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The mere formulation of a problem is far more essential than its
solution, which may be merely a matter of mathematical or experi-
mental skills. To raise new questions, new possibilities, to regard old
problems from a new angle requires creative imagination and marks
real advances in science. Imagination is more important than
knowledge. The important thing is not to stop questioning.

Albert Einstein

During the past 30 years, thanks to the efforts of leading
urologists, gynecologists, basic scientists, pharmacologists, neu-
rophysiologists, and geriatricians, we have made unprecedented
achievements in female pelvic medicine and reconstruction.
These people have worked hard and deserve all the respect and
honor they receive. They have done remarkably well in applying
new ideas and technologic advances to the field.

Intellectual capital is knowledge, information, and experience
that can used to create better medicine. This collective brain-
power it is hard to identify and harder still to deploy effectively,
but once found and exploited, success is at hand. In this book,
we have used this intellectual brainpower of all our collaborators
to address simple and complex clinical conditions, with a focus
on many medical and surgical specialties.

We have resisted the temptation to offer easy formulas and
checKklists because the fields of female pelvic medicine and recon-
structive surgery are new and continuing to evolve. Although
some of the chapters written today may be outdated at the time
of publication, we have done our best to provide the most current
information available.

The principal contribution of this book is the array of chapters
written by leaders in the field that describe the challenges of
female pelvic medicine and reconstruction and that offer a frame-
work on which health care professionals can build useful and
valuable strategies for treating patients. Although the authors
have expressed their own opinions, they also have incorporated
the most current scientific and clinical information into acces-
sible formats. They have researched the best evidence for clinical
application and have critically appraised that evidence for its
validity and usefulness. We thank them all for their great
efforts.

We will count this book a success if it inspires many readers
to generate ideas far beyond any we have included or we could
imagine.

Shlomo Raz and Larissa Rodriguez
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Chapter 1

DEVELOPMENTAL ANATOMY AND
UROGENITAL ABNORMALITIES

Kathleen Kieran, Jerilyn M. Latini, and David A. Bloom

Knowledge of the prenatal development of the genitourinary
system is essential to understand congenital disorders and normal
urinary tract function and anatomy. This chapter summarizes the
key milestones in genitourinary tract development at the organ
and cellular levels. Many genes appear to play key roles in the
molecular signals for development and differentiation of compo-
nents of the genitourinary system. These genes are temporally
and locally expressed during development, and without them,
normal development fails." The kidney development database’
(http://www.ana.ed.ac.uk/anatomy/database/kidbase) provides a
list of these genes, and updated or revised designations can be
found in the international database (http://www.gene.ucl.ac.uk/
nomenclature).

DEVELOPMENT OF THE GENITOURINARY SYSTEM

The genitourinary system begins to take form from intermediate
mesoderm in the third week of gestation. At this point, the
embryo is a bilaminar disk composed of external ectoderm and
internal endoderm. The longitudinal growth of the embryo
begins to exceed its transverse growth, such that the resulting
tension induces folding of the cranial and caudal ends toward
one another around the umbilical stalk. This folding brings the
cloacal membrane (a bilaminar membrane in the caudal portion
of the embryo, distal to the allantois) ventrally. The endoderm-
lined yolk sac dilates, and the cloaca forms.

The cloaca ultimately is divided into the anterior urogenital
sinus and the posterior rectum (Fig. 1-1), although the mecha-
nism is debated. It was once believed that urorectal folds on
either side of the midline grew caudomedially to fuse with the
cloacal membrane and divide the cloacal membrane into the
urogenital sinus and the dorsal rectum by week 7. Subsequent
regression of the tail then rotated the urogenital sinus and rectum
dorsally. Some investigators™ have suggested that the urorectal
septum may not exist or may not fuse with the cloacal
membrane.

The development of the urinary tracts and portions of the
genital system is induced by the mesonephric and parameso-
nephric (miillerian) ducts. Both ductal systems grow toward the
urogenital sinus; the mesonephric ducts grow medially, whereas
the millerian ducts have already fused into a single midline
structure. Fusion of the wolffian ducts with the cloaca occurs by
the middle of the fourth week (day 24). The junction of the miil-
lerian ducts and the urogenital sinus is a central embryologic
location called Miiller’s tubercle. The mesonephric ducts bend
laterally; at this bend, a ureteric bud forms. The portion of the
mesonephric duct between the urogenital sinus and the ureteric
bud is called the common nephric duct, and by day 33, it is

absorbed into the urogenital sinus, providing an island of
mesoderm in the otherwise endoderm-based urogenital sinus
(Fig. 1-2). This mesodermal island expands laterally to become
the trigone of the bladder. The location of the ureteric bud
relative to the urogenital sinus determines whether the ureteral

Urogenital sinus

Mesonephric

Mesonephric duct ./ duct

4 weeks 6 weeks
Ureteral

bud

Ureteral bud

Rectum

Over 15 weeks

7 weeks

Ureter
Trigone

~ Ejaculatory
duct

Figure 1-1 Development of the lower urinary tract. At 4 weeks, the
cloaca is divided by a septum into an anterior urogenital sinus and
posterior rectum. The mesonephric duct already joins the anterior
portion of the cloaca, and the ureteral bud has started to develop
at the bend of the mesonephric duct as it turns forward and
medially to join the urogenital sinus. At 6 weeks, the urorectal
septum progressively separates the urogenital sinus anteriorly from
the rectum posteriorly. By week 7, the separation is complete,

and the ureter and the mesonephric duct acquire separate openings
in the urogenital sinus. After the 12th week, the ureter starts its
upward and lateral movement as the mesonephric duct moves
downward and medially. Tissue absorbed in between forms the
trigone.
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Figure 1-2 The lower end of the mesonephric duct as it joins the
anterior division of the cloaca. Notice that the common nephric
duct is progressively absorbed into the urogenital sinus. By week 7,
the ureter and the mesonephric duct have separate openings, and
rotation takes place. The ureter moves upward and laterally, and
the mesonephric duct moves downward and medially, expanding
the absorbed tissue to form the trigonal structure.

orifices will be orthotopic; a ureteric bud that originates on a
short, common nephric duct will be incorporated sooner into
the bladder, with resultant lateral displacement of the ureteral
orifices. The intramural ureteral tunnel predisposes to vesico-
ureteral reflux. Conversely, ureteric buds that are located a great
distance from the urogenital sinus will be incorporated into the
urogenital sinus later and may be associated with ectopic drain-
age into surrounding structures.

The ureteric bud continues to grow craniolaterally while the
mesonephric duct (distal to the bifurcation of the common
nephric duct into the mesonephric duct and ureteric bud) grows
caudomedially. The ureter undergoes a process of obstruction
during the sixth week (37 to 40 days) and then is recanalized from
the central portion to the cranial and caudal limits. Incomplete
recanalization at either end may account for obstruction at the
ureteropelvic junction or at the ureterovesical junction, where a
thin transient membrane (i.e., Chwalla’s membrane) may fail to
dissolve. The cuboidal epithelium of the immature ureter evolves
to a lining of transitional cells by 14 weeks.

The urogenital sinus expands caudally to form the bladder
and gives rise to the posterior urethra in males or the entire
urethra and distal third of the vagina in females. The cranial
portion of the urogenital sinus tapers during the third month of
gestation so that the allantois forms the urachus and the saccular
bladder remains in place. The intramural bladder wall develops
throughout the remainder of gestation, with collagen formation
beginning in the lamina propria and with subsequent intercala-

tion between intramural muscle fibers. Intramural muscle fibers
form as perivesical splanchnic mesoderm matures after induction
by epithelial-mesenchymal interactions. Compliance of the fetal
bladder increases over time in human fetuses and in animal
models.*”” Koo and colleagues’ showed a decreasing ratio of type
3 to type 1 collagen in the fetal bovine bladder; the changing
ratios of perivesical collagen and muscle likely account for at least
a portion of this evolution.

| Renal and Ureteral Development

The renal excretory unit is the result of a complex developmental
process influenced by reciprocal induction of mesenchyme and
the ureteric bud and by many molecular events. The kidney
develops in three stages. The first is the pronephros, which arises
late in the third week in the cranial portion of the embryo. Pro-
nephric tubules develop cranially and extend caudally, but they
degenerate quickly, and the pronephros is obliterated by the start
of the fifth week. By day 24, mesonephric ducts are present at the
ninth and tenth somites. These ducts grow caudally to the cloacal
membrane by day 28, fuse in the midline, and eventually form
the bladder. Caudal canalization and then cranial canalization
follows. The mesonephros, unlike its predecessor, is able to
accomplish limited excretory function for the growing embryo.
Mesonephric tubules along the medial nephrogenic cords form
and dissolve, sequentially disappearing by the fourth month of
development to leave only remnants. Some tubules develop
lumens and vesicles and twist into an S shape, in which the lateral
portion becomes the mesonephric duct and the medial portion
surrounds capillaries originating in the aorta and forms a primi-
tive renal corpuscle. Cranially, the tubules form efferent ductules.
The mesonephric ducts give rise to the epididymis and vas
deferens, and in females, remnants persist as the paroophoron
and epoophoron, which are vestigial mesosalpingeal structures.

The metanephros gives rise to the fetal kidney. It forms in the
sacral region as the ureteric buds arise from the mesonephric
ducts. As the ureteric buds grow cranially, they encounter meta-
nephric mesenchyme on about day 28. After the ureteric bud
contacts the mesenchyme, release of many factors culminates in
reciprocal induction of growth factors governing the develop-
ment of the metanephric system. The ureteric bud divides repeat-
edly between weeks 6 and 32 of development, ultimately giving
rise to the collecting system: the collecting ducts, calyces, renal
pelvis, and ureter. The metanephric mesenchyme gives rise to the
parenchymal portions of the kidney that perform filtration and
clearance: the glomeruli, proximal and distal tubules, and loop
of Henle. Because of the lengthy period during which branching
of the ureteral bud occurs, the growth of the metanephric mes-
enchyme that will give rise to renal parenchyma is not uniform;
nephrons at the juxtamedullary region are formed earlier and
mature sooner than nephrons in more peripheral locations.
Nephrons undergo four defined stages of development in the
human. Stage I occurs when the metanephric mesenchyme is
fully discrete from the ureteral bud. Stage II begins when the S-
shaped nephron connects with the ureteral bud. In stage III, an
ovoid structure emerges, and in stage IV, a round glomerulus is
seen. Most nephrons in humans are stage IV at birth, although
maturation is completed fully in the early postnatal period.’

As the kidneys grow, their location in the embryo becomes
progressively more cranial; this is likely caused by active growth
of the kidney parenchyma and by increased differential growth
of the caudal portion of the embryo. As a result, the kidneys
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ascend from their initial pelvic location to the upper retroperito-
neum. As renal ascent proceeds, new blood vessels are generated
cranially, and the more caudal blood vessels break down. In
postnatal patients with renal ectopia, the renal blood supply is
typically anomalous because angiogenesis is arrested when renal
ascent ceases. The possibility of an aberrant blood supply should
be considered in any patient with renal ectopia.

| Formation of the Urogenital Sinus and External Genitalia

With dissolution of the tail and further development of the lower
abdominal wall, the cloaca returns to a more dorsal position, and
mesodermal proliferation in the fifth week forms genital tuber-
cles. These tubercles ultimately fuse in the midline to form the
phallus or clitoris. The urogenital sinus remains at the base of the
tubercles; the folds of the urogenital sinus ultimately fuse in
the male to form the penile urethra and widen in the female to
form the vaginal vestibule and the discrete labia minora. The
endodermally derived urethral groove develops from the uro-
genital sinus in the sixth week, and the urethral plate (a deepen-
ing of this groove) forms shortly thereafter. Male and female
embryos remain morphologically identical until approximately
12 weeks’ gestation.

| Abnormalities of the Urogenital Sinus

Bladder exstrophy occurs in approximately 1 of 30,000 births and
is seven times more likely in children conceived through in vitro
fertilization.® This disorder is characterized by early rupture of
the cloacal membrane, which is sometimes related to an intrinsic
defect in the membrane. It is more common in males than in
females by a ratio of approximately 2:1 to 6:1,” and it is related
to epispadias and to cloacal exstrophy. The latter condition is also
associated with early rupture of the cloacal membrane, although
it occurs much less commonly (1 in 200,000 to 400,000 births').
Although no genes associated with either condition have been
definitively identified, the risk of bladder exstrophy is substan-
tially greater with an affected relative (1 in 275) or an affected
parent (1 in 70).” Mesenchymal ingrowth between the ecto-
dermal and endodermal layers of the cloacal membrane ulti-
mately results in formation of the lower anterior abdominal wall
and division of the cloaca into the anterior urogenital sinus and
posterior rectum. Both disorders are associated with malfor-
mations of other organ systems, including the limbs, lower
anterior abdominal wall, pelvic girdle, and in the case of cloacal
exstrophy, the hindgut. Management of these conditions remains
challenging.

| Gonadal Development

Development of the testes and ovaries is initiated in the fifth week
of gestation, when germ cells from the yolk sac migrate to the
posterior body wall, inducing formation of the urogenital ridge
medial to the mesonephros (Fig. 1-3). Invasion of the adjacent
mesenchyme in the sixth week creates a primitive gonad with
epithelium and blastema; the latter is formed from loosened
epithelial cells. Persistent growth of the germinal epithelium into
the adjacent mesenchyme forms cords that ultimately branch
many times and form seminiferous tubules.

Initially, all embryos have the potential to become male or
female; the development of internal or external genitalia is an
event influenced by genetic, endocrine, and paracrine factors.

SRY, a gene on the short arm of the Y chromosome, induces
formation of the Sertoli and Leydig cells. It also induces secretion
of anti-miillerian hormone (AMH), formerly called miillerian-
inhibiting substance (MIS), which induces regression of the ml-
lerian system between 8 and 10 weeks’ gestation.” Remnants of
the miillerian system in the male include the prostatic utricle and
the appendix testis. AMH has unilateral paracrine activity, and
expression is required locally and bilaterally to achieve eradica-
tion of miillerian structures. Failure of testicular secretion of
AMH or lack of receptive tissue results in persistence of the miil-
lerian structures ipsilaterally as a miniature uterus and fallopian
tube, typically associated with an inguinal hernia (i.e., hernia
uteri inguinale). In the absence of SRY protein and AMH, ovarian
follicles form from the maturing cortex at 3 to 4 months.

Testosterone, which is secreted by the Leydig cells, and dihy-
drotestosterone, which is a derivative of testosterone arising from
the action of 50-reductase, play key roles in the development of
the male ductal anatomy and external genitalia. Testosterone
induces formation of the vasa deferentia and efferent ductules.
Cranially, the mesonephric ducts degenerate, leaving the epididy-
mis and its appendix. The distal mesonephric ducts give rise to
the seminal vesicles. Testosterone stimulation and local conver-
sion to dihydrotestosterone induce development of the prostate.
Dihydrotestosterone also is locally responsible for fusion of the
labioscrotal folds and the phenotypic development of the male
external genitalia. Figure 1-4 illustrates the developmental and
phenotypic correlates of male and female external genitalia.

Descent of the fetal gonad is a two-step process. During the
third month, the embryonic gonad is retroperitoneal and
descends caudally so that by the seventh month, it is at the inter-
nal inguinal ring. The gubernaculum forms in the seventh week,
and the processus vaginalis develops as a peritoneal outpouching.
The second phase of scrotal descent occurs during the eighth and
ninth months.

The exact mechanism by which the testicle descends into the
scrotum is unknown. Theories include contraction of the crem-
asteric fibers with resultant shortening of the gubernaculum,
swelling of the tissue surrounding the inguinal canal such that
the canal is widened sufficiently for passage of the testis, and
increased intra-abdominal pressure with subsequent passage of
the testis through the inguinal canal.” The ovarian gubernaculum
attaches to the miillerian ducts in the seventh week when fusion
of the paramesonephric structures creates the broad ligament
from folds of peritoneum. The gubernaculum then divides into
two portions. Superiorly, the ovarian ligament connects the
uterus and ovary, and inferiorly, the round ligament connects the
ovary and the labioscrotal folds.

Abnormalities in Development of
Internal and External Genitalia

Abnormalities in the development of the internal and external
genitalia can be divided into those in which only the external
genitalia are affected and those in which the internal and external
genitalia are affected. Disorders in which the external genitalia
are affected are considered ambiguous genitalia (“hermaphrodit-
ism”) and occur in approximately 1 of 30,000 live births. Male
pseudohermaphrodites are genetically 46,XY, with preserved
wolffian duct structures and internal testicular tissue but femi-
nized external genitalia.'"'* Female pseudohermaphrodites (60%
to 70% of hermaphrodites) are genetically 46,XX, with preserved
miillerian structures and internal ovarian tissue but virilized
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external genitalia. True hermaphrodites are rare and have both
ovarian and testicular tissue, typically with a 46,XX genotype'';
there is no consistent appearance of the external genitalia, but
about 75% of patients have male external genitalia with hypospa-
dias and variable gonadal descent."

Female pseudohermaphrodites are most commonly the result
of 21-hydroxylase deficiency," an autosomal recessive disorder
in which insufficiency of this enzyme leads to incomplete synthe-
sis of all products in the steroidogenic pathway in the adrenal
gland. The lack of production of the final product yields lack of
feedback on the precursors, and intermediate products (many of
them androgenic at high doses) accumulate. Less commonly,
other enzymes in the steroidogenic pathway are affected; 3f3-

Figure 1-3 The undifferentiated sexual structures early in
embryonic life (eighth week) grow and differentiate into
female or male forms. The representative segments and their
future course (depending on sexual differentiation) are
illustrated. (From Tanagho EA: Embryology of the genitourinary
system. In Tanagho EA, McAninch JW [eds]: General Urology,
14th ed. Norwalk, CT, Appleton & Lange, 1995.)

hydroxylase deficiency is rare, whereas 11-hydroxylase deficiency
is associated with salt retention and hypertension rather than the
salt wasting observed with 21-hydroxylase deficiency. The end
result is virilization of the external genitalia while the normal
female internal genitalia are preserved. Less frequently, extrinsic
exposure to androgens can be the cause. In either case, manage-
ment of the affected patient includes correction of the electrolyte
abnormalities and reconstruction of functional phenotypic
anomalies.

Male pseudohermaphrodites arise through defects in andro-
gen synthesis or recognition in the developing embryo. Androgen
resistance is an X-linked abnormality seen in approximately 1 of
60,000 newborns, in which the testes form and function normally
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Figure 1-4 Development of the male and female external genitalia. Notice that the genital tubercles that develop on the undersurface of the
cloacal membrane progressively enlarge and fuse to form the body of the penis in the male and to form the clitoris in the female. Fusion of
the urethral folds completes the urethral formation in the male, whereas the folds remain as the labia in the female. The post-tubercle
segment of the urogenital sinus opens to become the vaginal vestibule of the female, whereas in the male, it forms part of the urethra,

which is completed by the urethral fold fusion.

but the target tissues have a receptor defect that renders them
insensitive to androgens.'""> AMH is still secreted by the normal
testes, and the miillerian ducts degenerate. Wolffian structures
are preserved. Many of these patients present at puberty, but
patients who are identified soon after birth can be given testos-
terone or human chorionic gonadotropin to stimulate phallic

growth and determine whether male gender assignment is feasi-
ble." Testes should be closely monitored or removed because of
the risk of dysgerminoma.

True hermaphroditism is associated with the presence of
ovarian and testicular tissue. Lateral hermaphroditism is associ-
ated with the presence of an ovary on one side and a testis on the
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other. Unilateral hermaphroditism is associated with an ovotestis
on one side and a normal gonad on the other. Bilateral hermaph-
roditism is associated with bilateral ovotestes. Like male pseudo-
hermaphroditism, true hermaphroditism is associated with an
increased risk of neoplastic conversion in the testis."

Less common abnormalities of gonadal development include
mixed gonadal dysgenesis and pure gonadal dysgenesis. In the
former, karyotypes are typically 45,X/46,XY, and patients have a
single testis accompanied by a streak ovary. These patients are at
increased risk for dysgerminoma. In pure gonadal dysgenesis,
ambiguous genitalia are not present; these patients are at increased
risk for gonadoblastoma.'"'?

Because formation of the female reproductive system from the
miillerian ducts relies on fusion of primitive structures, abnor-
malities of fusion are not uncommon. Normal development of
the miillerian system relies on elongation of the epithelial tubes
lateral to the wolffian ducts, fusion of these ducts after reaching
Muller’s tubercle, independent recanalization of each side, and
resorption of the residual septum in a caudad-to-cephalad
fashion. Failure at any of these steps may result in disorders such
as unicornuate uterus, persistent vaginal septum with resultant
septate vagina, or Mayer-Rokitansky-Kister-Hauser syndrome
(1 in 5000)."* In the latter syndrome, failure of miillerian duct
fusion gives rise to vaginal agenesis, although the ovaries and
fallopian tubes develop normally. Concomitant renal and geni-
tourinary (15% to 40%) or skeletal (12% to 50%) abnormalities
occur.'"?

