de-
scribed 3 types of epithelia in these islands: (a) fundic
glands, (b) cardiac-type glands, and (c) “specialized”
(intestinal) epithelium (2). Currently only the presence
of specialized epithelium, namely goblet cells, is con-
sidered essential to diagnose Barrett’s esophagus (3).
The types of intestinal metaplasia present in Barrett’s
esophagus are either type II, where the glands are a
mixture of gastric foveolar type and goblet cells, or
type III, consisting only of goblet cells (Figure 13.1).
Both types are considered incomplete intestinal meta-
plasia. Rarely, type I complete intestinal metaplasia,

Pathology of Barrett’s
Esophagus and Esophageal
Neoplasms

containing Paneth and absorptive cells, is present in
Barrett’s esophagus. The mucin present in goblet cells
is Alcian blue (pH 2.5) positive and consists of sialo-
mucins and sulfomucins, with the former predominat-
ing (Figures 13.2 and 13.3).

Alcian blue positivity has been observed in colum-
nar cells lacking goblet cell morphology, leading some
investigators to diagnose Barrett’s esophagus (4), but
currently is not considered as Barrett’s epithelium.

Islands of columnar epithelium containing fundic
or intestinal glands are found occasionally in the cervi-
cal esophagus (“inlet patches”); these are not considered
Barrett’s esophagus, although adenocarcinomas may
arise in them.

Fundic or cardiac type glands are considered to
be part of the normal esophageal mucosa in the dis-
tal 3 cm of esophagus, within the lower esophageal
sphincter (LES) area. This area lies immediately above
the squamocolumnar junction (Z line—SQC), which
does not necessarily coincide with the gastroesophageal
junction (GEJ) or muscular GE]J (5). If fundic epithelium
is found proximal to 3 cm above the SCJ, it most likely
represents a hiatal hernia. In general, however, columnar
epithelium present above 3 cm from the SCJ usually con-
tains metaplastic intestinal epithelium, although it may
be mixed with cardiac-type epithelium.

The prevalence of Barrett’s esophagus has been es-
timated to be 10% of the patients with gastroesophageal
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FIGURE 13.1

Low-power view of columnar lined esophageal mucosa with
“specialized” (intestinal) epithelium.

FIGURE 13.2

Lower-power view of gastric and intestinal type epithelia at
squamocolumnar junction (PAS-Alcian blue x 100).

FIGURE 13.3

High-power view of goblet cells containing sulfomucins (high
iron diamine stain x 400).

reflux referred for endoscopy (6). The true frequency
may be much higher, up to 20% (7).

Currently the diagnosis of Barrett’s esophagus re-
quires that a clear endoscopic finding of red, velvety ap-
pearing mucosa accompanies the histologic finding of
goblet cells, according to the American College of Gas-
troenterology (8) (Figure 13.4).

Barrett’s esophagus is a disorder found mainly in
white middle-aged males with chronic gastroesophageal
reflux disease (GERD); it is extremely infrequent in Afri-
can Americans, where it was reported with a prevalence
of 3.5% (9). It also occurs in children, also as a result of
GERD, although its frequency in this population is un-
known (10). The mechanisms leading to GERD include
the presence of hiatal hernia, lower esophageal sphincter
(LED) dysfunction, gastric hypersecretion, and duode-
nal gastric reflux (11).
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FIGURE 13.4

Partial esophagogastrectomy showing the replacement
of squamous mucosa by glandular type in the lower
esophagus.

Dysplasias

Barrett’s esophagus is a preneoplastic disorder, thus a
marker for the development of esophageal adenocarci-
noma (12). The progression of columnar epithelium to
malignancy is the result of sequential events from meta-
plasia to dysplasia to adenocarcinoma.

The term dysplasia was coined by Ober in 1949,
cited by Papanicolau, to describe the neoplastic trans-
formation of the uterine cervix squamous mucosa con-
fined to the epithelium. The same year, Warren and
Sommers used the term to describe similar changes
occurring in the colon in long-standing ulcerative
colitis.

In 1967, Morson reported the use of rectal biopsy
to control cancer in ulcerative colitis. Subsequently, a
group of gastrointestinal pathologists, members of the
“Committee on Dysplasia,” established a classifica-
tion of dysplasia in inflammatory bowel disease (13).
The classification established 3 categories: negative for
dysplasia, indefinite for dysplasia, and positive for dys-
plasia. Positive cases were subclassified as low- or high-
grade dysplasia.