MOLECULAR CAUSES OF
ABNORMAL DEVELOPMENT

During the past decade, significant advances have been made in
the identification of the genes and their proteins involved in the
normal and abnormal development of the genitourinary tract.
Knowledge of the precise molecular events involved in embryo-
genesis is evolving rapidly, and key genes and proteins crucial to
certain steps in genitourinary development are discussed in the
following sections.

| FGF10

Fibroblast growth factor 10 (FGF10) is expressed in the mesen-
chyme of the genital tubercle; FGF8 is expressed by urethral
tissues. Interactions between these structures likely induce growth
of the male phallus. The lack of FGF10 expression is theorized to
account for the hypospadiac morphology with failure of fusion
of the distal urethral plate, although the plate itself appears to
develop normally because of the presence of FGF-8.'"

| GDNF

Glial cell-derived neurotrophic factor (GDNF) is a mesenchyme-
derived signaling factor that is a member of the transforming
growth factor-B (TGF-B) family. It acts as the ligand for the RET
receptor and induces growth of the ureteral bud during its inter-
action with the metanephric mesenchyme. In GDNF-knockout
animals, development of the pronephros and mesonephros
proceeds normally, but metanephric development is stunted by
the lack of reciprocal interactions between the mesenchyme and
the ureteral bud.'® Similar defects are seen in WT1 mutants'® and

RET-deficient mutants, although the latter may have primitive,
poorly developed kidneys.""

| WNT4

WNT4 (ie., wingless-type mouse mammary tumor virus
[MMTV] integration site family member 4 protein) is expressed
in the mesenchyme adjacent to the mesonephric ducts and in the
metanephric mesenchyme. WNT4 mutants have abnormally
small, dysplastic kidneys and arrest of development at the level
of formation of the renal tubules and renal epithelium from the
mesenchyme.' It is theorized that WNT4 signals enable organiza-
tion of the epithelial cells into tubular structures.”

| AMH

Behringer and colleagues™ found that in AMH knockouts, testes
were bilaterally descended, but the female reproductive organs
remained intact, although they were often hypoplastic. Testes
had Leydig cell hyperplasia, but spermatogenesis and semen
analyses were normal in the affected animals. In contrast, mice
that did not produce AMH but who also had a defect in the
androgen receptor had absent wolffian structures and bilaterally
undescended testes with maturational arrest in spermatogenesis.
AMH is thought to exert its effects through paracrine actions,
and it must be present before week 8 of gestation to induce
miillerian regression.'®

Bartlett and coworkers® evaluated mice heterozygous for the
AMH gene. These heterozygotes had poor development of the
cremaster-gubernacular complex; the gubernaculums did develop
but remained fibrotic and had poor cremaster development.
Testes descended normally in these mice. The investigators con-
cluded that AMH was not the determinant of gubernacular
development or testicular descent but that it did play a key role
in cremaster development.

Defects in the type II anti-miillerian hormone receptor gene
(AMHR?2) (formerly referred to as the MIS type II receptor gene)
have also been associated with persistent presence of parameso-
nephric structures. Persistent miillerian duct syndrome (PMDS)
is a subtype of male pseudohermaphroditism in which the exter-
nal genitalia are virilized and are morphologically normal, but
paramesonephric structures persist. Hoshiya and associates™
reported a novel mutation in the AMHR2 gene caused by abnor-
mal splicing; prior research identified additional abnormalities in
the gene caused by base pair mutation in an intron and by dele-
tion of genetic material from an exon.

AMH is a hormone associated with the TGF- family that is
expressed in neonates, with a peak level occurring in male infants
and in prepubertal girls. In addition to effects on degeneration
of the miillerian system, its exact hormonal effects are unknown.
However, it was shown to decrease testosterone production by
the Leydig cells by a cytochrome P450—dependent mechanism in
one study.” Testosterone levels were increased in normal con-
trols compared with hypospadiacs, and AMH protein levels were
inversely correlated, suggesting that AMH may influence external
genital development and induce the hypospadiac phenotype.

AMH expression has been a useful means of differentiating
between patients with extrinsic and those with intrinsic viriliza-
tion. Because AMH is synthesized by the Sertoli cells, elevated
AMH levels in male infants with undescended testes suggest the
presence of normal or malignant testicular tissue, whereas the
absence of AMH is associated with residual ovarian tissue.**
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| KSP-Cadherin

KSP-cadherin, also designated CHD16 or cadherin 16, is a cell-
adhesion molecule expressed solely in the tubular epithelial cells
of the kidney and genitourinary tract during prenatal develop-
ment. Using protein linkage and immunoassays, expression of
KSP-cadherin has been localized to the embryonic ureteric bud,
wolffian duct, miillerian ducts, and mesonephric and metaneph-
ric structures. In adults, expression is limited to the thick ascend-
ing loop of Henle, proximal renal tubules, and Bowman’s
capsules. Shao and colleagues™ demonstrated that tissue-specific
expression of this protein could be established through linkage
to a promoter and that a small segment of DNA adjacent to the
promoter was adequate for tissue-specific expression. Although
the exact function of KSP-cadherin has not been elucidated, its
tissue-specific expression during development suggests that it
may be involved with organogenesis of the genitourinary
system.”

| PAX2

PAX genes have been linked in previous research to abnormal
prenatal development of the renal and visual systems, including
Waardenburg’s syndrome, aniridia, and alveolar rhabdomyosar-
coma. PAX2 (i.e., paired box gene 2) is localized to chromosome
10. It is expressed in the mesonephric ducts, ureteral bud, and
the periureteral mesenchyme, and it is absent in mature
nephrons.

Animals heterozygous for the PAX2 gene had diminished
kidney size and disorganized structure, with a thin cortex,
decreased number of cortical structures, increased cystic compo-
nents, and immaturity of mesenchyme-derived tissue.'* Homo-
zygous PAX2-knockout animals manifested renal agenesis
associated with failure of wolffian duct formation.*® These abnor-
malities are referable to failed branching of the ureteral bud, lack
of appropriate differentiation of the metanephric mesenchyme,
or failure of reciprocal induction of the mesenchyme and ureteral
bud.* Sanyanusin and coworkers” found similar ultrastructural
abnormalities in heterozygotes in a family cohort with a known
PAX2 mutation who were affected by optic nerve colobomas and
genitourinary abnormalities, including vesicoureteral reflux and
anomalous renal development. Animal models homozygous for
PAX2 mutations failed to develop genitourinary tracts; develop-
ment of the external genitalia was also abnormal because of
limited growth of the mesonephric duct and subsequent failure
of the subdivision of the cloaca.'

| WT1

Wilms’ tumor 1 gene (WT1) is one of the most well-known genes
in renal development. Located on chromosome 11p, its linkage
to the appropriate receptor results in blockage of transcription,
and abnormal linkage is associated with development of Wilms’
tumors. Clarkson and associates” demonstrated that mutations
in the WTI gene were associated with nephric anomalies and
genital anomalies, although the latter were not observed indepen-
dently of the former. Expression of the WT1 protein has been
localized to the mesonephric tubules and metanephric mesen-
chyme, and prenatal lack of expression is associated with failure
of metanephric development; WT'1-knockout mice fail to develop
caudal mesonephric tubules, which ultimately give rise to renal
structures.'® Thelocal events surrounding WT1 expression appear

to include suppression of insulin-like growth factor 2 (IGF2)
expression in the local mesenchyme, because IGF2 is expressed
before WTT1 activity, and IGF2 expression declines in the pres-
ence of WT1."”

WT1 has been associated with prenatal expression of PAX2
and AMH. WT1-knockout mice fail to express PAX2, and WT1
is thought to exert effects on AMH expression in the developing
embryo. Activity of the AMH promoter is known to be under the
influence of many substances, including WT1, GATA-binding
protein 4 (GATA4), SRY-box 9 (SOX9), and splicing factor 1
(SF1). WT1 expression in the developing embryo parallels that
of AMH expression while miillerian regression takes place, and
WTT1 binds to a specific region of the AMH promoter.”” Abnor-
malities in the WTI gene are associated with development of
Wilms’ tumor and with less common syndromes such as the
Denys-Drash syndrome (i.e., ambiguous genitalia, rudimentary
gonads, nephrotic syndrome, and Wilms’ tumor) and Frasier
syndrome,” which is characterized by dysgenetic gonads and
renal anomalies with development of the nephrotic syndrome.”
Abnormalities in sex differentiation of WT1 mutants are linked
to preservation of a triplet of amino acids (KTS: lysine, threonine,
and serine); without KTS preservation, there is decreased synthe-
sis of AMH and SRY. Genetic males with a 46,XY karyotype
will be phenotypic females with preservation of miillerian
structures.”

| HOXA

Homeobox genes have been identified in multiple organisms,
from mammals to insects and lower organisms, and they appear
to affect structural symmetry during organogenesis. Research has
identified homeobox genes as important for the normal develop-
ment of the genitourinary tract. Cohn’ reviewed the research
that found that homeobox genes were needed for the normal
growth and differentiation of the urethral plate and distal genital
tubercle. Development of the genital tubercle parallels that
of development of the limb buds in the embryo; without
HOXA genes, growth of the distal genital tubercle remains
rudimentary.

Mutations in the homeobox genes have also been associated
with abnormal development of the external genitalia, often
in the setting of a syndrome of developmental abnormalities. One
such novel syndrome is X-linked lissencephaly with abnormal
genitalia (XLAG), in which patients have frameshift or point
mutations in the Aristaless-related homeobox gene (ARX).”
Affected patients present with neural malformations, including
agenesis of the corpus callosum, abnormalities of midline struc-
tures in the brain, disorganized and incomplete development
of the cerebral cortex, and micropenis with bilateral undescended
testicles. Some patients also have associated renal phosphate
wasting.”

The importance of the homeobox genes in regulating
normal organogenesis is underscored by duplication of function.
HOXA and HOXD genes have been found to have compensatory
activity for mild mutations such that affected embryos may
develop without significant congenital abnormalities. However,
more severe or extensive mutations in either gene cannot be
compensated by the remaining normal gene.”* Work by Utsch
and colleagues®™ found that novel mutations in the homeobox
genes associated with the hand-foot-genital syndrome may
reflect the limitations of duplicated function in compensatory
genes.
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| Androgen Receptor

Androgen resistance is associated with decreased growth of the
glans and corpora cavernosal structures, but the corpus spongio-
sum develops normally and may be hypertrophied. This pattern
of development suggests that although growth of the corpora
cavernosa may be induced by androgens, growth of the corpus
spongiosum is androgen independent."”

Shapiro and coworkers™ evaluated an animal model of con-
genital adrenal hyperplasia by exposing embryos to androgens
for different periods. They found that virilization resulting from
congenital adrenal hyperplasia could be induced through exoge-
nous androgen exposure between 8 and 13 weeks™ gestation.
However, even within this time frame, morphologic changes
observed after early androgen exposure differed from those
induced by later exposure. Exposure to androgens earlier in the
critical period was associated with increased virilization, includ-
ing complete fusion of the labioscrotal folds and clitoromegaly.

| References

Clitoromegaly alone was observed with later exposure to andro-
gens. Shapiro’s group theorized that somatic growth of
the embryo and genital structures later than 13 weeks’ gestation
was independent of the influence of testosterone and other
androgens.

CONCLUSIONS

Development of the genitourinary tract is a complex series of
events and interactions over time and space. Common and
uncommon errors in these events and interactions result in
anomalies and may set the stage for dysfunctions later in life.
Understanding the prenatal events involved in the development
of the genitourinary tract facilitates comprehension of normal
and aberrant postnatal anatomy and informs management of
urologic disorders.
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Functional behavior of the urinary bladder has been investigated
for more than a century, but several aspects of the mechanism of
voiding and the way it is altered in vesical dysfunction remain
unresolved. This can largely be attributed to the complexity of
structural organization of the bladder and its outlet and the
matching complexity of their functions.'”’

The storage (i.e., filling) and expulsion (i.e., voiding) phases
of micturition involve essentially opposite functions of the
bladder and urethra.® The bladder acts as a reservoir for urine
during filling and as a pump for expelling its stored urine during
voiding. The urethra during bladder filling is closed, sealed, and
noncompliant, acting as a sphincter to maintain continence, but
it opens, dilates, and becomes compliant during voiding, acting
as a conduit for the urinary stream. Efficient urine storage
requires a compliant and stable detrusor together with a conti-
nent bladder outlet.>” Compliance of the detrusor allows disten-
tion of the bladder to capacity, and its stability ensures absence
of untimely contractions that could involuntarily force some
urine past the closed outlet, resulting in incontinence. Complete
emptying of the full bladder’ depends on optimal contractility of
the detrusor so that it can mount a strong, speedy, sustained, and
unitary voiding contraction; coordinated opening of the bladder
outlet; and maintenance of the opened outlet as a free conduit
for an uninterrupted and strong urinary stream.

The anatomy and structure of the bladder and urethra must
be optimally suited to the complex dynamic events in the mictu-
rition cycle.® Important elements in this regard are the inherent
physical and biomechanical properties of the tissue components
of the vesical and urethral walls and their bearing on organ dis-
tensibility and contractility.*'*'* Two crucial elements are the
topographic and microstructural organization of the muscula-
ture of the bladder wall and urethra and the elaborate system of
vesicourethral innervation, with complex central cephalospinal
control and intricate peripheral pathways.'*'*!

Various disciplines have contributed through experimental
and clinical investigation to our knowledge of bladder function
and dysfunction. Gross anatomy was the natural start during the
previous century, and it prevailed for many decades. It resulted
in some fundamental concepts that have been expanded and
refined in the current century as the result of improved methods
of dissection, neuroanatomic tracing techniques, and micro-
scopic staining procedures. After the initial era of anatomic
investigation, the principal approach to studies on voiding has
been the characterization of physiologic and muscular responses
of the lower urinary tract, mainly the bladder. It is undeniable
that definition and measurement of these responses are impor-
tant for understanding the overall nature of neuromuscular func-
tion of the bladder and urethra. Nonetheless, such an approach
cannot define the factors that determine function of the effector

organ (i.e., smooth muscle of detrusor and urethral wall) in
regard to the exact mechanism and balance of their contractility,
distensibility, and stability during the filling and expulsion phases
of micturition. Attempts to define these factors based purely on
physiopharmacologic studies are largely inferential and have gen-
erated some misconceptions. One such misconception is the idea
that the sympathetic autonomic nervous system has little or no
role in vesical or urethral function."'® This dogma prevailed
through the mid-1960s, until it was invalidated by microscopic
proof of sympathetic innervation of the vesicourethral muscula-
ris, which was subsequently confirmed by innumerable physio-
pharmacologic observations."**’

Landmarks in our knowledge of muscular anatomy of the
lower urinary tract”®'”'® include continuation of the muscularis
of the terminal ureters as the vesical “trigone” and beyond into
the dorsal wall of the urethra; the nonlayered, interwoven orga-
nization of muscle bundles of the detrusor"’; identification of a
vesical sheath around the terminal ureters,'” which was eventually
refined as the concept of dual ureteral sheath®*'; and the concept
of the rhabdosphincter as an integral striated muscle component
of urethral muscularis."»** Milestones in our knowledge of the
innervation and neural control of the bladder and urethra
include'” definition in the spinal cord of a sacral parasympathetic
and a lumbar sympathetic nucleus for subcephalic bladder
control, as well as a sacral cord nucleus supplying peripheral
somatomotor innervation of the volitional urinary sphincter”%
multilevel localization of centers of bladder control in the brain,
their interconnections, and their spinal neurotract projec-
tions* % description of the topographic organization of periph-
eral sympathetic and parasympathetic outflows, respectively,
through the hypogastric and pelvic nerve or plexus pathways and
their differences in different species™’"** recognition of dual
sympathetic and parasympathetic innervation of the bladder and
urethra and introduction of the functional concept of bladder
body versus bladder base’**; localization of the origin of intrinsic
vesicourethral innervation in peripheral ganglia close to and
within the organs, including the concept of sympathetic and
parasympathetic effector short neurons™?% concepts of infraspi-
nal interaction of sympathetic and parasympathetic pathways
within peripheral ganglia (through collaterals and interneu-
rons)*** and the vesicourethral muscularis (through axoaxonal
synapses at the effector cell level)***; recognition of auxiliary
autonomic innervation of the rhabdosphincter in animals and
humans***; and recognition of neuropeptides as a class of
putative neurotransmitters or modulatory cotransmitters in
peripheral vesicourethral innervation.””***

Full knowledge of the structure of an organ is key to the
understanding of how it functions. A corollary of this axiom is
that alteration of the structure of an organ is reflected in altera-
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tion of its function. The axiom and its corollary should be fun-
damental premises in studies of the bladder in view of its unique
function and intimate anatomic relationship to two other organs
of different but closely integrated function—the ureter supplying
it with urine and the urethra serving as the conduit for its expul-
sion. Tacit awareness of these premises stimulated research at the
biochemical and molecular levels during the past few decades.
This research has yielded important information on the bio-
mechanics, energetics, and neuroreceptor attributes of the
bladder and urethra. Not unexpectedly, such information has
not fully clarified the basis of normal or abnormal smooth muscle
function of either organ.

Microscopic study of the vesicourethral muscularis has yet to
attain its full potential for determining the true basis of normal
and abnormal voiding. Routine tissue histology and histochem-
istry have provided only limited information about tissue topog-
raphy and general organization of this system. The notoriously
tedious nature of electron microscopy has in part been responsi-
ble for its lagging use in investigation of bladder function and
dysfunction until recently. Another major stumbling block has
been the lack of clear guidelines and precisely defined criteria for
such ultrastructural approaches.

In this chapter, the microstructure of the vesicourethral mus-
cularis and its functional correlates are reviewed. Observations
on microstructural defects in various forms of voiding dysfunc-
tion are presented, and their bearing on the pathophysiology and
management of such disorders is discussed. The information
presented is derived largely from overlapping studies on bladder
ultrastructure in normal experimental animals, experimental
voiding dysfunction, and various clinical disorders of
micturition.

ULTRASTRUCTURE OF THE
VESICOURETHRAL MUSCULARIS

Until the previous decade, the urinary bladder had received little
attention by students of tissue ultrastructure, unlike organs such
as the intestine. The rather simplistic ideas about bladder func-
tion and its neural control that prevailed until the mid-1960s
probably thwarted interest in serious electron microscopic inves-
tigation, or perhaps no one suspected that bladder structure and
function were sufficiently complex to justify such investigation.

The few reports on vesical ultrastructure available before the
1980s presented general, vague, or imprecise information and
therefore were largely noncontributory. A notable exception was
a study on the distribution of intrinsic afferent (sensory) nerves
in the cat bladder, including the relative contributions of sympa-
thetic and parasympathetic pathways.*** The observations
reported in this study confirmed and supplemented earlier
accounts of the cholinergic and adrenergic suburothelial nerves
demonstrated histochemically in the cat bladder.” The existence
of nerve terminals within the urothelium is ultrastructurally
indisputable in animals and humans.' A proposal for distinguish-
ing suburothelial sensory nerves by electron microscopic count-
ing of axonal synaptic vesicles™ remains unfulfilled.

Studies on the detrusor and “internal sphincter”'** have pro-
vided detailed information about their intrinsic innervation and
have shown that their muscle cells have the ultrastructural fea-
tures of smooth muscle in general.”** Definitions of the various
terms and structural parameters have been provided in other
reports.”>%®

Figure 2-1 Muscle cells of a normal detrusor. The sarcolemma (i.e.,
cell membrane) has alternating thick, dense bands and interposed
thin zones with caveolae, with outlying basal laminae (arrowheads).
Cells are adjoined by intermediate junctions (thick arrows) and
separated by narrow spaces. The nucleus is capped on one side by
endoplasmic reticulum and mitochondria (thin arrows). The
sarcoplasm is packed with myofilaments and with evenly
distributed, cigar-shaped dense bodies and scattered mitochondria
(magnification x13,890). (From Elbadawi A: Functional pathology
of urinary bladder muscularis: The new frontier in diagnostic
uropathology. Semin Diagn Pathol 10:319, 1993.)

| Muscle Cells

Ultrastructurally, each of the grossly recognizable bundles of
vesicourethral muscularis in various animals and in humans is
composed of incompletely separated and imperfectly outlined
compact groups (fascicles) of muscle cells.”***® The muscle cell
profile (Fig. 2-1) has a smooth contour and a polygonal to cylin-
drical configuration, depending on the plane of sectioning rela-
tive to its long axis. Nuclei of typical appearance are centrally
located and rarely have nucleoli. Mitoses are ordinarily absent in
muscle cells of the adult bladder.”

The perimeter of each cell profile is delineated by a continuous
cell membrane (i.e., sarcolemma) that displays alternating thick,
electron-dense and thinner, less dense zones, with an outlying
basal lamina of even thickness and moderate electron density.
The thick sarcolemmal zones (i.e., dense bands) are composed of
sarcolemma plus subjacent highly dense material in sarcoplasm.
The interposed thinner zones consist only of sarcolemma, with
strings of caveolae that appear as rows of flask-shaped surface
vesicles of uniform size.

13
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The sarcoplasm is packed with evenly distributed myo-
filaments of uniform orientation and alignment, with evenly
dispersed dense bodies of uniform cigar-shaped appearance
in cylindrical cell profiles of longitudinally sectioned cells. The
myofilaments are slanted at an approximately 10-degree angle
from the long cell axis and are anchored to dense bands of
sarcolemma. Organelles of typical structure, mainly mitochon-
dria and endoplasmic reticulum, are aggregated in a conical zone
capping each nuclear pole (in cylindrical profiles); some mito-
chondria, cisternae of reticulum, and clusters of ribosomes are
also scattered in sarcoplasm, particularly beneath sarcolemmal
caveolae.

Individual cells within muscle fascicles are separated by spaces
of uniform width (usually <200 nm). The intercellular space
contains small amounts of amorphous material similar to basal
lamina and a few isolated collagen fibrils that are mainly attached
to sarcolemmal dense bands of related muscle cells. Contiguous
muscle cells have intermediate-type junctions (e.g., attachment
plaques, zonulae adherentes) of typical appearance and length
and with 30- to 60-nm separation gaps. Some also have zones
(with approximately 15-nm gaps) of simple apposition of sarco-
lemma.””® Contrary to one report,® it is generally accepted that
gap junctions (i.e., nexus) are absent or only sparsely encoun-
tered in the normal vesicourethral muscularis of animals and
humans.51,53,60,62

| Intrinsic Nerves

Ultrastructural studies have confirmed dual innervation of the
normal bladder and urethra by cholinergic and adrenergic
axons and provided morphologic details of the relationships
between these axons and muscle cells."” Nerve elements within
the vesicourethral muscularis course in its interstitium as
Schwann cell-ensheathed axon bundles. Varicosities of some
axons become exposed along their course in these bundles to
face smooth muscle cells. The main vehicle of muscular inner-
vation is provided by individual preterminal axons that “break
away” from the bundles to establish contact with the muscle
cells. Many muscle cells have cholinergic or adrenergic neuro-
effector junctions, some have both (diautonomic junctions), and
some have neither.>**' Clefts of neuroeffector junctions (i.e.,
spaces between axon and muscle cell) typically are 15 to 80 nm
wide.

It seems certain that no part of the vesicourethral muscularis
has a 1: 1 nerve-to-muscle ratio,">” as inferred in the original
histochemical study on vesical innervation.”” The basis for
upholding that impression in one study on the human bladder™
is questionable.*®* Synaptic contacts between cholinergic and
adrenergic or probable copeptidergic axons (i.e., axoaxonal
synapses) have been discovered as a unique feature of intrinsic
neuroplexuses of vesicourethral muscularis in animals***' and
humans (A Elbadawi, unpublished data).

| Interstitium

Collagen and elastic fibers are the main components of intersti-
tium in the vesicourethral muscularis. Partitions of interstitium
surround and separate muscle bundles.”®*® These partitions
extend into each bundle as microsepta that incompletely delin-
eate its component fascicles. Vascular and neural elements sup-
plying the muscularis are contained in interstitium between and
within the muscle bundles.

Microstructural Basis of Vesicourethral
Muscular Function

Conceptually, the vesicourethral muscularis comprises three
integrated microstructural compartments: one for generating,
another for modulating, and a third for coordinating its func-
tional responses.”®

The generator compartment consists of smooth muscle cells,
which enable the vesicourethral muscularis to respond appro-
priately to various stimuli, particularly to generate the neurally
triggered unitary detrusor contraction of voiding. Several
microstructural elements play specific roles in the excitation-
contraction coupling mechanism of smooth muscle.””****
Proper composition, organization, and intracellular disposition
of myofilaments bearing the contractile proteins actin and myosin
ensure generation of an optimal contractile force. A sufficient
complement of intact mitochondria provides the enzymes neces-
sary for generating the necessary ATP-dependent energy. Mito-
chondria and an intact endoplasmic reticulum provide and store
intracellular calcium ions (Ca*"), which are necessary for muscle
cell contraction. An intact sarcolemma provides anchorage for
myofilaments at its dense bands to transmit the contractile force
to the cell surface. The function of sarcolemmal caveolae has not
yet been established. The close spatial association between caveo-
lae and cisternae of subsarcolemmal endoplasmic reticulum, a
site of Ca** binding and storage,**** suggests that they are involved
in the mechanism of muscle contraction. There is evidence that
caveolae are sites of active ion (Na*, K*, Ca*") transport, Na*-Ca*"
exchange, or passive Ca** binding, all of which are involved in
the excitation-contraction coupling mechanism.®

The modulator compartment comprises intrinsic neuroplex-
uses and their neuroeffector junctions. Neural influence through
the latter involves induction, facilitation, inhibition, or disinhibi-
tion of chemical neurotransmission to muscle cells under central
cephalospinal and peripheral autonomic ganglionic control.”*’
Intact structure of intrinsic axons is necessary for conduction of
neural impulses throughout their course within the detrusor.
Structural integrity of neuroeffector junctions, including the pre-
dominant small (clear or dense-core) vesicle content of their
axonal components, is necessary for chemical neurotransmission
to the target muscle cells. Axoaxonal synapses modulate prejunc-
tional, reciprocal cholinergic-adrenergic inhibition of effector
neural influence in the normal mammalian vesical muscularis,
including that of humans.”***' From the structural standpoint,
the efficacy and net effect of neural influence on this muscularis
depend mainly on the distribution and relative density of the
various functional types of structurally intact axons (i.e., cholin-
ergic versus adrenergic) and the width and content of junctional
clefts of preserved neuroeffector junctions. Alteration of the
inherent structure or spatial relationship of axons within the
bladder may hinder one normal neurally triggered neural
response or another, or it may generate incongruous, uncoordi-
nated, or spurious muscle cell responses.’

The coordinator compartment is in part muscular and in part
interstitial. It is responsible for maintaining spatial topographic
organization of muscle cells relative to each other within muscle
fascicles and bundles of the detrusor and urethral muscularis.
Moreover, it provides the basis for tridimensional distensibility
of the bladder, which allows it to be filled to capacity with minimal
rise in luminal pressure (i.e., compliance).'"* Compliance is
determined by the relative proportions of muscular and
interstitial elements and by the delicate balance of the rigid and
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elastic components of interstitium—collagen and elastin,
respectively.'®%¢®

The main role of the coordinator compartment is to synergize
and unify muscle cell responses in the entire detrusor or urethral
wall. The most important functional expression of this role is the
neurally triggered, coordinated, unitary detrusor contraction that
initiates voiding."*’ Only a fraction of muscle cells of the detrusor
are innervated and are directly excitable by neural stimuli, despite
its overall dense innervation."*® Voiding contraction of the
detrusor, which is in essence a synergized, summated, and sus-
tained contraction of its component fascicles and bundles,
requires transmittal of contraction from the innervated to all
noninnervated muscle cells (i.e., muscle cell coupling).

Cell coupling in smooth muscle is electrical or mechani-
cal.***>% Electrical coupling propagates the electrical signal (i.e.,
action potential), heralding contraction of a muscle cell through
the gap junctions (and to some extent through simple sarcolem-
mal appositions) of muscle cells; these junctions (or appositions)
provide low-resistance pathways that directly “connect” and
allow exchange of ions between sarcoplasms of the adjoined
muscle cells. A smooth muscle system endowed with an electrical
coupling mechanism behaves functionally as a virtual syncytium
through which contraction of the component cells can be elicited
in near synchrony. The relatively slower mechanical coupling
transmits the force generated in a contracting muscle cell through
intermediate junctions with adjacent cells. Contrary to one
review,”" cell coupling in normal vesicourethral muscularis is
achieved by mechanical cell coupling because its muscle cells
have intermediate junctions but no or sparse gap junctions.”"*
Active force generated by the contractile apparatus of a muscle
cell is discharged to the entire cell surface through insertions of
myofilaments into sarcolemmal dense bands, resulting in cell
shortening. The tension developed is transmitted through inter-
mediate junctions to adjoined cells, resulting in their deforma-
tion and subsequent contraction. Collagen fibrils juxtaposed to
the cell surface in the intercellular space contribute to mechanical
transmittal of force from the contracting cell to adjacent cells.
Summation of minuscule tensions transmitted from cell to cell
and from muscle cells to microsepta of interstitium culminates
in contraction of entire muscle bundles—and ultimately in con-
traction of the entire organ in unison—by subsequent force
transmittal through partitions of interstitium between the
bundles.®

Normal contractility of the vesicourethral muscularis in regard
to complete emptying of the bladder depends on three factors in
addition to the inherent topographic organization and structural
integrity of its cells. These are the ability of a contracting muscle
cell to shorten (generating a contraction force), mechanical cell
coupling to transmit that force, and a vehicle to summate the
transmitted force through the muscularis. All three factors
have recognizable ultrastructural correlates. Effective cell short-
ening requires a normal cylindric configuration of the muscle
cell and a normal complement of myofilaments optimally
aligned at a narrow angle with sarcolemma. Mechanical cell cou-
pling is largely determined by the geometric spatial disposition
of detrusor muscle cells and their structural inter-relationships
in regard to their compact arrangement within fascicles, interme-
diate cell junctions, and narrow interspaces containing few
collagen fibrils. Collagen fibers in microsepta and partitions
of interstitium, respectively between muscle fascicles and bundles,
play a key role in eliciting the summated, unitary voiding
contraction.

ULTRASTRUCTURE OF THE RHABDOSPHINCTER

The feline rhabdosphincter is composed of a mixture of fast- and
slow-twitch myofibers, which have the same distinguishable
ultrastructure as ordinary somatic mammalian striated muscle.*
Contrary to one report,”’ the human rhabdosphincter appears to
be composed of both types of myofibers (Mathews, Light,
Wheeler, et al, unpublished data).

The concept of triple (i.e., somatomotor plus dual parasym-
pathetic-sympathetic autonomic) innervation of the feline rhab-
dosphincter based on histochemical study”” was validated by
electron microscopy in the cat,**”" and its adrenergic autonomic
component was also confirmed in humans.”” Two forms of the
nerve-myofiber relationship are present in the feline rhabdo-
sphincter with intact innervation. One has the classic sole plate
differentiation of the myofiber facing a cholinergic neurotermi-
nal, which is characteristic of somatomotor neuromuscular junc-
tions at large. In the other, a cholinergic or adrenergic axon
terminal is closely apposed to the surface of a myofiber and has
a functionally plausible, narrow neuromuscular cleft but no
sole plate differentiation. These surface contacts are considered
autonomic because their morphology is identical to those of
autonomic neuroeffector junctions in the vesicourethral muscu-
laris and other mammalian smooth muscle systems and because
they persist, despite disappearance of axons innervating sole
plates, after bilateral sacral ventral rhizotomy—the known source
of somatomotor innervation through the pudendal nerves
(discussed later).”"”?

| Functional Pathology of the Detrusor

Changes in the three microstructural compartments of the
detrusor have been described in various forms of voiding dys-
function. Those described in histologic preparations are largely
nonspecific and have been of limited usefulness in regard to cor-
relation with the functional abnormalities.’**® The constellations
of changes identified ultrastructurally in different dysfunctions
tend to predominate in one compartment or another and are
distinctive for each dysfunction.”®*® For this reason, accurate defi-
nition of the microstructural correlates of a voiding dysfunction
requires study of the smooth muscle, interstitium, and intrinsic
neural compartments of the detrusor with equal attention and
scrutiny.”

NEUROPATHIC VOIDING DYSFUNCTION

Practically all information on the microstructural basis of
neuropathic voiding dysfunction has been derived from experi-
mental studies in the cat. These studies have dispelled some tra-
ditionally held dogmas and have laid the foundation for a new
concept in pathophysiology of the lower motor neuropathic
bladder.”*” According to this concept, abnormal behavior of
such a bladder does not merely reflect its release from cephalo-
spinal neural control but is largely the result of dynamic, pro-
found changes in intrinsic nerves and to some extent muscle
cells—the two structural elements that jointly determine that
behavior. These neuropathic structural changes can be defined
fully and accurately only by electron microscopy,” and they
readily distinguish a decentralization from a denervation func-
tional type of lower motor neuropathic bladder. The same studies
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also validate the concept of triple innervation of the feline
rhabdosphincter.” 7%

| The Decentralized Bladder

For decades, belief that postganglionic nerves within the bladder
are unchanged after decentralization by parasympathetic pregan-
glionic neurectomy (e.g., sacral roots, pelvic nerve trunks)
remained universal and absolute. The underlying logic was that
such neurectomy leaves untouched and structurally intact the
ganglion cells that provide the intrinsic vesical nerves. Studies on
models of the decentralized bladder, however, revealed dynamic
structural changes in intrinsic postganglionic nerves of the detru-
sor: initial degeneration with eventual regeneration.

Occurring beyond and across preganglionic synapses, short-
term degeneration of axons duplicates the well-known phenom-
enon of primary transsynaptic nerve degeneration in the brain®
and represents the first example of this phenomenon in the
peripheral autonomic nervous system.” The axonal degeneration
results in loss of cholinergic neuroeffector junctions and is associ-
ated with transjunctional degeneration of detrusor muscle cells,
a previously unknown phenomenon.”® The term transjunctional
underscores the fact that muscle cell degeneration occurs at a site
two levels of anatomic discontinuity peripheral to the sacral
spinal cord nucleus (i.e., the preganglionic synapse in the periph-
eral ganglia and the neuroeffector junction at the terminal effec-
tor tissue level). The initially degenerating axons eventually
regenerate. This regeneration expresses yet another previously
unrecognized phenomenon because it is not a simple restitution
of the original complement of cholinergic axons but is also asso-
ciated with” sprouting of adrenergic (i.e., postganglionic sympa-
thetic) axons with adrenergic hyperinnervation (also documented
histochemically’"*?) and with emergence of peptide-replete axons
and axon terminals. Neuroeffector junctions become reestab-
lished by the latter axonal population in addition to the regener-
ating cholinergic and sprouting adrenergic axons; muscle cell
regeneration occurs concomitantly.”® Ultrastructural profiles of
regenerating muscle cells have expanded rough endoplasmic
reticulum replete with clustered ribosomes, prominent subsarco-
lemmal reticulum, numerous intact paranuclear and subsarco-
lemmal mitochondria, and frequent nucleoli. It appears that an
intact preganglionic sympathetic pathway is necessary for the
long-term axonal changes to take place after decentralization
because they do not occur when decentralization is combined
with hypogastric neurectomy.”® This fact, together with available
pharmacologic evidence,* suggests that adrenergic hyperinner-
vation of the detrusor is an important factor in development of
hypertonicity in the lower motor neuropathic bladder.”

| The Denervated Bladder

Changes in intrinsic axons and muscle cells of the detrusor also
occur after postganglionic neurectomy,” which severs the pelvic
plexus (i.e., parasympathetic plus sympathetic extrinsic nerves)
very close to the bladder. Neurectomy mimics the clinical situa-
tion of severe neural deficit after major extirpative pelvic surgery.*
The resultant short-term degenerative changes in axons and
muscle cells are similar to those seen in the decentralized bladder
but are more profound in scope and degree. Long-term changes,
however, are different, including little cholinergic axonal regen-
eration, sparse adrenergic innervation, and no appreciable popu-

lation of peptide-rich axons. Similar scarcity of adrenergic nerves
has been reported in bladder biopsy specimens from patients who
had undergone abdominoperineal resection of the rectum.”

| The Denervated Rhabdosphincter

Decentralization of the bladder by bilateral sacral ventral rhizot-
omy deprives the rhabdosphincter of its somatomotor innerva-
tion. The somatomotor-denervated rhabdosphincter loses its
population of classic neuromuscular junctions, and the ultra-
structure of its sole plates becomes markedly simplified, but the
autonomic axon contacts with the myofibers lacking sole plates
persist.”! Eventually, the autonomic junctions become prominent
and widespread, and many of the residual simplified sole plates
become newly innervated by a cholinergic axon or an adrenergic
axon, or both.”> These changes indicate permanent degenera-
tion of somatomotor nerves and persistence plus long-term
“propagation” of autonomic innervation in denervated territo-
ries of the rhabdosphincter. Along with the axonal changes,
the myofibers display a combination of degeneration and
regeneration.*

The somatomotor-denervated rhabdosphincter appears to be
under exclusive autonomic neural control. The nature of this
control has not as yet been investigated, nor have responses to
autonomic neural stimuli been demonstrated physiologically or
pharmacologically in the normal rhabdosphincter, although they
are unequivocal in the cat, and their adrenergic component has
been proved in humans. The autonomic component may have a
subtle, very specific, or precisely timed function in normal mic-
turition that is difficult to duplicate in an investigative setting, or
it may be functionally operative or discernible only in abnormal
voiding. Available physiopharmacologic methods of study may
or may not be sufficiently sensitive to segregate autonomic
responses of the rhabdosphincter from those of the intimately
associated urethral smooth muscularis in the normal or the neu-
ropathic rhabdosphincter.

| The Upper Motor Neuropathic Bladder

As described in the brain, the phenomenon of transsynaptic
degeneration may be primary, secondary, tertiary, and so on,
depending on the number of synaptic relays between the injured
neuron and the neuron providing degenerating terminals in the
same pathway.® Transsynaptic degeneration in the decentralized
bladder is primary because, as far as is known, only one relay
station (in a peripheral vesicourethral ganglion) is interposed
between the interrupted preganglionic neuron (ventral root) and
the corresponding postganglionic neuron providing the degen-
erating terminals within the bladder. It is conceivable that com-
parable degeneration may follow interruption of central neuraxial
pathways as an expression of secondary or tertiary transsynaptic
degeneration (i.e., across one or two central plus the peripheral
relay stations). Observations in one study on a spinal cord tran-
section model suggest that such degeneration may occur,” but it
needs to be confirmed by detailed investigation in experimental
models and clinical settings. If such confirmation is obtained, an
important concept would emerge: functional derangement in the
bladder deprived of cephalic control is in part caused by struc-
tural changes in vesicourethral muscularis despite preserved
anatomic integrity of the sacral cord and infraspinal neural
pathways.
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| DETRUSOR DYSFUNCTION

| Poorly Contractile Detrusor

Impaired contractility may be the only manifestation of a non-
neuropathic detrusor dysfunction (e.g., in the elderly®”*), or it
may occur as an additional abnormality in an obstructed or
unstable detrusor.*”” The ultrastructural hallmark of a poorly
contractile detrusor is the degeneration pattern (Fig. 2-2), charac-
terized by widespread degeneration of muscle cells and intrinsic
nerves.”>* Degeneration of muscle cells can be recognized ultra-
structurally by a spectrum of features that reflect its severity. Mild
degeneration results in subtle features such as malalignment of
myofilaments with patchy stacking, crisscross or swerving pat-
terns, and uneven crowding or clumping of sarcoplasmic dense
bodies. Features of moderate degeneration include disorganiza-
tion or disruption of myofilaments, disruption of sarcoplasmic
dense bodies and mitochondria, distention of cisternae of endo-
plasmic reticulum with loss of ribosomes, appearance in sarco-
plasm of highly electron-dense patches or laminate bodies, and
occasionally large deposits of glycogen particles. Severe degenera-
tion is manifested by sequestration, extrusion (i.e., blebbing),
vacuolation, or floccular appearance of sarcoplasm; loss or elec-
tron-dense homogenization of myofilaments; distortion of the
nucleus with irregular clumping of chromatin; and thickening or
breaching of sarcolemma with replication of the basal lamina.
Severely degenerated cells ultimately become shriveled or
disintegrated.

Degeneration in intrinsic nerves can be recognized only ultra-
structurally by a constellation of features that include®*® deple-
tion of synaptic vesicles, axoplasmic dense bodies, breaching of
axolemma, and disruption of mitochondria in axon terminals
and varicosities of neuroeffector junctions. Severe degeneration
of axons results in their retraction from related muscle cells and
ultimately in fragmentation or lysis. Axons ensheathed by
Schwann cells may undergo vacuolar or floccular change, with
disruption of their axoplasmic content of neurofilaments and
neurotubules. Loss of ensheathed axons results in the distinctive
appearance of collapsed Schwann cells with redundant and rep-
licated basal laminae.