This classification has been similarly used in Bar-
rett’s esophagus. The microscopic features that are im-
portant in the diagnosis of dysplasia are: (a) alterations
in glandular architecture, (b) cytologic changes, (c) sur-
face maturation, and (d) inflammation with erosions or
ulcers. Surface maturation refers to the decrease in size
of the nuclei reaching the surface and the presence of
regularly interspersed goblet cells, replicating normal
colonic epithelium.

CLASSIFICATION

Negative for dysplasia: The glandular architecture and
cellular morphology are normal, but the basal por-
tion of the glands shows regenerative (reactive) ac-
tivity. There is nuclear enlargement, pleomorphism,
hyperchromasia and stratification. The surface, how-
ever, displays smaller nuclei (mature) with smooth
contours, less intensity of staining, and absence of
stratification.

Indefinite for dysplasia: Glandular architecture and cy-
tologic changes are either intact or may be slightly
abnormal. Changes are more pronounced when there
are marked inflammatory changes, erosions or ulcer-
ations, and frequent mitoses. In indefinite without in-
flammation, there are similar features without active
mitotic rate. The classification is also used when there
is no visible intact surface to evaluate.

Low-grade dysplasia: Crypt architecture is usually pre-
served, or it may show slight distortion. The nuclei are
enlarged, hyperchromatic, pleomorphic, and crowded.
Abnormal mitoses may be present. Goblet cells are de-
creased. The stratification of nuclei does not reach the
apical surface of the cells. The abnormalities are pres-
ent in the basal portion of the glands and extend to the
surface (Figure 13.5).

High-grade dysplasia: There is marked architectural dis-
tortion of glands, with branching and lateral budding.
The nuclear changes are similar to those in low-grade,
but in high-grade, the nuclear stratification is more
pronounced on the surface and there is loss of nuclear
polarity. The surface may have a villiform appearance.
When intraglandular bridging occurs (“cribriform
pattern”), it indicates an intramucosal carcinoma.
The goblet cell population is markedly depleted, if not

FIGURE 13.5

High-power view of low-grade dysplasia (H&E x 400).
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absent. Some of the goblet cells may be dystrophic,
where the mucus droplet is not in contact with the
luminal surface (Figure 13.6) (see Table 13.1).

INTERPRETATION OF DYSPLASIA

The dysplastic changes observed in Barrett’s esophagus
are not exactly of a single type that would permit clear-

FIGURE 13.6

High-power view of high-grade dysplasia) (H&E x 400).

cut separation of the different types. It usually displays
features encompassing the entire spectrum of abnor-
malities. Thus a great deal of subjectivity is involved in
arriving at a diagnosis (14). In an effort to overcome
discrepancies in interpretation of biopsies, a group of
gastrointestinal pathologists examined a number of bi-
opsy specimens; they concluded that there was a high
degree of intra- and interobserver variability in low-
grade dysplasia. On the other hand, there was nearly
80% agreement in high-grade dysplasia (15). The study
revealed a blurring in the boundaries between grades,
particularly between indefinite and low-grade dysplasia.
As a consequence many pathologists currently combine
those 2 stages into a 1.

Recently, another study confirmed the much higher
agreement among pathologists in the diagnosis of high-
grade dysplasia and intramucosal carcinoma (16).

Another problem in establishing the diagnosis of
dysplasia is related to sampling. Since dysplasia is not
endoscopically apparent, sampling must take this fact
into consideration. Most protocols recommend 4 quad-
rant biopsies at intervals of 2 cm or less throughout the
endoscopically visible Barrett’s mucosa.

Although complications arising from using jumbo
forceps are not greater than smaller ones, many endos-
copists are reluctant to use the jumbo size. It is contro-
versial whether there is a discrepancy in the diagnostic
yield of both approaches.