Features of the degeneration pattern can easily explain
impaired contractility of the detrusor.*>*® Degeneration of the
intrinsic nerves impedes transmission of neural impulses along
axons and neuroeffector transmission to muscle cells at their
terminals. Degeneration of muscle cells disrupts their contractile
elements, energetic machinery, and Ca’" stores, rendering them
unable to generate an efficient contraction or any contraction,
whether in response to a propagated neural impulse or secondary
to mechanical “pull” by a contracting adjacent muscle cell with
preserved structure.

| Detrusor Overactivity

Several factors have been implicated in the pathogenesis of detru-
sor instability (i.e., overactivity). Some of these factors are func-
tional, whereas others revolve around a structural change in the
unstable detrusor. A change in density of one functional type of
intrinsic nerves or another has been reported in histochemical
preparations,’ * but the methods used to determine nerve density
in these studies are questionable.****% Electron microscopic
studies have revealed that the principal structural change in the

unstable detrusor, whether obstructed or not, is in the inter-
relationship of its muscle cells.”®**¢*#

Reduction of vasoactive intestinal polypeptide (VIP)-reactive
nerves in the detrusor with idiopathic instability (i.e., no outlet
obstruction or neural deficit) has been described in one histo-
chemical study.” Loss of such nerves was suggested as the cause
of instability on the premise that it would deprive the detrusor
of an inhibitory role of the neuropeptide as a neurotransmitter
or neuromodulator.”*” Histochemical observations on VIPergic
nerves are not sufficient to determine their structural status; only
electron microscopy can determine such status, particularly the
content and type of axonal synaptic vesicles."” No correlation
between detrusor function and immunohistochemical reactivity
of VIP was found in a study of human bladder biopsies.” Loss of
inhibitory VIP-reactive nerves as the cause of involuntary detru-
sor contractions is difficult to reconcile with the clinical observa-
tion that they are susceptible to neurally mediated inhibition.”

In a later study, “increased appreciation of bladder filling” due
to “relative abundance” of “presumptive sensory nerves” in the
suburothelium was suggested as an explanation for idiopathic
instability.”” Aside from the questionable counting method used,
no adjustment for thickness of suburothelium in the specimens
studied was mentioned; such thickness varies in different subjects
and can easily be altered even by minor pathologic changes in the
bladder wall such as mild cystitis, vascular congestion, or edema.®
Moreover, there is no basis for the postulated association between
the number of nerves and the degree of sensory excitability or
perception.®

Muscle cells of the overactive (unstable) aging detrusor,
whether obstructed or not, have some distinctive ultrastructural
features, collectively designated the dysjunction pattern.”**® This
pattern is characterized by moderately widened spaces between
individual muscle cells, scarce intermediate muscle cell junctions,
and abundant distinctive protrusion junctions and ultraclose cell
abutments (Figs. 2-3 and 2-4) that are not found in the normal
detrusor. The only difference between the obstructed and unob-
structed overactive detrusor is a superimposed myohypertrophy
pattern (discussed later) in the former (see Fig. 2-4). The dys-
junction pattern is not associated with any particular change in
intrinsic nerves of the overactive detrusor, whether obstructed or
not, except degenerative changes when the detrusor is also poorly
contractile.

The protrusion junctions and ultraclose abutments of the dys-
junction pattern resemble gap junctions in having a very narrow
separation cleft (€10 nm) and no sarcolemmal thickening at the
contact zone of the adjoined muscle cells. These features suggest
that both types of junction serve as a vehicle for electrical muscle
cell coupling in the overactive detrusor in lieu of the normal
mechanism of mechanical cell coupling that is curtailed by reduc-
tion of intermediate cell junctions.”®® This introduces a new
concept of pathogenesis of detrusor overactivity (instability),
whether it is associated with outlet obstruction or not. According
to this concept, involuntary detrusor contractions in either
setting are elicited by a bipartite myogenic mechanism, consisting
of irritable loci and a final common pathway. The irritable locus
represents muscle cells with heightened inherent spontaneous
activity, with or without increased responsiveness to a “trigger
for contraction,” such as stretch or excitatory neural stimuli. The
final common pathway is served by muscle cells linked by protru-
sion junctions and abutments to acquire the functional proper-
ties of a syncytium in and around the irritable loci. Limited, small
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Figure 2-2 Degeneration in poor detrusor contractility. A, One degenerating muscle cell has sequestered sarcoplasm (arrows), and another
has a sarcoplasmic bleb intruding on an adjacent cell (thick arrow) (magnification x16,500). B, In a degenerating muscle cell, the sarcoplasm
has a rarefied appearance, with disrupted myofilaments and clustered, thickened, and confluent dense bodies (arrows) (magnification
x27,300). C, In a severely degenerated muscle cell (thick arrow), the sarcoplasm is completely disrupted and replaced by irregular, large,
highly electron-dense patches and multivesiculated bodies; abundant cell debris (arrows) is evident in the adjacent interstitium. Notice the
profile of a degenerating axon (open arrow), with depleted vesicles, disrupted mitochondria, and a highly electron-dense patch
(magnification x14,000). (From Elbadawi A: Pathology and pathophysiology of detrusor in incontinence. Urol Clin North Am 22:3, 1995.)



Chapter 2 STRUCTURAL BASIS OF VOIDING DYSFUNCTION

Figure 2-3 Dysjunction pattern in detrusor overactivity. Muscle cells
are separated by mildly widened spaces with depleted, normal
intermediate junctions, adjoined by protrusion junctions (arrows)
with indiscernible gaps between the cells and an overall appearance
of pseudosyncytium at the junctions. The profile of the residual
intermediate junction (open arrow) is distinctly different from that
of protrusion junction (magnification x13,500). (From Elbadawi A:
Pathology and pathophysiology of detrusor in incontinence. Urol
Clin North Am 22:3, 1995.)

contractions originating independently in one or more loci,
whether spontaneous or triggered, are propagated electrically
through that syncytium to outlying muscle cells, recruiting them
to contract in near-synchrony. If the electrical propagation
involves a sufficiently large muscle territory, the result would be
significant, urodynamically measurable contractions that, by
definition, are involuntary. Electrical cell coupling remains par-
tially suppressible by neurally mediated inhibition insofar as its
completion, progression, or even initiation is concerned,” and it
does not hinder the development of neurally triggered, unitary,
effective voiding contractions. Preliminary studies indicate the
presence of the dysjunction pattern in idiopathic instability in
young adults and in the overactive neuropathic (i.e., hyper-
reflexic) detrusor.

| Obstructed Detrusor

Until the previous decade, structure of the obstructed detrusor
was investigated almost exclusively by routine histologic methods.
The only convincing changes reported were in the intersti-
tium,”®'* which, not surprisingly, failed to explain why or how
the obstructed bladder becomes dysfunctional. Changes in in-
trinsic nerves of the obstructed detrusor were described in a few
histochemical studies, but no meaningful correlation was made
with its abnormal functional behavior.'”'"" The validity and
significance of these neural changes remain debatable.*****
Ultrastructural studies revealed characteristic changes in the
experimentally or clinically obstructed detrusor,*”''*"'® including
the rare entity of outlet obstruction in women.*” Collectively
designated the myohypertrophy pattern, these changes predomi-
nate in muscle cells and interstitium and can explain practically
all functional abnormalities in the obstructed detrusor.” Addi-
tional changes in the obstructed human detrusor have been cor-
related with specific superimposed, urodynamically defined

Figure 2-4 Myohypertrophy plus dysjunction pattern of an
overactive (unstable) obstructed detrusor. A, The overview shows
the widely variable sizes and shapes of muscle cell profiles,
markedly widened intercellular spaces containing abundant
collagen, depleted intermediate cell junctions, and numerous
protrusion junctions (arrows), the open arrow marks a residual
intermediate junction (magnification x4090). B, Muscle cell profiles
are adjoined as a pseudosyncytium by ultraclose abutments
(arrows); sarcolemmas (i.e., cell membranes) are dominated by
dense bands (arrowheads) with depleted caveolae in interposed
thinner zones (magnification x11,800). (A, Modified from Elbadawi
A: Functional pathology of urinary bladder muscularis: The new
frontier in diagnostic uropathology. Semin Diagn Pathol 10:348,
1993; B, from Elbadawi A: Pathology and pathophysiology of
detrusor in incontinence. Urol Clin North Am 22:3, 1995.)

derangements of its function.”**** Contrary to some reports,'**'”

there is no correlation between the scope and degree of ultra-
structural changes in the detrusor and the degree of bladder tra-
beculation as observed cystoscopically.”¥

Myohypertrophy Pattern

The myohypertrophy pattern has three features (Fig. 2-5): muscle
cell hypertrophy, markedly widened spaces between individual
muscle cells, and collagenosis.”®*** Characteristically, the extent
of cell separation and collagenosis is nonuniform, so that muscle
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Figure 2-5 Myohypertrophy pattern of an obstructed detrusor.
A, Bizarre, twisted profile of a hypertrophic muscle cell
(magpnification x13,000). B, Markedly widened spaces between
individual muscle cells containing abundant collagen fibrils and
some elastic fibers (arrows) (magnification x18,600).

fascicles with different degrees of loosened structure exist side by
side in the same section or even microscopic field.

Muscle cell hypertrophy (i.e., increased cell size) is the tradi-
tional hallmark of obstruction in hollow viscera.'”''® Because of
its nonlayered meshwork organization,®" the detrusor does not
lend itself to traditional methods for estimating muscle cell size
used in the intestine, such as diameter or length of muscle cell
profiles, number of muscle cell nuclei per area, or volume density
of muscle cells.”***!"* This fact casts doubt on the validity of data
indicating the presence of hypertrophy of obstructed detrusor in
several studies.”!>!0>119-12!

A hypertrophied muscle cell cannot be recognized qualita-
tively on light microscopy, but it has a distinctive, easily discern-
ible ultrastructural profile®®®>*!"*1'¢ characterized by branching
of the tapering ends of the cell, deformed or bizarre cell configu-
ration with irregular infoldings or contortions (see Fig. 2-5A),
and occasional reflexive intermediate junctions'** between con-
tortions or branches of the same cell. Branches of hypertrophic
muscle cells appear to interlock as a braid in tridimensional
perspective.

Collagenosis designates the presence of abundant collagen
fibrils and fibers in markedly widened spaces between individual
muscle cells (see Figs. 2-4A and 2-5B).”*¥ These features cannot
be recognized by light microscopy. Abundant collagen fibers also
expand microsepta and partitions of interstitium, respectively,
between muscle fascicles and bundles. This corresponds to the
fibrosis mentioned as the main structural change in earlier studies
on the obstructed detrusor. Intercellular collagen is generally
associated with deposits of basal lamina—like material and a vari-
able number of elastic fibers. Separation of muscle cells results
in shearing of their junctions, which consequently become
fewer and unevenly distributed. Muscle cell separation results
in loosening of the normally compact arrangement of muscle
cells in fascicles and bundles of the detrusor. When such separa-
tion is excessive, the fascicular arrangement is lost, and the cells
lie individually, wide apart, amid a dominant background of
collagen.

Structural-Functional Correlations

Traditionally, it has been thought that the obstructed detrusor
undergoes compensatory muscular hypertrophy and becomes
stronger to overcome the obstruction.'” This dogma is fallacious.
The obstructed detrusor is not stronger; it may actually become
weaker, and it has a slower velocity (speed) of contraction than
the norm, even in the presence of adequate bladder emptying and
absence of retained urine.””'**'*” Theoretically, a hypertrophic
smooth muscle cell can generate a stronger contraction than a
normal cell. This, however, does not necessarily mean a stronger
contraction of the detrusor as a whole. Several ultrastructural
features of the myohypertrophy pattern limit the ability of hyper-
trophic muscle cells to shorten (i.e., contract). Loss of intermedi-
ate cell junctions between widely separated muscle cells greatly
restricts the main vehicle for mechanical cell coupling, so that the
force of contraction of muscle cells would not be transmitted
effectively to outlying cells. Such hindrance of force transmittal
is accentuated by excessive collagen in the widened intercellular
spaces and the expanded interstitium. The net effect of these
impediments is an inability of the obstructed detrusor to mount
the speedy, strong, coordinated, or sustained contraction neces-
sary for complete emptying of the full bladder.

Superimposed Structural Changes

Muscle cell degeneration has been described as a constant feature
of experimental acute, transient overdistention of the rabbit
detrusor,''"* the human detrusor after repeated episodes of
acute retention with bladder overdistention,'*® and the chroni-
cally obstructed human detrusor of both genders when its con-
tractility is overtly impaired with considerable residual urine.”
Degeneration of intrinsic nerves has also been observed ultra-
structurally in the rabbit model and in the chronically obstructed,
poorly contractile human detrusor. Widespread degenerative
changes superimposed on myohypertrophy and collagenosis
further weaken an obstructed detrusor.*” Reduction in density of
intrinsic nerves has been reported in some light microscopic
histochemical studies on the obstructed human detrusor'”'*!"!
and in a pig model intended to reproduce long-term bladder
outlet obstruction.'” Based primarily on such reduction and on
in vitro detrusor responses in the pig model, it was proposed that
“cholinergic denervation” with subsequent supersensitivity was
the cause of obstruction-associated instability.'* However, the
methods used to assess nerve density in the histochemical studies
were questionable.>** The conclusion in most of these studies
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Muscle cell profiles are far apart (up to 6 um) in the interstitium
with abundant collagen and elastic fibers (arrows) (magnification
x10,550). (Modified from Elbadawi A: Functional pathology of
urinary bladder muscularis: The new frontier in diagnostic
uropathology. Semin Diagn Pathol 10:349, 1993.)

that the observed changes were the result of nerve loss (i.e.,
denervation) was not substantiated by direct evidence of struc-
tural nerve damage or degeneration in any. More reservations
about the denervation concept of instability were raised in an
ultrastructural study of the obstructed human detrusor,* which
attributed instability in such detrusors to the presence of the
same protrusion junctions and abutments (see Fig. 2-5) that are
the cardinal feature of the overactive unobstructed bladder (dis-
cussed earlier).

A variable number of elastic fibers accompanies deposits of
collagen in intercellular spaces (see Figs. 2-4A and 2-5B) and
interstitium of the obstructed detrusor.**!'? Massive deposits of
elastic fibers (i.e., hyperelastosis) have been observed in the exces-
sively distended detrusor of patients with chronic urinary reten-
tion caused by bladder outlet obstruction (Fig. 2-6).** Such
detrusors also have excessive collagenosis, marked expansion of
interstitium, and severe muscle cell degeneration, with scattered
residual hypertrophic muscle cells. These changes markedly
obscure or eliminate orderly organization of detrusor muscular
elements as fascicles.”"

Regeneration of muscle cells and intrinsic axons in the detru-
sor accompanies degeneration of the corresponding elements
after obstruction in the experimental rabbit model of acute tran-
sient overdistention and is the most prominent change after relief
of that obstruction.''"* No regenerative changes were observed
in the chronically obstructed human detrusor of either gender,
even when degeneration of its muscle cells and axons was evident
and widespread in association with overt impaired contractil-
ity.”**% Muscle cell regeneration therefore is not a part of the
process leading to myohypertrophy in the obstructed detrusor
and probably is not a manifestation of hyperplasia in the rabbit
model. In this model, muscle cell regeneration and hypertrophy
are probably manifestations of structural adaptation, eventually
leading to recovery, that follows the initial damage induced by

acute distention of the bladder.” Similarly, regeneration of
axonal elements in the same model probably represents their
eventual structural recovery, as observed earlier in the experi-
mentally decentralized bladder.”

| The Aging Detrusor

Knowledge about the microstructure of the aging detrusor is
crucial for our understanding of the pathology and pathophysiol-
ogy of voiding dysfunctions and incontinence in the elderly. It
has been shown biochemically that collagen content of the detru-
sor increases with advancing age in women,"”' resulting in reduc-
tion of its contractility.'"**'** One report stated that neither the
amount of smooth muscle nor the size of its individual cells is
altered by age, but the density of cholinergic innervation is mark-
edly reduced by age."’* The validity of these observations has been
questioned in an ultrastructural study of truly aging detru-
sors.”>***% This study defined the microstructural norm of the
aging detrusor, which was obtained from asymptomatic subjects
who had no urodynamic evidence of obstruction, detrusor hyper-
activity, impaired detrusor contractility, or altered bladder com-
pliance.”>” In such a detrusor, muscle cells and axons remain
virtually intact except for a few subtle ultrastructural changes.
These include moderate widening of spaces between individual
muscle cells, modest intercellular deposits of basal lamina, con-
siderable depletion of sarcolemmal caveolae with marked elonga-
tion of sarcolemmal dense bands, and normal (often elongated)
intermediate cell junctions. These changes may be manifestations
of a process of dedifferentiation of detrusor muscle cells associ-
ated with aging.”

| coNCLUSIONS

Morphologic evaluation of detrusor microstructure can be truly
objective and functionally meaningful only if it includes an analy-
sis of its muscular, interstitial, and neural (MIN) microstructural
compartments. Most structural parameters that have direct
impact on detrusor function can be defined only by electron
microscopy. Studies done so far indicate that the data necessary
for correlation of detrusor structure and function can be obtained
readily and reproducibly from an endoscopic biopsy, which
appears to be truly representative of the whole detrusor insofar
as the fine structure of its smooth muscle elements is concerned.
The parameters sought are basic and have been defined clearly so
that they can be studied and evaluated by any pathologist with a
knowledge of diagnostic electron microscopy and smooth muscle
ultrastructure.”®

Different forms of human detrusor dysfunction are associated
with changes in one or more of the three MIN compartments but
at the same time differ in one or more. This fact emphasizes the
great potential of study of detrusor microstructure as the means
of better understanding the pathophysiology of various voiding
dysfunctions and of developing a valuable tool in the clinical
diagnosis and management of such disorders. To gain the full
benefit of such study, its goal should be to determine for each
dysfunction the presence, spectrum, degree, and extent of distri-
bution of the changes seen in each microstructural compartment.
Only through pursuit of this approach can the natural history
and the outcome of treatment of various voiding dysfunctions be
explained, understood, and perhaps predicted with reasonable
accuracy. To this end, the material needed for microstructural
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study should ideally be obtained at the time of patient presenta-
tion, during follow-up of patients managed conservatively, and
at various intervals after surgical intervention or other specific
therapy aimed at manipulation of bladder behavior. From such
information, we can begin to understand the basis for differences
in clinical presentation between patients with the same disorder
and between different disorders; recognize patterns of the natural
course and evolution of different presentations of the same dis-
order and of different disorders; define structural markers of
reversibility or permanence of each disorder; and identify the
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structural correlates of successful or ineffective treatment in
patients with the same disorder and patient groups with different
disorders. As information on the various dysfunctional disorders
is gathered and correlated, we can begin to identify trends in the
natural evolution and prognosis of each dysfunction and to
methodically set appropriate indications, contraindications, and
predictive indices for available treatment modalities. Eventually,
the stage will be set for the use of detrusor structural morphology
as a routine modality in the clinical management of vesical
dysfunction.
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The storage and periodic elimination of urine depend on the
coordinated activity of two functional units in the lower urinary
tract: a reservoir, which is the urinary bladder, and an outlet
consisting of the bladder neck, the urethra, and the urethral
sphincter. Coordination between these organs is mediated by a
complex neural control system located in the brain, spinal cord,
and peripheral ganglia. Urine storage and release depend on
central nervous system pathways. This distinguishes the lower
urinary tract from many other visceral structures (e.g., the gas-
trointestinal tract, cardiovascular system) that maintain a certain
level of function even after extrinsic neural input has been
eliminated.

The lower urinary tract is unusual in its pattern of activity and
organization of neural control mechanisms. For example, the
urinary bladder has only two modes of operation: storage and
elimination. Many of the neural circuits have switchlike or phasic
patterns of activity, unlike the tonic patterns characteristic of the
autonomic pathways to cardiovascular organs. Micturition is
under voluntary control and depends on learned behavior that
develops during maturation of the nervous system, whereas
many other visceral functions are regulated involuntarily. Mic-
turition also requires the integration of autonomic and somatic
efferent mechanisms to coordinate the activity of visceral organs
(i.e., bladder and urethra) with that of urethral striated
muscles.

Because of the complexity of the neural mechanisms regulat-
ing the lower urinary tract, micturition is sensitive to a wide
variety of injuries, diseases, and chemicals that affect the nervous
system. Neurologic mechanisms are an important consideration
in the diagnosis and treatment of voiding disorders. This chapter
reviews the innervation of the urinary bladder and urethra, the
organization of the reflex pathways controlling urine storage and
elimination, the neurotransmitters involved in micturition reflex
pathways, and neurogenic dysfunctions of the lower urinary
tract.

INNERVATION

The innervation of the lower urinary tract is derived from three
sets of peripheral nerves: sacral parasympathetic (i.e., pelvic
nerves), thoracolumbar sympathetic (i.e., hypogastric nerves and
sympathetic chain), and sacral somatic nerves (i.e., primarily
pudendal nerves) (Fig. 3-1)."

| Sacral Parasympathetic Pathways

The sacral parasympathetic nerves, which in humans originate
from the S2 to S4 segments of the spinal cord, provide most
excitatory input to the bladder. Cholinergic preganglionic
neurons located in the intermediolateral region of the sacral
spinal cord send axons to ganglionic cells in the pelvic plexus and
the bladder wall (see Fig. 3-1). Transmission in bladder ganglia
is mediated by a nicotinic cholinergic mechanism. In some

Figure 3-1 Diagram of the innervation of the female lower urinary
tract. BL, urinary bladder; CP, celiac plexus; HGN, hypogastric
nerve; IMP, inferior mesenteric plexus; L,, first lumbar root; PEL,
pelvic nerves; PP, pelvic plexus; PUD, pudendal nerve; S, first
sacral root; SN, sciatic nerve; SHP, superior hypogastric plexus; To,
ninth thoracic root; U, ureter. (Modified from de Groat WC, Booth
AM: Autonomic systems to bladder and sex organs. In Dyck PJ,
Thomas PK, Griffin JW, et al [eds]: Peripheral Neuropathy, 3rd ed.
Philadelphia, WB Saunders, 1993, p 198.)
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Table 3-1 Receptors for Putative Transmitters in the Lower Urinary Tract
Tissue Cholinergic Adrenergic Other
Bladder body + (My)* - (B + Purinergic (P2X;)
+ (M3) - (B3 - VIP
+ Substance P (NK,)
Bladder base + (My) + (o) - VIP
+ (M) + Substance P (NK,)
+ Purinergic (P2X)
Urothelium + (M) + o + TRPV1
+ (M3) +B + TRPMS8
+ P2X
+ P2Y
+ SP
+Bradykinin (B,)
Urethra + (M) + (o) + Purinergic (P2X)
+ (o) - VIP
- (B) — Nitric oxide
Sphincter striated muscle + (N)
Adrenergic nerve terminals - (M) — (o) — NPY
+ (M)
Cholinergic nerve terminals - (M) + (o) — NPY
+ (M)
Afferent nerve terminals + Purinergic (P2X;/3)
+ TRPV1
Ganglia + (N) + (oty) — Enkephalinergic (3)
+ (M,) — (o) — Purinergic (P,)
+ (B) + Substance P

*Letters in parentheses indicate receptor type, such as muscarinic (M) and nicotinic (N). Plus and minus signs indicate excitatory and inhibitory

effects.

NPY, neuropeptide Y; TRP, transient receptor potential; VIP, vasoactive intestinal polypeptide.

species (e.g., cats, rabbits) ganglionic synapses act like gating
circuits, exhibiting marked facilitation during repetitive pregan-
glionic activity and modulation by various transmitter systems,
including muscarinic, adrenergic, purinergic, and enkephaliner-
gic (Table 3-1).%” The ganglia can have an important role in regu-
lating neural input to the bladder. Whether bladder ganglia in
humans have similar properties is not known. Ganglion cells
excite the bladder smooth muscle. Histochemical studies of the
ganglia and nerves supplying the human lower urinary tract
have shown that many ganglion cells contain choline acetyl-
transferase, acetylcholinesterase, and the vesicular acetylcholine
transporter and therefore are cholinergic. Choline acetyltrans-
ferase—, acetylcholinesterase-, and acetylcholine transporter—
positive nerves are abundant in all parts of the bladder but are
less extensive in the urethra.">’ Neuropeptide Y and nitric oxide
synthase also have been identified in 40% to 95% of intramural
ganglia of the human bladder. Several populations of axonal
varicosities have been detected close to intramural ganglion cells,
including substance P—, vasoactive intestinal polypeptide (VIP)—,
and calcitonin gene-related peptide (CGRP)—positive axons,
which are presumably collaterals of extrinsic sensory nerves;
tyrosine hydroxylase and neuropeptide Y axons, which are likely
to be sympathetic axons; and galanin- and neuropeptide Y-
containing axons.

Parasympathetic neuroeffector transmission in the bladder is
mediated by acetylcholine acting on postjunctional muscarinic
receptors.*'' M, and M; muscarinic receptors subtypes are
expressed in bladder smooth muscle; however, examination of

subtype-selective muscarinic receptor antagonists and studies of
muscarinic receptor—-knockout mice have revealed that the M;
subtype is the principal receptor involved in excitatory trans-
mission.*"! Activation of M, receptors triggers intracellular Ca**
release, whereas activation of M, receptors inhibits adenylate
cyclase."” The latter may contribute to bladder contractions
by suppressing adrenergic inhibitory mechanisms that are
mediated by ;-adrenergic receptors and stimulation of adenylate
cyclase.

In bladders of various animals, stimulation of parasympa-
thetic nerves produces a noncholinergic contraction that is
resistant to atropine and other muscarinic receptor—blocking
agents. Adenosine triphosphate (ATP) (see Table 3-1) has been
identified as the excitatory transmitter mediating the noncholin-
ergic contractions.'”"” ATP excites the bladder smooth muscle
by acting on P2X receptors, which are ligand-gated ion channels.
Among the seven types of P2X receptors that have been identified
in the bladder, P2X, is the major subtype expressed in the rat
and in human bladder smooth muscle.'*”® Purinergic agonists
also modulate transmission in bladder ganglia.>'*" Although
purinergic excitatory transmission is not important in the
normal human bladder, it appears to be involved in bladders
from patients with pathologic conditions such as detrusor
overactivity, chronic urethral outlet obstruction, or interstitial
cystitis.'>'®"

Parasympathetic pathways to the urethra induce relaxation
during voiding."'*'"'*** In various species, the relaxation is not
affected by muscarinic antagonists and therefore is not mediated
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by acetylcholine. However, inhibitors of nitric oxide synthase
block the relaxation in vivo during reflex voiding or block the
relaxation of urethral smooth muscle strips induced in vitro by
electrical stimulation of intramural nerves, indicating that nitric
oxide is the inhibitory transmitter involved in relaxation.">'"'*"
In some species, neurally evoked contractions of the urethra are
reduced by muscarinic receptor antagonists or by desensitization
of P2X purinergic receptors, indicating that acetylcholine or ATP
are involved in excitatory transmission to urethral smooth
muscle.”

| Thoracolumbar Sympathetic Pathways

Sympathetic preganglionic pathways that arise from the T11 to
L2 spinal segments pass to the sympathetic chain ganglia and
then to prevertebral ganglia in the superior hypogastric and
pelvic plexus and to short adrenergic neurons in the bladder
and urethra. Sympathetic postganglionic nerves that release nor-
epinephrine provide excitatory input to smooth muscle of the
urethra and bladder base, inhibitory input to smooth muscle in
the body of the bladder, and inhibitory and facilitatory input to
vesical parasympathetic ganglia."”'" Radioligand receptor binding
studies showed that o-adrenergic receptors are concentrated in
the bladder base and proximal urethra, whereas B-adrenergic
receptors are most prominent in the bladder body."" These
observations are consistent with pharmacologic studies showing
that sympathetic nerve stimulation or exogenous catecholamines
produce B-adrenergic receptor-mediated inhibition of the body
and o-adrenergic receptor—mediated contraction of the base,
dome, and urethra. Molecular and contractility studies have
shown that P;-adrenergic receptors elicit inhibition and o,-
adrenergic receptors elicit contractions in the human bladder."
The o,-adrenergic receptor subtype is most prominent in the
normal bladders, but the oyp-adrenergic receptor subtype is
upregulated in bladders from patients with outlet obstruction,
raising the possibility that o,-adrenergic receptor excitatory
mechanisms in the bladder may contribute to irritative lower
urinary tract symptoms in patients with benign prostatic
hyperplasia.'

| Sacral Somatic Pathways

Somatic efferent pathways to the external urethral sphincter are
carried in the pudendal nerve from anterior horn cells in the
third and fourth sacral segments. Branches of the pudendal nerve
and other sacral somatic nerves also carry efferent impulses to
muscles of the pelvic floor and proprioceptive afferent signals
from these muscles, as well as sensory information from the
urethra.>*** Analysis of urethral closure mechanisms in the
female rat during bladder distention or sneeze-induced stress
conditions revealed that the major rise in urethral pressure
occurred in the middle urethra and was mediated by efferent
pathways in the pudendal nerve to the external urethral sphincter
and by pathways in nerves to the iliococcygeus and pubococ-
cygeus muscles, although not by pathways in the sympathetic or
parasympathetic nerves.”

| Neural Modulation

Postganglionic nerve terminals are sites of “cross-talk” between
sympathetic and parasympathetic nerves and possible sites of
gating mechanisms.”*® For example, in the rat lower urinary

tract, activation of M,/, (muscarinic) cholinergic receptors on
nerve terminals suppresses acetylcholine and norepinephrine
release,” whereas activation of M, cholinergic receptors or
o,-adrenergic receptors enhances acetylcholine release (see
Table 3-1).”** Inhibitory M,/, mechanisms are dominant at low
frequencies of nerve activity and therefore may contribute to
urine storage, whereas M, facilitatory mechanisms are dominant
at high frequencies of nerve stimulation and may contribute to
an enhancement of neurally evoked bladder contractions during
micturition to induce complete bladder emptying.

Other putative transmitters that have been identified in effer-
ent pathways to the lower urinary tract of animals and humans
may modulate neuroeffector transmission (see Table 3-1).>*"*
Neuropeptide Y is presentin adrenergic and cholinergic neurons,”
and when administered exogenously, it acts prejunctionally to
suppress the release of norepinephrine and acetylcholine from
postganglionic nerve terminals.”’ Although nitric oxide relaxes
smooth muscle in the urethra, it is inactive in bladder smooth
muscle.'” However, in the bladder, it may act on afferent nerves
to modulate excitability.'”' VIP, which is released with acetyl-
choline, may function as an inhibitory transmitter in the bladder.'’
Efferent control of the bladder and urethra is potentially complex
and involves many transmitters and many synaptic gating mech-
anisms in ganglia and at postganglionic nerve terminals.

| Lumbosacral Afferent Pathways

Afferent activity arising in the bladder is transmitted to the
central nervous system by both sets of autonomic nerves.””?
The afferent nerves most important for initiating micturition are
those passing in the pelvic nerves to the sacral spinal cord. These
afferents consist of small, myelinated (A) and unmyelinated (C)
fibers that convey impulses from tension receptors and nocicep-
tors, respectively, in the bladder wall.>>** Electrophysiologic
studies in the cat have shown that A bladder afferents respond in
a graded manner to passive distention and to active contraction
of the bladder.”®*” The intravesical pressure threshold for activa-
tion of these afferents ranges from 5 to 15 mm Hg, which is
consistent with pressures at which humans report the first sensa-
tion of bladder filling during cystometry. The A afferents in the
cat show a linear increase in firing with increasing intravesical
pressures that extend into the noxious range, suggesting that
nociceptive stimuli in the bladder may be encoded in part by high
rates of firing in polymodal afferents that also transmit non-
noxious information.

High-threshold C-fiber afferents have also been detected in
the cat bladder.” Under normal conditions, most of these affer-
ents do not respond to bladder distention and therefore have
been designated silent C fibers, but many can be activated by
chemical irritation of the bladder mucosa®* or cold temperatures
(Fig. 3-2).”® After chemical irritation, C-fiber afferents exhibit
spontaneous firing with the bladder empty and increased firing
during bladder distention.”* Activation of C-fiber afferents by
chemical irritation facilitates the micturition reflex and decreases
bladder capacity.”>**! Administration of capsaicin, a neurotoxin
that desensitizes C-fiber afferents, blocks this facilitation but does
not block micturition reflexes in normal animals, indicating
that C-fiber afferent pathways are not essential for normal
voiding.>***

In the rat, A-fiber and C-fiber bladder afferents are not dis-
tinguishable on the basis of stimulus modality; both types of
afferents consist of mechanosensitive and chemosensitive popu-
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Figure 3-2 The diagram shows the receptors in the urothelium and in sensory nerve endings in the bladder mucosa and the putative
chemical mediators that are released by the urothelium, nerves, or smooth muscle that can modulate the excitability of sensory nerves.
Urothelial cells and sensory nerves express common receptors (i.e., P2X, TRPV1, and TRPMS8). Distention of the bladder activates stretch
receptors and triggers the release of urothelial transmitters such as adenosine triphosphate (ATP), acetylcholine (ACh), and nitric oxide (NO)
that may interact with adjacent nerves. Receptors in afferent nerves or the urothelium can respond to changes in pH, osmolality, high
potassium ion (K*) concentration, chemicals in the urine, or inflammatory mediators released in the bladder wall. Neuropeptides (e.g.,
neurokinin A) released from sensory nerves in response to distention or chemical stimulation can act on NK-2 autoreceptors to sensitize the
mechanosensitive nerve endings. The smooth muscle can generate a force that may influence some mucosal endings. Nerve growth factor
released from muscle or urothelium can exert an acute and chronic influence on the excitability of sensory nerves though an action on
tyrosine kinase A (Trk-A) receptors. MAChR, muscarinic acetylcholine receptor; TRPM8, menthol/cold receptor; TRPV1, transient receptor

potential vanilloid receptor 1, sensitive to capsaicin.

lations.*** C-fiber afferents that respond only to bladder filling
have also been identified in the rat bladder and appear to be
volume receptors possibly sensitive to stretch of the mucosa.*
C-fiber afferents are sensitive to the neurotoxins capsaicin and
resiniferatoxin and to other substances, such as tachykinins,
nitric oxide, ATP, prostaglandins, and neurotrophic factors,
released in the bladder by afferent nerves, urothelial cells, and
inflammatory cells (see Fig. 3-2).>>*"*>*8>* These substances can
sensitize the afferent nerves and change their response to mechan-
ical stimuli.

Mechanosensitive afferents from the bladder and urethra have
been identified in sympathetic nerves passing to the lumbar
spinal cord.” These afferent pathways consist of myelinated and
unmyelinated axons that respond to similar stimulus modalities
as afferents in the pelvic nerve. The function of sympathetic nerve
afferents in the control of micturition is uncertain; however,
based on clinical observations, it is clear that in humans they
carry nociceptive information from the lower urinary tract.

Afferent pathways from the urethra, which induce the sensa-
tions of temperature, pain, and passage of urine, travel in the
pudendal nerve to the lumbosacral spinal cord.>® Afferents from
the female sex organs, including the clitoris, vagina, and part of
the innervation of the uterine cervix, also travel in the pudendal

nerve.”*” These afferents and pudendal nerve afferents from the
striated sphincter muscles have a modulatory influence on
micturition.>**

The properties of lumbosacral dorsal root ganglion cells
innervating the bladder, urethra, and external urethral sphincter
in the rat have been studied with patch-clamp recording tech-
niques in combination with axonal tracing methods to identify
the different populations of neurons.”®® Based on responsiveness
to capsaicin, it is estimated that approximately 70% of bladder
afferent neurons in the rat are the C-fiber type. These neurons
exhibit high-threshold, tetrodotoxin-resistant sodium channels
and action potentials and phasic firing (one to two spikes) in
response to prolonged depolarizing current pulses.”****! Approx-
imately 90% of the bladder C-fiber afferent neurons also are
excited by ATP, which induces depolarization and firing of affer-
ent neurons by activating P2X; or P2X,; receptors.”® These
neurons express isolectin-B4 binding, which is commonly used
as a marker for ATP-responsive sensory neurons.”’ A-fiber affer-
ent neurons are resistant to capsaicin and ATP and exhibit low-
threshold, tetrodotoxin-sensitive sodium channels and action
potentials and tonic firing (multiple spikes) to depolarizing
current pulses. C-fiber bladder afferent neurons also express a
slowly decaying A-type K* channel that controls spike threshold
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and firing frequency.”®® Suppression of this K* channel induces
hyperexcitability of bladder afferent nerves.”® These properties
of dorsal root ganglion cells are consistent with the different
properties of A-fiber and C-fiber afferent receptors in the
bladder.

Immunohistochemical studies have shown that a large per-
centage of bladder afferent neurons contain peptides: CGRP,
VIP, substance P, pituitary adenylate cyclase-activating polypep-
tide (PACAP), corticotropin-releasing factor (CRF), and enkeph-
alins.**® In the bladder, these peptides are common in nerves in
the submucosal and subepithelial layers and around blood vessels.
The neurotoxin capsaicin, when applied locally to the bladder in
experimental animals, releases peptides from peripheral afferent
terminals and produces inflammatory responses, including
plasma extravasation and vasodilatation.* Afferent peptides can
also modulate transmission in bladder ganglia.® These findings
suggest that the neuropeptides may be important neurotrans-
mitters in afferent pathways in the lower urinary tract.

Urothelial-Afferent Interactions

Studies have revealed that the urothelium, which has been tradi-
tionally viewed as a passive barrier at the bladder luminal
surface,”*®* has specialized sensory and signaling properties that
allows urothelial cells to respond to their chemical and physical
environment and to engage in reciprocal chemical communica-
tion with neighboring nerves in the bladder wall (see Fig. 3-2).%%
These properties include expression of nicotinic, muscarinic,
tachykinin, adrenergic, purinergic, and capsaicin (TRPV1) recep-
tors”7%%%; responsiveness to transmitters released from sensory
nerves; close physical association with afferent nerves****; and
an ability to release chemical mediators such as ATP, acetylcho-
line, and nitric oxide that can regulate the activity of adjacent
nerves and thereby trigger local vascular changes or reflex bladder
contractions.”">7%>% The role of ATP in urothelial-afferent
communication has attracted considerable attention because
bladder or urethral distention releases ATP from the urothe-
lium,”»””%% and intravesical administration of ATP induces
bladder hyperactivity,*** an effect blocked by administration of
P2X purinergic receptor antagonists that suppress the excitatory
action of ATP on bladder afferent neurons.”** Mice in which
the P2X; receptor was knocked out exhibited hypoactive bladder
activity and inefficient voiding,”** suggesting that activation of
P2X; receptors on bladder afferent nerves by ATP released from
the urothelium was essential for normal bladder function. It has
also been reported that urothelial cells obtained from patients or
cats with a chronic, painful bladder condition (i.e., interstitial
cystitis) released significantly larger amounts of ATP in response
to mechanical stretching than urothelial cells from normal
patients.”¥ The release of other substances, including nitric
oxide” and a nonapeptide glycoprotein called APF,”"* is also
increased in feline interstitial cystitis and human interstitial cys-
titis, respectively. This raises the possibility that enhanced signal-
ing between the urothelium and afferent nerves is involved in the
triggering of painful bladder sensations (see Fig. 3-2).
Communication between the urothelium and afferent nerves
may also involve another cell type, the myofibroblast.”** These
cells, which stain intensely for vimentin and gap junction protein
connexin 43, have been identified immediately below the urothe-
lium in human and guinea pig bladders. Electron microscopic
studies have revealed that the cells make close appositions with
unmyelinated suburothelial nerve endings.” Exogenous ATP can
induce Ca'*-activated chloride currents in myofibroblasts by

stimulation of P2Y receptors.” It has been suggested that stretch-
induced ATP released from urothelial cells may act on myofibro-
blasts, which modulate the excitability of adjacent afferent
nerves.

| ANATOMY OF CENTRAL NERVOUS PATHWAYS

| Efferent Neurons

Preganglionic neurons in the lumbosacral parasympathetic
nucleus have been identified in the intermediolateral region of
the spinal cord in several species.”’ In the cat, the sacral para-
sympathetic nucleus is divided into two groups of cells: a dorsal
band and a lateral band. Neurons innervating the urinary bladder
are located in the lateral band. These neurons have an extensive
network of axon collaterals® that is involved in a recurrent inhib-
itory mechanism® that regulates reflex bladder activity. The
neurons send dendrites to discrete regions of the spinal cord,
including the lateral and dorsal lateral funiculus, lamina I on the
lateral edge of the dorsal horn, the dorsal gray commissure, and
the gray matter and lateral funiculus ventral to the autonomic
nucleus (Fig. 3-3).” It has been suggested that the dendrites in
the lateral funiculus receive inputs from descending pathways
from the brain, whereas the other dendrites receive segmental
inputs from interneurons or primary afferents. Lumbar sympa-
thetic preganglionic neurons and motor neurons in Onuf’s
nucleus that innervate the external urethral sphincter have similar
dendritic distributions (see Fig. 3-3).''%

| Afferent Projections

Afferent pathways from the lower urinary tract project to discrete
regions of the dorsal horn that contain the soma or dendrites of
efferent neurons innervating the lower urinary tract. Pelvic nerve
afferent pathways from the urinary bladder of the cat'®'** and
the rat'® project into Lissauer’s tract at the apex of the dorsal
horn and then pass rostrocaudally, giving off collaterals that
extend laterally and medially through the superficial layer of the
dorsal horn (lamina I) into the deeper layers (laminae V to VII
and X) at the base of the dorsal horn (Fig. 3-4A and see Fig. 3-3).
The lateral pathway, which is the most prominent projection,
terminates in the region of the sacral parasympathetic nucleus
and also sends some axons to the dorsal commissure (see Figs.
3-3 and 3-4A).