TABLE 13.1
Morphologic Characteristics of Dysplasia

Indefinite for dysplasia

Low-grade dysplasia High-grade dysplasia

Glandular distortion =

Absent
Nuclear enlargement -/ +
Nuclear hyperchromasia —/+
Nuclear crowding / -/ +
stratification

Loss of nuclear polarity -/ +
Surface maturation ++
Goblet cells 4/ 4+
Inflammation +/ +++
Mitotic activity +

+ ++ / +++
Mild distortion Branching and lateral
budding—may have
cribriform areas

+/++ ++ / +++
-/ + ++ / +++
++ ++ / +++
-/ + ++ / +++
—/+ -
—/+ —

+ -
+/ ++ +++

Abnormal mitoses
may be present

Up to luminal
surface
Abnormal mitoses
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A final consideration is the orientation of the speci-
men in order to examine luminal surface, which is critical
for the diagnosis. Best results are obtained by orienting
the specimen in the endoscopy suite, rather than in the
histology laboratories at the time of embedding into par-

affin block (17).

FOLLOW-UP OF BARRETT’S ESOPHAGUS

The recommendations from the American College of
Gastroenterology are as follows (8):

Low-grade: repeat yearly until no dysplasia.
High-grade: repeat every 3 months; sample adequately
to exclude cancer.

Confirmation of HGD by another pathologist with exper-
tise in gastrointestinal pathology is highly recommended.

Ancillary Techniques for Barrett’s Dysplasia

A number of techniques have been proposed to supple-
ment the microscopic impression. None of them, how-
ever, have been proven to be superior to the histologic
examination. Among them flow cytometry seems to be
most promising. Several consecutive studies showed
prevalence of DNA aneuploidy and elevated S fraction,
which correlated with histologic severity (18). Another
study of 62 patients correlated histology and flow cy-
tometry; 9 of 13 patients with aneuploidy eventually
developed high-grade dysplasia or carcinoma in a fol-
low-up of 34 months. None of the 42 patients without
aneuploidy progressed to HGD or carcinoma (16). In
contrast, another study found no definite correlation be-
tween HGD and flow cytometric abnormalities (19).

Other screening techniques include the analysis
of goblet cell mucus by histochemistry to demonstrate
sulfomucins (20); immunohistochemistry to detect p53
overexpression (21) and c-erb B2, H-ras, C-myc, TGF
alpha, EGF (22,23).

None of these techniques, however, have been
found to be of clinical utility.

ADENOCARCINOMA

Invasion through the basement membrane into the
lamina propria is difficult to diagnose in its early phase.
There may be effacement of the stroma and a syncitial
growth pattern in small clusters; occasionally single cells
can be identified. Later on, desmoplasia develops, espe-
cially when the muscularis mucosa is penetrated and the
tumor cells reach the submucosa (Figure 13.7).

Invasive adenocarcinoma of the esophagus was re-
ported to develop in 50%-60% of patients within 3-5
years of a diagnosis of high-grade dysplasia; overall,
10% of all patients with Barrett’s esophagus developed
adenocarcinoma. This number, however, is questionable
since it includes both prevalent and incident adenocarci-
nomas. The real risk for patients with Barrett’s esopha-
gus to develop cancer is most likely 2.5%-3%. The risk
factors for development of cancer are the same as in Bar-
rett’s esophagus: middle-aged white males. Smoking and
alcohol consumption are not significant factors; obesity
may play a role.

The most common location of tumors is in the distal
third of the esophagus. Grossly they appear as firm, white
masses; the adjacent Barrett’s mucosa is salmon color
with velvety appearance (Figure 13.8). Microscopically

FIGURE 13.7

Low-power view of adenocarcinoma in mucosa and submu-
cosa (H&E x 100).

FIGURE 13.8

Polypoid adenocarcinoma at gastroesophageal junction.
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they may have a papillary or tubular growth. Neuroen-
docrine or Paneth cells are present in some tumors. The
majority of adenocarcinomas are either moderate or well
differentiated. A linitis plastica-like growth pattern was
reported (24). Small subsets of adenosquamous, adenoid
cystic, mucoepidermoid, and spindle cell types have also
been reported.

Esophagectomy is the treatment of choice, pre-
ceded by neoadjuvant chemotherapy and radiotherapy.
The prognosis is poor in stages T2 and beyond. Tumors
in stage T1 have a good prognosis (see below).

MANAGEMENT OF DYSPLASIAS
AND CARCINOMAS

Our Experience

During the past 25 years, we have diagnosed and fol-
lowed a cohort of 1,556 patients with Barrett’s esopha-
gus through an organized surveillance program at Hines
Veterans Affairs Hospital, Hines, Illinois. Of the 1,156
patients, 483 had Barrett’s metaplasia, 976 had indefinite/
low-grade dysplasia, and 97 had high-grade dysplasia.
The protocol was in accordance with the standards of
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besity is a worldwide epidemic with

significant impact on public health.