Pudendal nerve afferent pathways from the external urethral
sphincter of the cat have central terminations that overlap in part
with those of bladder afferents in lateral laminae, I, V to VII, and
X101 Afferents from the female sexual organs also terminate in
these areas.’®” The overlap of the central projections of bladder
afferents and the afferents in the pudendal nerve to the sex organs
and urethra is of interest, because activation of the latter afferents
can markedly influence bladder function.'*'%

| Spinal Interneurons

The spinal neurons involved in processing afferent input
from the lower urinary tract and the sex organs have been
identified by physiologic and anatomic tracing techniques.''*"'"
Interneurons that fire in response to bladder distention or
mechanical stimulation of the vagina or uterine cervix have been
detected in lateral intermediate gray matter near the sacral para-
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Figure 3-3 Neural connections between the brain and the sacral
spinal cord that may be involved in the regulation of the lower
urinary tract in the cat. Lower section of the spinal cord shows the
location and morphology of a preganglionic neuron in the sacral
parasympathetic nucleus (SPN), a sphincter motoneuron in Onuf's
nucleus (ON), and the sites of central termination of afferent
projections from the urinary bladder. Upper section of the spinal
cord shows the sites of termination of descending pathways arising
in the pontine micturition center (medial), the pontine sphincter or
urine storage center (lateral), and the paraventricular nuclei of the
hypothalamus. Section through the pons shows the projection for
anterior hypothalamic nuclei to the pontine micturition center.
(From de Groat WC: Neural control of urinary bladder and sexual
organs. In Bannister R, Mathias, CJ [eds]: Autonomic Failure, 3rd
ed. Oxford, Oxford University Press, 1992, p 129.)

sympathetic nucleus and in the region of the dorsal commissure
(lamina X).»'”® Commonly, stimulation of sex organ afferents
inhibits neurons activated by bladder distention, which is con-
sistent with the inhibitory effect of these afferents on bladder
reflexes.'®'*”

Spinal interneurons have also been identified by the expres-
sion of the immediate-early gene FOS (see Fig. 3-4B)''*"'"* and by
transneuronal transport of pseudorabies virus from the bladder
(see Fig. 3-4C).**'"*!"* The protein product of the FOS gene can
be detected immunocytochemically in the nuclei of neurons
within 30 to 60 minutes after synaptic activation. In the rat,

noxious or non-noxious stimulation of the bladder and urethra
and electrical stimulation of the pelvic or pudendal nerves
increased the levels of FOS protein, primarily in the dorsal com-
missure and in the area of the sacral parasympathetic nucleus (see
Fig. 3-4B), the major sites of termination of afferents from the
lower urinary tract. Neurons in these same regions are labeled by
the pseudorabies virus (see Fig. 3-4C), which passes transsynapti-
cally in a sequential manner from postganglionic to pregang-
lionic efferent neurons and then to segmental interneurons
and eventually to neurons in the brain (Fig. 3-5) (discussed
later)."”""® Interneurons in the dorsal commissure region also
project to the sphincter motor nucleus."®'"” These results indi-
cate that interneurons in restricted regions of the intermediate
gray matter and dorsal commissure play a major role in coordi-
nating the different aspects of lower urinary tract function.

Patch-clamp recordings from parasympathetic preganglionic
neurons in the rat spinal slice preparations have revealed that
interneurons located immediately dorsal and medial to the para-
sympathetic nucleus make direct monosynaptic connections with
the preganglionic neurons (PGNs)."®'? Microstimulation of
interneurons in both locations elicits glutamatergic, N-methyl-
p-aspartic acid (NMDA), and non-NMDA excitatory postsynap-
tic currents in PGNs. Stimulation of a subpopulation of medial
interneurons elicits GABAergic and glycinergic inhibitory post-
synaptic currents."® In this way, local interneurons likely play
an important role in excitatory and inhibitory reflex pathways
controlling the preganglionic outflow to the lower urinary
tract. Glutamatergic excitatory inputs have also been elicited by
stimulation of the projections from lamina X and the lateral
funiculus.""'*

| Pathways in the Brain

The neurons in the brain that control the lower urinary tract
have been studied with a variety of anatomic tracing techniques
in several species. In the rat, transneuronal virus tracing
methods'*"" have identified many populations of central
neurons that are involved in the control of the bladder, urethra,
and urethral sphincter, including the Barrington nucleus, the
pontine micturition center (PMC); the medullary raphe nucleus,
which contains serotonergic neurons; the locus ceruleus, which
contains noradrenergic neurons; the periaqueductal gray (PAG);
and the A5 noradrenergic cell group (see Fig. 3-5). Several regions
in the hypothalamus and the cerebral cortex also exhibited virus-
infected cells. Neurons in the cortex were located primarily in the
medial frontal cortex.

Other anatomic studies in which anterograde tracer sub-
stances were injected into brain areas and then identified in ter-
minals in the spinal cord are consistent with the virus-tracing
data. Tracer injected into the paraventricular nucleus of the
hypothalamus labeled terminals in the sacral parasympathetic
nucleus and the sphincter motor nucleus (see Fig. 3-3)./2'%
Neurons in the anterior hypothalamus project to the PMC, and
neurons in the PMC project primarily to the sacral parasympa-
thetic nucleus and the lateral edge of the dorsal horn and the
dorsal commissure, areas containing dendritic projections from
the preganglionic neurons, sphincter motoneurons, and afferent
inputs from the bladder. Conversely, projections from neurons
in the lateral pons terminate rather selectively in the sphincter
motor nucleus (i.e., Onuf’s nucleus) (see Fig. 3-3).'* The sites of
termination of descending projections from the PMC are opti-
mally located to regulate reflex mechanisms at the spinal level.
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Figure 3-4 The distribution of bladder afferent projections to the L6 spinal cord of the rat (A) is shown, with the distribution of Fos-positive
cells in the L6 spinal segment after chemical irritation of the lower urinary tract of the rat (B) and the distribution of interneurons in the L6
spinal cord labeled by transneuronal transport of pseudorabies virus injected into the urinary bladder (C). Afferents labeled by lectin wheat
germ agglutinin conjugated to horseradish peroxidase (WGA-HRP) injected into the urinary bladder. Fos immunoreactivity is present in the
nuclei of cells. CC central canal; DH, dorsal horn; SPN, sacral parasympathetic nucleus. D, Laminar organization of the cat spinal cord.

Table 3-2 Reflexes to the Lower Urinary Tract

Afferent Pathway

Efferent Pathway

Central Pathway

Urine storage: low-level vesical afferent
activity (pelvic nerve)

External sphincter contraction (somatic nerves)
Internal sphincter contraction (sympathetic nerves)

Spinal reflexes

Detrusor inhibition (sympathetic nerves)
Ganglionic inhibition (sympathetic nerves)
Sacral parasympathetic outflow, inactive

Micturition: high-level vesical afferent activity
(pelvic nerve)

Inhibition of external sphincter activity
Inhibition of sympathetic outflow

Spinobulbospinal reflexes

Activation of parasympathetic outflow to the bladder

REFLEX MECHANISMS CONTROLLING THE LOWER
URINARY TRACT

The central pathways controlling lower urinary tract function are
organized as simple on-off switching circuits that maintain a
reciprocal relationship between the urinary bladder and the ure-
thral outlet. The principal reflex components of these switching
circuits are listed in Table 3-2 and are illustrated in Figure 3-6.
Intravesical pressure measurements during bladder filling in
humans and animals reveal that bladder pressure is maintained
at a low and relatively constant level when bladder volume is
below the threshold for inducing voiding (Fig. 3-7A). Accom-
modation of the bladder to increasing volumes of urine is pri-
marily a passive phenomenon that depends on the intrinsic
properties of the vesical smooth muscle and the quiescence of the
parasympathetic efferent pathway.”* In some species, urine
storage is also facilitated by sympathetic reflexes that mediate

inhibition of bladder activity and closure of the urethral outlet
(see Table 3-2 and Fig. 3-6)."*'”” During bladder filling, the activ-
ity on the sphincter electromyogram also increases (see Fig. 3-7),
reflecting an increase in efferent firing in the pudendal nerve and
an increase in outlet resistance that contributes to the mainte-
nance of urinary continence.”

The storage phase of the urinary bladder can be switched to
the voiding phase involuntarily (by reflex) or voluntarily (see Fig.
3-7B). The former is readily demonstrated in the human infant
(see Fig. 3-7A) and in the anesthetized animal when the volume
of urine exceeds the micturition threshold. At this point, increased
afferent firing from tension receptors in the bladder reverses the
pattern of efferent outflow, producing firing in the sacral para-
sympathetic pathways and inhibition of sympathetic and somatic
pathways. The expulsion phase consists of an initial relaxation of
the urethral sphincter (see Fig. 3-7A) followed in a few seconds
by a contraction of the bladder, an increase in bladder pressure,
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Figure 3-5 Structures in the brain and spinal cord of the adult

and neonatal rat were labeled after injection of pseudorabies virus
into the urinary bladder or the urethra. Virus is transported
transneuronally in a retrograde direction (dashed arrows). Normal
synaptic connections are indicated by solid arrows. At long survival
times, the virus can be detected in neurons at specific sites in the
spinal cord and brain, extending to the pontine micturition center in
the pons (i.e., Barrington's nucleus) and to the cerebral cortex.
Otbher sites in the brain labeled by the virus are the paraventricular
nucleus (PVN), medial preoptic area (MPOA), and periventricular
nucleus (Peri.V.N.) of the hypothalamus; periaqueductal gray
(PAG); locus ceruleus (LC) and subceruleus; red nucleus (Red N.);
medullary raphe nuclei; and the noradrenergic cell group (A5).

and flow of urine. Secondary reflexes elicited by the flow of urine
through the urethra facilitate bladder emptying.*

These reflexes require the integrated action of neuronal popu-
lations at various levels of the neuraxis (Fig. 3-8 and see Fig. 3-6).
Certain reflexes, such as those mediating the excitatory input to
the sphincters and the sympathetic inhibitory input to the
bladder, are organized at the spinal level (see Fig. 3-6A), whereas
the parasympathetic input to the detrusor has a more compli-
cated central organization involving spinal and spinobulbospinal
pathways (see Fig. 3-6B).

| Storage Reflexes

Sympathetic Pathways

Studies in animals indicate that sympathetic input to the lower
urinary tract is tonically active during bladder filling.’ Surgical or
pharmacologic blockade of the sympathetic pathways can reduce
urethral resistance, bladder capacity, and bladder wall compli-
ance and increase the frequency and amplitude of bladder con-

tractions. Sympathetic firing is initiated at least in part by a
sacrolumbar intersegmental spinal reflex pathway triggered by
vesical afferent activity in the pelvic nerves (see Table 3-2 and Fig.
3-6A)."”*'” This vesicosympathetic reflex represents a negative-
feedback mechanism whereby an increase in bladder pressure
triggers an increase in inhibitory input to the bladder, allowing
the bladder to accommodate larger volumes of urine. The reflex
pathway is inhibited during micturition, and the inhibition is
abolished by transection of the spinal cord at the thoracic level,
indicating that it originates at a supraspinal site, possibly the
PMC (see Fig. 3-6B).'”

Somatic Efferent Pathways to the Urethral Sphincter

Reflex control of the striated urethral sphincter is similar to
control of sympathetic pathways to the lower urinary tract (see
Fig. 3-6A). During bladder filling, pudendal motor neurons are
activated by vesical afferent input, whereas during micturition,
motor neurons are reciprocally inhibited. Inhibition depends in
part on supraspinal mechanisms, because in animals with chronic
spinal lesions and in paraplegic patients, it is weak or absent. In
paraplegics, the uninhibited spinal vesicosphincter excitatory
reflex pathway commonly initiates a striated sphincter contrac-
tion in concert with a contraction of the bladder (i.e., bladder-
sphincter dyssynergia) (see Fig. 3-7C). This reflex interferes with
bladder emptying.

Supraspinal control of sphincter motor neurons has been
studied with electrophysiologic techniques in animals. Electrical
stimulation of the lateral funiculus of the spinal cord or stimula-
tion of various areas of the brain evokes excitatory postsynaptic
potentials and firing in sphincter motor neurons and an increase
in sphincter electromyographic activity in the cat.'**"** Stimula-
tion of the lateral pontine reticular formation, an area that has
been designated the urine storage center, elicits an increase in
sphincter electromyographic activity and inhibits bladder activ-
ity."”*'*? Stimulation of dorsal medial pontine sites (e.g., PMC)
excites the bladder and inhibits sphincter electromyographic
activity at latencies of 40 to 50 ms.'**"**'* These findings indicate
that the spinal reflex pathways that mediate urine storage are
strongly modulated by descending input from the brain.

| Voiding Reflexes

Spinobulbospinal Micturition Reflex Pathway

Micturition is mediated by activation of the sacral parasympa-
thetic efferent pathway to the bladder and reciprocal inhibition
of the somatic pathway to the urethral sphincter (see Table 3-2
and Fig. 3-6B). Studies in animals using brain-lesioning tech-
niques have revealed that neurons in the brainstem at the level
of the inferior colliculus play an essential role in the control of
the parasympathetic component of micturition (Fig. 3-9 and see
Fig. 3-8)."°"**% Removal of areas of the brain above the inferior
colliculus by intercollicular decerebration usually facilitates mic-
turition by eliminating inhibitory inputs from more rostral areas
of the brain (see Fig. 3-8).>*"*"”> However, transection at any
point below the colliculi abolishes micturition. Bilateral lesions
in the rostral pons abolish micturition, whereas electrical stimu-
lation at these sites triggers bladder contractions and micturi-
tion.”®'*® These observations led to the concept of a
spinobulbospinal micturition reflex pathway that passes through
a center in the rostral brainstem, the PMC (see Figs. 3-6B and
3-9). This pathway functions as an on-off switch (see Fig. 3-6)



34

Section 1 BASIC CONCEPTS

Pontine
storage
center

Hypogastric
nerve \
+ contracts
bladder outlet
— inhibits
detrusor

Urinary
bladder

Pelvic nerve
Pudendal
nerve

External
sphincter

A

PAG

Pontine
micturition
center N
RVAN

Hypogastric
nerve Y

Urinary - o
bladder ’&
Internal + Contracts detrusor
sphincter — Inhibits bladder outlet
bs
External Pudendal nerve
sphincter

Figure 3-6 Neural circuits controlling continence and micturition. A, Urine storage reflexes. During the storage of urine, distention of the
bladder produces low-level vesical afferent firing, which stimulates sympathetic outflow to the bladder outlet (i.e., base and urethra) and
pudendal outflow to the external urethral sphincter. These responses occur by spinal reflex pathways and represent guarding reflexes, which
promote continence. Sympathetic firing also inhibits the detrusor muscle and modulates transmission in the bladder ganglia. A region in the
rostral pons (i.e., pontine storage center) increases external urethral sphincter activity. B, Voiding reflexes. During elimination of urine,
intense bladder afferent firing activates spinobulbospinal reflex pathways passing through the pontine micturition center, which stimulates
the parasympathetic outflow to the bladder and internal sphincter smooth muscle and inhibits the sympathetic and pudendal outflow to the
urethral outlet. Ascending afferent input from the spinal cord may pass through relay neurons in the periaqueductal gray (PAG) before

reaching the pontine micturition center.

that is activated by a critical level of afferent activity arising from
tension receptors in the bladder.”*® This switch is modulated by
inhibitory and excitatory influences from areas of the brain
rostral to the pons (i.e., diencephalon and cerebral cortex) and
from other areas of the brainstem (Fig. 3-10 and see Figs. 3-8
and 3_9)‘134,135

Pontine Micturition Center

Physiologic and pharmacologic experiments have provided sub-
stantial support for the concept that neuronal circuitry in the
PMC functions as a switch in the micturition reflex pathway. The
switch seems to regulate bladder capacity and coordinate the
activity of the bladder and external urethral sphincter.>>"’""®
Electrical or chemical stimulation in the PMC of the rat, cat, or
dog induces suppression of urethral sphincter electromyographic

activity, firing of sacral preganglionic neurons, bladder contrac-
tions, and release of urine.>****"**"** Microinjections of putative
inhibitory transmitters into the PMC of the cat can increase the
volume threshold for inducing micturition and, in high doses,
completely block reflex voiding, indicating that synapses in this
region are important for regulating the set point for reflex voiding
and are an essential link in the reflex pathway.”’ The PMC
receives inputs indirectly through relay stations in the PAG or
directly from spinal tract neurons (see Fig. 3-10) located in lateral
laminae I, V, and VII of the sacral spinal cord.'*!!¢"**!4! Neurons
in the latter areas of the spinal cord receive dense projections
from bladder afferent pathways'*'*''? (see Figs. 3-3 and 3-4) and
respond to distention or contraction of the bladder.'®®""’ Brain
imaging studies in humans using positron emission tomography
(PET) or functional magnetic resonance imaging (fMRI) have
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Figure 3-7 Combined cystometrograms and sphincter
electromyograms (EMGs) comparing reflex voiding responses in an
infant (A) and in a paraplegic patient (C) with a voluntary voiding
response in an adult (B). The abscissa in all recordings represents
bladder volume (mL), and the ordinates represent bladder pressure
(cm H,0O) and electrical activity of the EMG recording. On the left
side of each trace, the arrows indicate the start of a slow infusion
of fluid into the bladder (i.e., bladder filling). Vertical dashed lines
indicate the start of sphincter relaxation, which precedes by a few
seconds the bladder contraction in A and B. In B, notice that a
voluntary cessation of voiding (i.e., stop) is associated with an initial
increase in the sphincter electromyographic pattern, followed by a
reciprocal relaxation of the bladder. A resumption of voiding is
associated with sphincter relaxation and a delayed increase in
bladder pressure. In the paraplegic patient (C), the reciprocal
relationship between bladder and sphincter is abolished. During
bladder filling, transient uninhibited bladder contractions occur in
association with sphincter activity. Further filling leads to more
prolonged and simultaneous contractions of the bladder and
sphincter (i.e., bladder-sphincter dyssynergia). Loss of the reciprocal
relationship between the bladder and sphincter in paraplegic
patients interferes with bladder emptying. (From de Groat WC,
Steers WD: Autonomic regulation of the urinary bladder and sex
organs. In Loewy AD, Spyer KM [eds]: Central Regulation of
Autonomic Functions. Oxford, Oxford University Press, 1990,
p 310.)

identified increased neuronal activity in the PMC and PAG
during voiding (see Fig. 3-9)."* '+

Spinal Micturition Pathway

Reflex mechanisms in the spinal cord can also mediate bladder
contractions and voiding.>*****'*” In most species, these mecha-
nisms are weak or absent in adults with an intact nervous system;
however, they are prominent in neonates'* or in mature animals
after spinal cord injury above the lumbosacral level."**'"” In the
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Figure 3-8 A, Sagittal section of the cat brain shows various levels
of brain transections made in the study of the supraspinal control
of micturition. IC, inferior colliculi; M, midbrain; P, pons; SC
superior colliculi. B, The net facilitatory and inhibitory actions of
various levels of the brain are identified by the transection
procedures shown in A. (Data from Tang PC: Levels of the brain
stem and diencephalon controlling the micturition reflex. J
Neurophysiol 18:583, 1955; Tang PC, Ruch TC: Localization of
brain stem and diencephalic areas controlling the micturition reflex.
J Comp Neurol 106:213, 1956.)

cat, the spinal micturition reflex is mediated by C-fiber afferents
(see Fig. 3-10), whereas the spinobulbospinal reflex in normal
animals is triggered by A filer afferent input from tension recep-
tors in the urinary bladder.*>"**"”” Somatic afferent pathways,
particularly afferents with receptors in the perineum, can also
induce voiding reflexes.'”'*>'** Spinal pathways mediate invol-
untary or automatic micturition, whereas the spinobulbospinal
pathways are involved in voluntary micturition.

Suprapontine Control of Micturition

Experiments in animals and clinical studies in humans indicate
that various sites in the brain in addition to those directly involved
in the micturition reflex pathway influence lower urinary
tract function. Reviews of the clinical and animal literature con-
cerning the regulation of micturition by the brain have been
published.”*'*

Axonal-tracing studies in rats using transsynaptic transport of
pseudorabies virus have revealed the presence of direct connec-
tions from neurons in many brain areas to the reflex circuitry
that regulates bladder function."”"'" As illustrated in Figure 3-5,
after injection of the virus into the bladder wall, preganglionic
neurons and interneurons in the spinal cord are labeled at short
transport times; at longer transport times, neurons in various
areas of the brain, including the PMC, paraventricular and medial
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Figure 3-9 Increases in brain activity with increasing volume. Activations are shown superimposed on three orthogonal sections of
normalized brain. Increases in brain activity with increases in bladder volume are seen in the periaqueductal gray, pons, cingulate, and
frontal lobes (SPM t, P < .05 uncorrected). (Modified from Athwal BS, Berkley KJ, Hussain I, et al: Brain responses to changes in bladder

volume and urge to void in healthy men. Brain 124:369, 2001.)

preoptic nuclei of the hypothalamus, cerebral cortex, red nucleus,
and PAG and raphe nuclei in the brainstem, are labeled by the
virus. The possible functions of these neurons in the regulation
of lower urinary tract function have been revealed by lesion and
electrophysiologic studies in animals'**'** and imaging studies in
humans.

Lesion studies in humans'*® and animals'’ indicate that vol-
untary control of micturition depends on connections between
the frontal cortex and forebrain structures, such as the anterior
cingulate gyrus, hypothalamus, amygdala, bed nucleus of the
stria terminalis, and septal nuclei, in which electrical stimulation
elicits excitatory bladder effects.*>"** Lesions to these areas of
cortex resulting from tumors, aneurysms, or cerebrovascular
disease appear to remove inhibitory control over the anterior
hypothalamic area, which normally provides excitatory input to
micturition centers in the brainstem (see Fig. 3-8).%'*

The literature on the hypothalamic influences on lower urinary
tract function is extensive.”* Electrical stimulation of the anterior
or lateral hypothalamus of animals activates the sacral parasym-
pathetic excitatory pathway to the bladder and induces bladder
contractions and voiding. In the cat, the effects of hypothalamic
stimulation are probably mediated by actions in the brainstem
and direct projections to the spinal cord. Axonal tracing studies
in cats have shown that hypothalamic areas have diverse projec-
tions to areas of the brainstem that have an important role in the
control of bladder function. For example, the anterior hypotha-
lamic area projects directly through the medial forebrain bundle
to the PMC (see Fig. 3-3). The lateral hypothalamic area projects
to the parabrachial nucleus," which reportedly has facilitatory
effects on micturition.* The anterior, medial, and paraventricular
areas of the hypothalamus project to the central gray matter and
medullary raphe nuclei. Electrical stimulation of the latter areas
and adjacent reticular formation (i.e., nucleus reticularis gigan-
tocellularis) has been shown to exert prominent modulatory

149

effects on bladder and urethral sphincter activity.” Medial and
posterior hypothalamic areas, including the paraventricular
nucleus, have direct projections to the sacral parasympathetic
nucleus, the sphincter motor nucleus (i.e., Onuf’s nucleus), and
certain sites in the spinal cord where bladder afferents terminate
(i.e., laminae I and X) (see Fig. 3-3).'” Hypothalamic control
may be mediated by direct inputs to pontine and sacral micturi-
tion centers or by indirect mechanisms through other brainstem
regions.

The influence of the hypothalamus on bladder function may
be modulated by afferent input from the bladder. Tracing studies
in rats have identified a spinohypothalamic pathway arising from
neurons in the region of the sacral parasympathetic nucleus.">'>*
FOS protein studies have shown that a large percentage of these
neurons (60%) receive afferent input from the lower urinary
tract.'? This spinohypothalamic pathway may provide one route
by which changes in bladder pressure modulate the firing of
hypothalamic neurons.'”™ This pathway also provides the
anatomic substrate for putative spinohypothalamospinal and
spinohypothalamopontine loops that may provide important
modulatory control over micturition.

In the rat, the prefrontal cortex is considered a visceromotor
area, whereas the insular cortex is considered a viscerosensory
area. In rats subjected to infarction of the middle cerebral artery
on one side, a prominent decrease in bladder capacity was seen,
implying that there is tonic cortical inhibition of bladder func-
tion."”>"” However, several types of synaptic changes related to
inhibitory and facilitatory mechanisms involving glutamatergic
and dopaminergic pathways were observed, attesting to the com-
plexity of cortical influences on bladder control.”*>"

Medullary centers have been implicated in inhibitory and
facilitatory modulation of the micturition reflex pathway. The
two most prominent modulatory mechanisms are mediated by
descending bulbospinal projections from the nucleus gigantocel-
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Figure 3-10 Organization of the parasympathetic excitatory reflex
pathway to the detrusor muscle. The scheme of micturition reflex
pathways is based on electrophysiologic studies in cats. In animals
with an intact spinal cord, micturition is initiated by a supraspinal
reflex pathway passing through a center in the brainstem. The
pathway is triggered by myelinated afferents (A fibers), which are
connected to the tension receptors in the bladder wall. Injury to the
spinal cord above the sacral segments interrupts the connections
between the brain and spinal autonomic centers and initially blocks
micturition. However, over a period of several weeks after cord
injury, a spinal reflex mechanism emerges, which is triggered by
unmyelinated vesical afferents (C fibers); the A-fiber afferent inputs
are ineffective. The C-fiber reflex pathway is usually weak or
undetectable in animals with an intact nervous system. Stimulation
of the C-fiber bladder afferents by instillation of ice water into the
bladder (i.e., cold stimulation) activates voiding responses in
patients with spinal cord injury. Capsaicin (20 to 30 mg SC) blocks
the C-fiber reflex in chronic spinal cats, but it does not block
micturition reflexes in intact cats. Intravesical capsaicin also
suppresses detrusor hyperreflexia and cold-evoked reflexes in
patients with neurogenic bladder dysfunction. (Adapted from de
Groat WC, Kawatani M, Hisamitsu T, et al: Mechanisms underlying
the recovery of urinary bladder function following spinal cord
injury. J Auton Nerv Syst 30[Suppl]:S71, 1990.)

lularis reticularis (NGR) and the caudal raphe nuclei (see Fig.
3-5).19810 Electrical stimulation in the NGR inhibits bladder
motility, reduces reflex firing in the pelvic nerve efferent path-
ways,™ and elicits excitatory postsynaptic potentials and inhibi-
tory postsynaptic potentials in sphincter motoneurons.'”
Electrical or chemical stimulation of the nucleus raphe magnus
(NRM), which is the origin of descending serotonergic projec-
tions to the spinal cord, inhibits reflex bladder contractions and
reflex firing in the sacral efferent pathways to the bladder of the
cat.”" Stimulation of the NRM also inhibits the firing of spinal
dorsal horn neurons activated by afferents in the pelvic nerve.'®
Descending raphe spinal pathways may modulate bladder sensory
mechanisms in the spinal cord, and this may account for the
inhibitory effect of raphe stimulation on bladder reflexes. In the
rat and cat, raphe neurons are activated by bladder disten-
tion.'*'*" This raises the possibility that afferent input from the
bladder may trigger a reflex loop, resulting in activation of a
raphe-spinal inhibitory pathway that may suppress the micturi-
tion reflex pathway at the spinal level.

PET studies in humans have revealed that two cortical areas,
the right dorsolateral prefrontal cortex and the anterior cingulate
gyrus) (see Fig. 3-9), are active (i.e., exhibited increased blood
flow) during voiding.''*'*>'**'** The hypothalamus, including the
preoptic area, and the pons and the PAG (see Fig. 3-9) also
showed activity in concert with bladder filling or voluntary
micturition. It is noteworthy that the active areas were predo-
minately on the right side of the brain, which is consistent with
reports that urge incontinence is correlated with lesions in the
right hemisphere. Other PET studies that examined the changes
in brain activity during filling of the bladder revealed that
increased activity occurred in the PAG, the midline pons, the
mid-cingulate gyrus, and bilaterally in the frontal lobes (see Fig.
3-9).14%16% The results support the notion that the PAG receives
information about bladder fullness and then relays this infor-
mation to other brain areas involved in the control of bladder
storage. A PET study was also conducted in adult female volun-
teers to identify brain structures involved in voluntary control of
pelvic floor muscles.'* The results revealed that the superomedial
precentral gyrus, the most medial portion of the motor cortex,
is activated during pelvic floor contraction. The right anterior
cingulate gyrus also was activated during sustained pelvic floor
straining.

Functional brain imaging has provided the opportunity to
study cortical activation in response to different types of sensa-
tion arising from the bladder. Recognition of bladder fullness
appears to be associated with activation of a network of brain
regions that is distinct from that related to the perception of
urinary urgency, which is associated with a decrease in activity in
the hypothalamus, activation bilaterally in the premotor regions
and the cingulate regions, but no activity in the PAG.""* Activa-
tion of the primary somatosensory cortex was not seen with
changes in bladder volume or the urge to void, but sensorimotor
activity was observed during voiding in the presence of a cathe-
ter.'” A difference was also seen between natural bladder filling
to capacity and filling with ice water in that there was no overlap
between the areas activated in these two conditions; there was
marked somatosensory cortex activity but no PAG activity when
filling with ice water.'®

NEUROTRANSMITTERS IN MICTURITION
REFLEX PATHWAYS

| Excitatory Transmitters

Glutamic acid plays an essential role as an excitatory transmitter
in the central pathways controlling the lower urinary tract of the
rat.”” It is involved at the level of the lumbosacral spinal cord in
processing afferent input from the bladder,'**'"” at interneuronal
synapses on parasympathetic preganglionic neurons,'*'"**'* and
in the descending pathway from the PMC to the sacral parasym-
pathetic nucleus (SPN).'**'® Intrathecal or intravenous admin-
istration of NMDA or o-amino-3-hydroxy-5-methylisooxazole-
4-propionic acid (AMPA) receptor antagonists in urethane-
anesthetized rats depressed reflex bladder contractions and
electromyographic activity of the external urethral sphincter in
animals with an intact spinal cord and in chronic spinal-injured
animals with the cord transected at the midthoracic level."’*'”
These results indicate that spinal reflex pathways controlling
bladder and sphincter function use NMDA and AMPA glutama-
tergic transmitter mechanisms. Glutamate also functions as an
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excitatory transmitter in the micturition reflex pathways in the
brain.>’ Administration of glutamatergic agonists into the region
of the PMC in cats and rats elicits voiding or increased frequency
and amplitude of bladder contractions,>""**'* whereas injec-
tion of agonists at other brainstem nuclei known to have inhi-
bitory functions in micturition elicits inhibitory effects.”>'”
Intracerebroventricular injection of AMPA or NMDA receptor
antagonists blocks reflex bladder contractions in anesthetized
rats, indicating that glutamatergic transmission in the brain is
essential for voiding function.'”*

Substance P is a transmitter in central neurons and in primary
afferent neurons innervating the lower urinary tract.’>*' Studies
in various species (e.g., cats, rats, guinea pigs, mice) have shown
that substance P or a related tachykinin released from primary
afferent terminals and acting on NK; receptors in the spinal cord
has an excitatory role in the micturition reflex pathways.'”>'”
Substance P is thought to act by facilitating the action or enhanc-
ing the release of glutamic acid in the spinal cord. Intrathecal or
intravenous administration of NK; antagonists increased bladder
capacity and decreased voiding frequency in animals with normal
bladders and in animals with chemically irritated bladders or
with neurogenic detrusor overactivity.””"”? NK, receptors also
appear to play a role in the generation of chemically induced
bladder hyperactivity but not normal bladder activity." NK;,
receptors are upregulated in the spinal cord by chronic irritation
of the bladder,' and destruction of NK, receptor—expressing
neurons in the spinal cord of rats by the saporin toxin conjugated
with an NK; receptor agonist reduces the bladder hyperactivity
elicited by intravesical infusion of capsaicin."®’

Neuronal nitric oxide synthase has been identified in afferent
neurons innervating the bladder and in preganglionic neurons in
the sacral parasympathetic nucleus."**'® Stimulation of bladder
afferent nerves with capsaicin releases nitric oxide, and chronic
irritation of the bladder, as well as exposure to capsaicin, increases
the expression of neuronal nitric oxide synthase in dorsal root
ganglion cells.">'® Bladder hyperactivity induced by intravesical
irritants or capsaicin can be suppressed by intrathecal injection
of nitric oxide synthase inhibitors, indicating that nitric oxide
release in the spinal cord facilitates the micturition reflex
pathway. #5178

Injection of ATP or a3-methylene ATP into the PMC or PAG
of the rat increased bladder pressure and elicited a discharge in
efferent axons in the pelvic nerve."” The effects of the agonists
were blocked by pretreatment with the purinergic receptor
antagonist suramin, indicating that P2X receptors can mediate
excitatory effects in the brainstem pathways underlying
micturition.'”

| Inhibitory Transmitters

Several types of transmitters, including inhibitory amino acids
(e.g., y-aminobutyric acid [GABA], glycine) and opioid peptides
(e.g., enkephalins) can inhibit the micturition reflex when they
are applied to the central nervous system.>*”' In anesthetized
animals, GABA and enkephalins exert a tonic inhibitory control
in the PMC and regulate bladder capacity. The inhibitory effects
are mediated by GABA, and W opioid receptors, respec-
tively. > M8 Administration of GABA, or opioid receptor
antagonists into the PMC reduced the micturition volume
threshold, indicating that the set point for reflex voiding is regu-
lated by inhibitory mechanisms in the brain. The amino acids

and enkephalins also have inhibitory actions in the spinal
cord.”®®'® GABA and glycine are co-released from inhibitory
interneurons at synapses on preganglionic neurons."® Glycine
has also been identified as a transmitter in inhibitory pathways
to sphincter motoneurons.’” Baclofen, a GABA; agonist that
mimics the inhibitory effect of GABA, has been used clinically by
intrathecal administration in patients with hyperactive bladders
to suppress bladder activity and promote urine storage.'”’

Transmitters with Mixed Excitatory and
Inhibitory Actions

Some transmitters have inhibitory and excitatory effects, depend-
ing on the type of receptor activated. For example, dopaminergic
pathways in the brain exert inhibitory or facilitatory effects on
the micturition reflex through D,-like (D, and Ds receptor sub-
types) and D,-like (D,, D;, and D, receptor subtypes) dopami-
nergic receptors, respectively.'**"*” In anesthetized cats, activation
of dopaminergic neurons in the substantia nigra inhibits reflex
bladder contractions through D,-like receptors. In awake rats, a
D,-dopamine receptor antagonist (SCH 23390) facilitated the
micturition reflex, suggesting that D;-receptor—mediated sup-
pression of the bladder activity is tonically active in the normal,
awake state.'”'” Activation of central D,-like dopaminergic
receptors with quinpirole or bromocriptine facilitates the mictu-
rition reflex pathway in rats, cats, and monkeys."”>"”'*® D,-like
receptor-mediated facilitation of the micturition reflex may
involve actions on brainstem and spinal cord because microinjec-
tion of dopamine to the PMC reduced bladder capacity and
facilitated the micturition reflex in cats,* and intrathecal applica-
tion of quinpirole induced bladder hyperactivity in normal
rats and rats with 6-hydroxydopamine-lesioned nigrostriatal
pathways.'”

The monoamines, 5-hydroxytryptamine (5-HT) and norepi-
nephrine, which are present in dense collections of nerve termi-
nals in the lumbosacral spinal autonomic nuclei and in the
sphincter motor nucleus,”***** have a complex role in the regula-
tion of lower urinary tract function. The 5-HT—containing ter-
minals are part of an extensive bulbospinal projection system that
arises in the medullary raphe nuclei. Pharmacologic studies in
animals indicate that this system may promote urine storage by
exciting sympathetic and sphincter efferent pathways and by
inhibiting parasympathetic excitatory outflow to the bladder.*”
Many receptors, including 5-HT,,, 5-HT, and 5-HT; receptors,
are involved in these effects.””"

Bulbospinal noradrenergic pathways acting by means of a-
adrenergic receptors exert excitatory and inhibitory influences on
the lower urinary tract in the rat. Intrathecal administration of
an o,-adrenergic receptor antagonist (doxazosin) decreased the
amplitude of bladder contractions,”* an effect that was more
prominent in animals with chronic outlet obstruction.””> Doxa-
zosin also suppressed small amplitude nonvoiding contractions
in spontaneously hypertensive rats.”” However, doxazosin
increased the frequency of isovolumetric contractions, indicating
the presence of a tonic adrenergic inhibitory mechanism.*”
Intrathecal injection of the oy-agonist phenylephrine elicited
facilitatory and inhibitory effects on micturition.””*” Sphincter
function is also modulated by the spinal noradrenergic pathways.
Striated sphincter reflexes in cats, humans, and rats are inhibited
by o,-adrenergic receptor agonists such as clonidine.”"” Sympa-
thetic and somatic pathways to the lower urinary tract in cats are
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suppressed by o,-adrenergic receptor antagonists such as prazo-
sin.”!' These data indicate the existence of o,-adrenergic recep-
tor-mediated tonic facilitation of sphincter function and a
putative of,-adrenergic receptor inhibitory mechanism in the
spinal cord. Duloxetine, a serotonin-norepinephrine reuptake
inhibitor that has been developed for the treatment of stress
urinary incontinence, appears to act in part by enhancing sero-
tonergic and noradrenergic facilitatory control of motoneurons
innervating the external urethral sphincter.”'**"

Activation of cholinergic mechanisms in the rat central
nervous system with nicotinic or muscarinic receptor agonists
can modulate bladder activity. Nicotinic agonists administered
intracerebroventricularly suppress voiding in awake or anesthe-
tized rats,”* whereas activation of muscarinic receptors in the
brain or spinal cord with oxotremorine stimulates bladder activ-
ity during bladder filling but suppresses voluntary voiding.*'**"
Pirenzepine, an M;-selective blocking agent, antagonized the
inhibitory effect of oxotremorine, indicating that inhibition is
mediated by M, receptors.”'® Atropine blocked the inhibitory and
excitatory effects of oxotremorine.””” Intracerebroventricular
administration of atropine alone increased bladder capacity and
reduced voiding efficiency, indicating that muscarinic excitatory
mechanisms in the brain are tonically active.

Intrathecal administration of various neuropeptides, includ-
ing VIP, PACAP, and CRF, can influence voiding function.
VIP, which is contained in C-fiber bladder afferent neurons,”
inhibited bladder activity when administered intrathecally to
normal cats but excited the bladder when administered to
chronically spinal cord-injured cats.*” These findings raised the
possibility that changes in VIP synaptic mechanisms might
contribute to the emergence of C-fiber afferent-mediated
micturition reflexes in the chronically spinal cord—injured cat
(discussed later). PACAP, another member of the secretin/
glucagon/VIP peptide family, also facilitates the micturition
reflex by actions on the spinal cord.*”” Patch-clamp studies
revealed that PACAP has a direct excitatory action on parasym-
pathetic PGNGs, in part due to blockade of K* channels,”® and has
an indirect action on PGNs mediated by activation of excitatory
interneurons.

CRF is contained in neurons in the rat PMC and in axons
projecting from the PMC to parasympathetic nucleus in the lum-
bosacral spinal cord.””’ Initial studies revealed that intrathecal
administration of exogenous CRF inhibited micturition and
decreased the magnitude of bladder contractions induced by
stimulation of the PMC.***® A CRF antagonist blocked the
effects of CRF and enhanced the response to PMC stimulation,
indicating that endogenous CRF is released by PMC stimulation
and exerts an inhibitory effect on the descending limb of the
micturition reflex pathway.””” However, later studies have shown
that low doses of CRF have an excitatory effect on micturition,
suggesting that CRF also has a facilitatory role in the central
control of voiding.”*

ALTERATIONS IN BLADDER REFLEX PATHWAYS
AFTER NEURAL INJURY OR DISEASE

| Parkinson's Disease

Degeneration of dopamine-containing neurons in patients
with idiopathic Parkinson’s disease is often associated with

detrusor overactivity.>”' Animal models for Parkinson’s disease
have been developed by administering neurotoxins (MPTP in
monkeys”*'”” and 6-hydroxy-dopamine in rats'”’) that destroy
dopamine-containing neurons. Animals treated with the neuro-
toxins show motor symptoms typical of Parkinson’s disease, and
they have hyperactive bladders. Pharmacologic studies in MPTP-
treated monkeys have revealed that bladder hyperactivity was
caused by the loss of dopaminergic inhibition mediated by
D,-dopaminergic receptors.”™*” The bladder hyperactivity was
suppressed by stimulation of D; receptors with SKF 38393 or
pergolide.

| Stroke

The transmitter mechanisms involved in bladder dysfunction
after stroke have been studied in rats after permanent occlusion
of the middle cerebral artery (MCAQO) on one side."”>"*'*?*
MCAO produces a dramatic and persistent reduction in bladder
capacity in conscious rats. NMDA-glutamatergic mechanisms
play a role in this bladder dysfunction because the bladder hyper-
activity can be prevented by pretreatment with MK-801, an
NMDA receptor antagonist, before MCAO or can be transiently
reduced by MK-801 administered after MCAO."*'*® The bladder
hyperactivity appears to occur in two phases that depend on
activation of NMDA-glutamatergic receptors. An initiation phase
that occurs at the time of infarction seems to function like long-
term potentiation to induce a persistent facilitation of micturi-
tion, the second phase. The maintained bladder overactivity after
infarction is associated with changes in gene expression and RNA
synthesis in the PMC induced by glutamatergic synaptic mecha-
nisms.”***”” D, receptors are also involved in the bladder hyper-
activity induced by MCAQ."**'® D,-receptor antagonists do not
alter voiding function in normal rats but suppress the detrusor
overactivity after MCAO, indicating that D, facilitatory mecha-
nisms are upregulated after cerebral infarction.

| Spinal Cord Injury

Electrophysiologic studies in animals have shown that the mic-
turition reflex pathways in neurally intact animals and in those
with chronic spinal injuries are markedly different.*>*>"**¥ The
most prominent change occurs in the afferent limb of the mic-
turition reflex, which in cats with chronic spinal injuries consists
of unmyelinated (C-fiber) axons.*** However, in cats with an
intact spinal cord, myelinated (A) afferents activate the micturi-
tion reflex (see Fig. 3-10)."*"” This change in the afferent limb
was demonstrated by electrophysiologic recording and by admin-
istering capsaicin,***’ a neurotoxin known to disrupt the function
of C-fiber afferents.* In normal cats, capsaicin did not block
reflex contractions of the bladder or the A-fiber—evoked bladder
reflex. However, in cats with chronic spinal injury, capsaicin
completely blocked the rhythmic bladder contractions induced
by bladder distention and the C-fiber—evoked reflex firing
recorded on bladder postganglionic nerves.*>*

The emergence of the C-fiber—evoked reflex in animals with
chronic spinal injuries is consistent with the emergence of other
types of reflexes in paraplegic humans. For example, introduc-
tion of cold water into the bladder of paraplegic patients induces
reflex voiding.””**** However, cold stimulation has no effect in
normal patients. Studies in cats indicate that cold temperatures
activate C-fiber afferents (see Fig. 3-10).® The positive cold
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response in paraplegic humans may also reflect emergence of

C-fiber—evoked bladder reflexes.