Obesity is defined as a body mass

index (BMI; weight [kg]/height

[m]?) greater than 30, while the
term morbid obesity is generally applied to patients who
meet NIH consensus criteria for surgical therapy, which
include BMI> = 40, or BMI> = 35 with a serious comor-
bidity of obesity (NIH conference 1991). Increased adi-
pose tissue mass is the sine qua non of obesity and has
detrimental effects on virtually all physiologic systems.
Obesity is therefore an important risk factor for multiple
comorbid disease processes. Cancer ranks among these,
as a large body of literature demonstrates that obesity
has important effects on anti-tumor immunity and is as-
sociated with an increased risk of most cancers (1-3).
Animal models of caloric restriction are associated with
reduced incidences of cancer (4), further supporting a
link between mechanisms that regulate carcinogenesis
and weight. Appropriate preventive and interventional
management of cancer of all types must therefore include
consideration of body weight. Obesity is associated with
an increased risk of esophageal adenocarcinoma and its
predecessors, gastroesophageal refl ux disease (GERD)
and Barrett’s esophagus, and is therefore an important
factor to consider in the evaluation of the patient with
or at risk for esophageal cancer.

The Link Between
Esophageal Cancer and

Morbid Obesity

OBESITY AND ESOPHAGEAL CANCER

Due to its low incidence, population-based studies and
meta-analyses have become important tools for the study
of associations between esophageal cancer and putative
risk factors such as obesity. As a whole, this literature
demonstrates a strong association between obesity and
esophageal adenocarcinoma with a dose-dependent ef-
fect of increasing BMI on odds ratios for developing dis-
ease, which range from 2 to 8 at the extremes of BMI
(Table 14.1). Some studies distinguish between tumors
of the distal esophageal and gastric cardia, and taken
together, these data suggest that while obesity is also
a risk factor for adenocarcinoma of the cardia, asso-
ciated odds ratios are generally lower than for adeno-
carcinoma of the distal esophagus, suggesting different
mechanisms of disease pathogenesis. The prevalences of
obesity and esophageal adenocarcinoma have increased
in parallel over the past 3 decades, but a causal relation-
ship between obesity and esophageal adenocarcinoma
remains unproven. Other potential mitigating factors
have also increased in prevalence over the same time
period, most notably the use of effective antacid therapy
and an increasingly high-fat, low-fiber diet. The precise
mechanisms underlying the relationship between obe-
sity and esophageal adenocarcinoma remain unknown
and are the focus of the following discussion, but these
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TABLE 14.1
Obesity and Esophageal Adenocarcinoma
n (cancer or case
OR for esopha- OR for cardia subject or total
Author Location Study design geal cancer cancer population studied)
Brown u.s. National population- 3.1 N/A 174
et al. 1995 based case-control can-
cer registry interview
Vaughan u.s. Population-based Wash- 1.6-2.5 0.8-1.6 298
et al. 1995 ington state SEER cancer
registry database
Lagergren Sweden National population- 2.2-7.6 0.9-2.3 189
et al. 1999 based case-control
Veugelers Canada Case control, single 4.7 N/A 57
et al. 2003 center
Engel u.S. State-based (NJ, CT, 5.4-21.3 0.9-12.9 293
et al. 2003 WA) population-based
case-control
Kubo N/A Meta-analysis 22 1.5 2,488
et al. 2006
Ryan Ireland  Case control, single 4.3-11.3 3.5 760
et al. 2006 center
Hampel N/A Meta-analysis 1.5-2.8 N/A N/A
et al. 2007
Odds ratios are a range from lowest to highest risk, and methods of calculation vary depending on stratification method (e.g., quartiles,
deciles, etc.), referent group (lean vs. less obese), and adjusted confounders. Subject number (n) is reported as number of cases or total
population depending on study design.

associations are certainly multifactorial, and variables
in addition to obesity clearly play a role in the develop-
ment of esophageal cancer.

In contrast to the strong association between
obesity and esophageal adenocarcinoma, most studies
demonstrate either no such association (5,6) or in some
cases, an inverse correlation (7) between adiposity and
squamous cell carcinoma of the esophagus. Indirect sup-
port for a lack of a causal association between these en-
tities is provided by the observation that worldwide, the
incidence of squamous cell carcinoma of the esophagus
is stable or decreasing (8,9), despite the dramatic rise in
the prevalence of obesity. Consistent with these observa-
tions, squamous cell carcinoma of the esophagus may
be more strongly associated with tobacco use, which is
also decreasing in prevalence (10). Also of interest but
of unknown signifi ance, histologic prevalence trends
between adenocarcinoma and squamous cell carcinoma
of the lung over the last few decades are similar to those
associated with esophageal cancer. It is postulated that
similar as yet unknown epidemiologic trends may un-
derlie these phenomena (9). This chapter will discuss the

putative mechanisms underlying the association between
obesity and esophageal cancer.

GASTROESOPHAGEAL REFLUX DISEASE

Obesity is a risk factor for gastroesophageal reflux
disease (GERD), which is in turn a primary risk fac-
tor for esophageal adenocarcinoma. The association
between obesity and esophageal cancer may be related
to GERD. It is important to understand the complexi-
ties of the relationship between GERD and esophageal
adenocarcinoma in order to fully appreciate the role of
obesity in these disease processes. A detailed discussion
of the relationship between GERD, Barrett’s esopha-
gus, and esophageal adenocarcinoma is beyond the
scope of this chapter and is addressed elsewhere in this
book. In brief, strong epidemiologic evidence identifies
GERD as a principal risk factor for the development of
esophageal adenocarcinoma and Barrett’s esophagus as
an intermediate premalignant precursor (11). Despite
this evidence, a direct casual link between GERD and
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esophageal cancer, while strongly suspected, has not
been definitively established. Proving such an intuitive
and biologically plausible association has been difficult
for a number of reasons, including the low overall prev-
alence of esophageal adenocarcinoma, the inaccuracies
of symptomatic assessment and paucity of objective
diagnostic testing for GERD in large population-based
studies, and the increasing variety of currently avail-
able testing methods that define GERD. In addition,
GERD is a diverse disease that encompasses both acid
and non-acid reflux, degrees of severity, and periods of
remission and exacerbation. Not surprisingly, conflict-
ing epidemiologic trends suggest a complex and multi-
factorial relationship between GERD and esophageal
adenocarcinoma. For example, while adenocarcinoma
of the esophagus has a strong male and Caucasian
predominance, only weak gender and ethnicity pre-
dispositions exist for GERD (12-14). In addition, the
increased prevalence of both GERD and esophageal
adenocarcinoma appear to have begun simultaneously,
a finding inconsistent with the long latency period be-
tween initiation and development of cancer. Despite
these inconsistencies, however, a preponderance of data
support the hypothesis that GERD is indeed an impor-
tant risk factor for esophageal adenocarcinoma. Three
large population-based case-control studies demon-
strate severity and duration of GERD to be associated

with increasing risk of esophageal adenocarcinoma in a
dose-dependent fashion (6,15,16).

The relationship between obesity and GERD is
similarly complex. Despite conflicting data (17,18) and a
long history of debate, the majority of literature (19-23),
including large recent studies (24,25) and a comprehen-
sive meta-analysis (26), confirm that obesity is an inde-
pendent risk factor for GERD and that increasing BMI
has a dose-dependent effect on the likelihood and sever-
ity of symptomatic GERD (Table 14.2). Obesity also ap-
pears to be associated with an increased risk of erosive
esophagitis and Barrett’s esophagus (27,28), although
these relationships have been more difficult to establish
given their relatively lower prevalence and requirement
for endoscopic diagnosis. Most of the literature address-
ing the relationship between GERD and obesity study
BMI. Of interest, at least 2 studies identify waist circum-
ference, often used as a surrogate for visceral adiposity,
as a risk factor for Barrett’s esophagus independent of
BMI (29). These data not only underscore the weakness
of relying on a single measure of obesity, in this case
BMI, as a determinant of risk but also suggest the pos-
sibility that visceral adiposity may be a more specific
predictor of obesity-related esophageal disease when
compared to subcutaneous adiposity. Indeed, the me-
chanic effects of increased visceral adipose tissue mass
on the anti-reflux mechanism are commonly proposed

TABLE 14.2
Obesity and GERD
n (obese or case
su