Mechanisms Involved in the Emergence of C-Fiber
Afferent-Evoked Bladder Reflexes

The cold water test is positive in infants,”’ patients with multiple
sclerosis or Parkinson’s disease, and elderly patients with hyper-
active bladders.”” The presence of the cold reflex in neonates, its
disappearance with maturation of the nervous system, and its
reemergence under conditions in which higher brain functions
are disrupted suggests that it may reflect a primitive involuntary
voiding reflex organized at the spinal level. Direct evidence
of the contribution of C-fiber bladder afferents to bladder
hyperactivity and involuntary voiding has been obtained in
clinical studies in which capsaicin or resiniferatoxin, C-fiber
afferent neurotoxins,”*” were administered intravesically to
multiple sclerosis patients with hyperreflexic bladders.”>** In
these patients, capsaicin increased bladder capacity and reduced
the frequency of incontinence. These observations suggest
that capsaicin-sensitive C-fiber bladder afferents may be involved
in several pathologic conditions associated with bladder
hyperactivity.

The emergence of C-fiber bladder reflexes is probably medi-
ated by several mechanisms, including changes in central synap-
tic connections and alterations in the properties of the peripheral
afferent receptors that lead to sensitization of the “silent” C fibers
and the unmasking of responses to mechanical stimuli.'****** In
rats, bladder afferent neurons undergo morphologic (i.e., neuro-
nal hypertrophy)* and physiologic changes (i.e., upregulation
of TTX-sensitive Na" channels and downregulation of TTR-
resistant Na* channels) after spinal cord injury.” It has been
speculated that this neuroplasticity is mediated by the actions of
neurotrophic factors released within the spinal cord or the urinary
bladder.”*** Nerve growth factor (NGF) has been implicated as
a chemical mediator of pathology-induced changes in C-fiber
afferent nerve excitability and reflex bladder activity (see Fig.
3-2). Chronic administration of NGF into the bladder of rats
induced bladder hyperactivity and increased the firing frequency
of dissociated bladder afferent neurons,” and the production of
neurotrophic factors, including NGF, increased in the bladder
after spinal cord injury.”*** Conversely, intrathecal application
of NGF antibodies, which neutralized NGF in the spinal cord,
suppressed detrusor hyperreflexia and detrusor-sphincter dys-
synergia in spinal cord—injured rats.*****! Intrathecal administra-
tion of NGF antibodies reportedly blocked autonomic dysreflexia
in paraplegic rats.*** NGF and its receptors represent new targets
for the pharmacotherapy of voiding dysfunction after spinal cord
injury.

Spinal cord injury alters the urothelium and efferent
pathways™ in the bladder. Within 2 hours after spinal cord
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injury in rats, the apical cell layer of the urothelium is disrupted,
and the urea and water permeability of the urothelial layer is
increased. These changes were suppressed by a ganglionic block-
ing agent and therefore thought to be mediated by autonomic
nerves.”” In chronically spinal cord-injured rats, the resting
release of ATP from the urothelium measured in the bladder
lumen was ninefold higher than in spinal cord-intact rats.***
Release of ATP evoked by hypo-osmotic stimulation was also
increased. Instillation of botulinum toxin A into the bladder
lumen reduced the evoked but not the resting release of ATP.
Botulinum toxin A also reduced the stretch-induced release of
ATP from cultured urothelial cells.**® These data, coupled with
the report that detrusor hyperactivity in the spinal cord—injured
rat is reduced by a selective P2X,; purinergic receptor antago-
nist,”* indicate that enhanced purinergic signaling between the
urothelium and afferent nerves contributes to neurogenic detru-
sor overactivity after spinal cord injury. The beneficial effects of
intravesical injections of botulinum toxin A in patients with neu-
rogenic bladder dysfunction**** may be mediated by effects on
the urothelium and afferent nerves and by effects on the efferent
pathways to the bladder smooth muscle.

In chronically spinal cord—injured rats, facilitation of acetyl-
choline and norepinephrine release by prejunctional muscarinic
receptors occurs at lower frequencies, leading to an enhancement
of neurally evoked smooth muscle contractions.”* It was con-
cluded that the hyperreflexic bladder after spinal cord injury in
part may reflect modulation of presynaptic mechanisms at
bladder postganglionic nerve terminals. The depressant effect of
botulinum toxin A on acetylcholine and norepinephrine release
in the lower urinary tract®’ is likely to reverse this type of plastic-
ity and promote urine storage in patients with neurogenic bladder
dysfunction. More detailed discussions of plasticity in bladder
reflex pathways after neural injury can be found in published
reviews.'*

CONCLUSIONS

The lower urinary tract has two main functions: storage and
periodic elimination of urine. These functions are regulated by a
complex neural control system located in the brain and spinal
cord. This control system performs like a simple switching circuit
to maintain a reciprocal relationship between the reservoir (i.e.,
bladder) and the outlet components (i.e., urethra and urethral
sphincter) of the urinary tract. The switching circuit is modulated
by several neurotransmitter systems and is therefore sensitive to
a variety of drugs and neurologic diseases. A more complete
understanding of the neurohumoral mechanisms involved in
bladder and urethral control will no doubt facilitate the develop-
ment of new diagnostic methods and therapies for lower urinary
tract dysfunction.
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Chapter 4

Karl-Erik Andersson

PHARMACOLOGIC BASIS OF BLADDER AND
URETHRAL FUNCTION AND DYSFUNCTION

The main functions of the bladder and urethra are to collect and
store urine at low intravesical pressure and to expel the urine at
convenient times. This means that normal voiding is under vol-
untary control. Urinary continence and voiding depend on the
bladder and the urethra working as a functional unit. This is
achieved by a complex interplay between the central and periph-
eral nervous systems and local regulatory factors.! Malfunction
at various levels may result in micturition disorders, which
roughly can be classified as disturbances of storage or emptying.
Failure to store urine may lead to various forms of incontinence;
the most common forms are urgency and stress incontinence.
There are gender differences in these types of bladder dysfunc-
tion, which may be related to differences in anatomy and struc-
ture of the lower urinary tract.

Because pharmacologic treatment of urinary incontinence
(i.e., urgency and stress incontinence) and lower urinary tract
symptoms is a main option, several drugs with different modes
and sites of action have been tried.”® To optimize treatment,
knowledge about the mechanisms of micturition and of the
targets for treatment is necessary. This chapter reviews the normal
autonomic control of the lower urinary tract and of the pharma-
cologic basis for some of the principles used for treatment of
urinary incontinence and lower urinary tract symptoms.

AUTONOMIC RECEPTOR FUNCTIONS IN
THE BLADDER

Contraction and relaxation of detrusor and urethral smooth
muscle are mediated mainly through stimulation of autonomic
receptors for the main transmitters, acetylcholine and noradren-
aline. However, the occurrence of nonadrenergic, noncholinergic
(NANC) neurotransmission is well recognized, although, partic-
ularly in humans, its physiologic importance remains to be
established.’

| Muscarinic Receptors

Muscarinic receptors comprise five subtypes, encoded by five
distinct genes.” The five gene products correspond to pharmaco-
logically defined receptors, and M, through M; are used to
describe the molecular and pharmacologic subtypes. In the
human bladder, the mRNAs for all muscarinic receptor subtypes
have been demonstrated,® with a predominance of mRNAs
encoding M, and M; receptors.®’ These receptors are functionally

coupled to G proteins, but the signal transduction systems
10-12
vary.
Detrusor smooth muscle contains muscarinic receptors of
mainly the M, and M; subtypes, with a predominance (70% to

80%) of M, receptors.'”"* The M receptors are the most impor-
tant for detrusor contraction. It is generally believed that M;
receptors are coupled to release of inositol 1,4,5-triphosphate
(IP5) and calcium release from the sarcoplasmic reticulum and
that M, receptors are linked to inhibition of adenylyl cyclase. This
may not be the case in the detrusor.'* Jezior and colleagues' sug-
gested that muscarinic receptor activation of detrusor muscle
includes nonselective cation channels and activation of Rho
kinase. Supporting a role of Rho kinase in the regulation of rat
detrusor contraction and tone, Wibberley and coworkers'® found
that Rho kinase inhibitors (e.g., Y-27632, HA 1077) inhibited
contractions evoked by carbachol without affecting the contrac-
tion response to KCL They also demonstrated high levels of Rho
kinase isoforms (I and II) in the bladder. Schneider and associ-
ates” concluded that carbachol-induced contraction of human
urinary bladder is mediated by M; receptors and largely depends
on Ca’* entry through nifedipine-sensitive channels and activa-
tion of the Rho kinase pathway. The main pathway for musca-
rinic receptor activation of the detrusor by means of M; receptors
may be calcium influx through L-type calcium channels and
increased sensitivity to calcium of the contractile machinery pro-
duced by inhibition of myosin light chain phosphatase through
activation of Rho kinase (Fig. 4-1)."

The functional role for the M, receptors has not been clarified,
but it has been suggested that M, receptors may oppose sympa-
thetically mediated smooth muscle relaxation, mediated by [3-
adrenergic receptors.'” M,-receptor stimulation may also activate
nonspecific cation channels'® and inhibit K, channels through
activation of protein kinase C.”*° In certain disease states, M,
receptors may contribute to contraction of the bladder. In the
denervated rat bladder, M, receptors or a combination of M, and
M; mediated contractile responses, and the two receptor types
seemed to act in a facilitatory manner to mediate contraction.”'
In obstructed, hypertrophied rat bladders, there was an increase
in total and M, receptor density, whereas there was a reduction
in M; receptor density.** The functional significance of this
change for voiding function has not been established. Pontari
and colleagues® analyzed bladder muscle specimens from patients
with neurogenic bladder dysfunction to determine whether the
muscarinic receptor subtype mediating contraction shifts from
M; to the M, receptor subtype, as found in the denervated, hyper-
trophied rat bladder. They concluded that whereas normal detru-
sor contractions are mediated by the M; receptor subtype, in
patients with neurogenic bladder dysfunction, contractions also
can be mediated by the M, receptors.

Muscarinic receptors may also be located on the presynaptic
nerve terminals and participate in the regulation of transmitter
release. The inhibitory prejunctional muscarinic receptors have
been classified as M, in the human bladder.?® Prejunctional facili-
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Figure 4-1 Transmitter signal pathways involved in activation of
detrusor contraction by means of muscarinic Ms receptors. ACh,
acetylcholine; CIC, calcium-induced calcium release; DAG,
diacylglycerol; IPs, inositol 1,4,5-triphosphate; MLC, myosin light
chain; PLC, phospholipase C; PKC, protein kinase C; RhoA, protein
encoded by RAS homolog gene family member A; SR, sarcoplasmic
reticulum. There seem to be differences between species in the
contribution of the different pathways in contractile activation. In
the human detrusor, Ca** influx is of major importance.
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tatory muscarinic receptors appear to be the M; subtype.”” The
muscarinic facilitatory mechanism seems to be upregulated in
overactive bladders from chronic spinal cord transected rats.
Facilitation in these preparations is primarily mediated by M;
receptors.”**

Muscarinic receptors have been demonstrated on the urothe-
lium or suburothelium, but their functional importance has not
been clarified.'>” It has been suggested that they may be involved
in the release of an unknown inhibitory factor."

It is well documented*” that antimuscarinic agents are effec-
tive for treatment of overactive bladder, which suggests that mus-
carinic receptors may be involved in its pathogenesis. Contraction
of the bladder, whether voluntary or involuntary, involves stimu-
lation of the muscarinic receptors on the detrusor by acetylcho-
line released from activated cholinergic nerves. However,
antimuscarinic agents at clinically recommended doses have little
effect on voiding contractions and may act mainly during the
bladder storage phase,”® during which there is normally no para-
sympathetic outflow from the spinal cord.”® Supporting this,
antimuscarinic agents have been shown to reduce bladder tone
during storage and to increase cystometric bladder capacity. A
basal release of acetylcholine from non-neuronal (urothelial) and
neuronal sources has been demonstrated in isolated human
detrusor muscle.” It has been suggested that this release, which
is increased by stretching the muscle and in the aging bladder,
contributes to detrusor overactivity and overactive bladder by
eventually increasing bladder afferent activity during storage.”
This may occur because of a direct effect on suburothelial affer-
ents or stimulation of contraction of detrusor muscle cells, which
already have an increased myogenic activity in the overactive
detrusor.”* Enhanced myogenic contractions can generate an
enhanced afferent signal, contributing to urge or initiation of the
micturition reflex.

| Alpha-Adrenoceptors

o-Adrenoceptors may have effects on different locations in the
bladder: the detrusor smooth muscle, the detrusor vasculature,
the afferent and efferent nerve terminal, and intramural ganglia.
The importance of the o,-adrenoceptors in the human detrusor
in the generation of lower urinary tract symptoms has not been
established. Most investigators agree on that there is a low-level
expression of these receptors.”*® In studies of the human detru-
sor, Malloy and coworkers® found that two thirds of the o-
adrenoceptor mRNAs expressed were 0.;p, there was no o, and
one third was o,,. In the rat detrusor, the o,-adrenoceptor dis-
tribution was different: the o,-adrenoceptor was the predomi-
nant form, one third was the o,p-adrenoceptor, and there was
very little of the o3-adrenoceptor form. This was consistent in
the different parts of the detrusor.”

A change of subtype distribution may be produced by outflow
obstruction. Hampel and associates” reported that there was a
change in the obstructed bladder from o,-adrenoceptor to o,;p-
adrenoceptor mRNA predominance. In humans, there is an o,;p-
adrenoceptor predominance in the normal detrusor, which
means that a change in a similar direction, as in the rat, would
be of minor importance provided that the number of receptors
did not increase. Studies by Nomiya and colleagues® confirmed
the low-level expression of o-adrenoceptor mRNA in normal
human detrusor, and they further demonstrated that there
was no upregulation of any of the adrenergic receptors with
obstruction. In functional experiments, they found a small
response to phenylephrine at high drug concentrations with no
difference between normal and obstructed bladders. In the
obstructed human bladder, there seems to be no evidence for a-
adrenoceptor upregulation or change in subtype. This finding
was challenged by Bouchelouche and coworkers,” who found an
increased response to o,-adrenoceptor stimulation in obstructed
bladders. Whether this would mean that the o,p-adrenoceptors
in the detrusor muscle are responsible for detrusor overactivity
or overactive bladder is unclear. Based on available evidence,
however, it does not seem likely that in the detrusor muscle these
receptors should be an important treatment target, although
oup-adrenoceptors located elsewhere in the bladder may be
important.

In the bladder, the function of the detrusor muscle depends
on the vasculature and on perfusion. Hypoxia induced by partial
outlet obstruction is believed to play a major role in the hyper-
trophic and degenerative effects of partial outlet obstruction. Das
and associates* investigated in rats whether doxazosin affected
blood flow to the bladder and reduced the level of bladder dys-
function induced by partial outlet obstruction. They found that
4 weeks of treatment with doxazosin increased bladder blood
flow in control and obstructed rats. Doxazosin treatment also
reduced the severity of the detrusor response to partial outlet
obstruction. Doxazosin may reduce the increase in bladder
weight in obstructed animals, which may be one of the mecha-
nisms that contributes to a positive effect on detrusor overactivity
caused by the obstruction.

| Beta-Adrenoceptors

In the human detrusor, the most important B-adrenoceptor for
bladder relaxation is the ;-adrenoceptor.* This partly explains
why the clinical effects of selective 3,-adrenoceptor agonists in



Chapter 4 PHARMACOLOGIC BASIS OF BLADDER AND URETHRAL FUNCTION 49

detrusor overactivity have been controversial and largely incon-
clusive.”” However, the [,-adrenoceptor agonist clenbuterol
inhibited electrically evoked contractions in human “unstable”
but not normal bladder,” which is in agreement with previous
experiences in patients, suggesting that clenbuterol and other
B,-adrenoceptor agonists such as terbutaline may inhibit detru-
sor overactivity.*

The B;-adrenoceptor seems to be an interesting target for
drugs aimed for treatment of overactive bladder. Selective [3;-
adrenoceptor agonists have relaxant effects on detrusor muscle
in vitro and have been effective in animal models of detrusor
overactivity.** However, no proof of concept studies seems to
have been performed in humans showing that this is an effective
principle to treat overactive bladder.

| Purinergic Receptors

In most animal species, bladder contraction induced by stimula-
tion of nerves consists of an atropine-sensitive component and a
component mediated by NANC mechanisms.* NANC-mediated
contractions have been reported to occur in normal human
detrusor,* even if not representing more than a few percent of
the total contraction in response to nerve stimulation. However,
a significant degree of NANC-mediated contraction may exist in
morphologically or functionally changed human bladders, and it
has been reported to occur in several disorders associated with
lower urinary tract symptoms, such as bladder hypertrophy,*!
idiopathic detrusor overactivity,”"* interstitial cystitis,” and neu-
rogenic damage® and in the aging bladder.” In these disorders,
the NANC component of the nerve-induced response may
be responsible for up to 40% to 50% of the total bladder
contraction.

There is good evidence that the transmitter responsible for the
NANC component is adenosine triphosphate (ATP)*® acting on
P2X receptors found in the detrusor smooth muscle membranes
of rats” and humans.” The P2X,receptor subtype predominated
in both species. Changes in P2X receptor subtypes in bladders
from patients with idiopathic detrusor overactivity have been
reported.”’ O’Reilly and colleagues™ were unable to detect a
purinergic component of nerve-mediated contractions in control
(normal) bladder preparations, but they found a significant com-
ponent in overactive bladder specimens, in which the purinergic
component was approximately 50%. They concluded that this
abnormal purinergic transmission in the bladder might explain
symptoms in these patients. ATP was a more potent contractile
agonist in bladder preparations from patients with overactive and
obstructive bladders than in specimens from normal bladders,”
a finding that was suggested to contribute to detrusor over-
activity.

O’Reilly and coworkers® confirmed that the P2X, receptor
was the predominant purinoceptor subtype in the human male
bladder. They also found that the amount of P2X; receptor per
smooth muscle cell was greater in the obstructed than in control
bladders. This suggests an increase in purinergic function in the
overactive bladder arising from bladder outlet obstruction.

It has not been established whether abnormalities in the puri-
nergic transmission in the bladder can explain overactive bladder
symptoms in idiopathic detrusor overactivity in women and in
men with bladder outlet obstruction. If this is the case, abnormal
purinergic activation of the detrusor may explain why antimus-
carinic treatment fails in a number of patients.

| Vanilloid Receptors

Appropriate bladder function depends on an intact afferent sig-
naling from the bladder to the central nervous system. This sig-
naling conveys information about bladder filling and the status
of the tissue (e.g., presence of infectious agents). The afferent
nerves consist of small, slowly conducting, myelinated Ad fibers
and slowly conducting, unmyelinated C fibers. The former are
excited by mechanoreceptors and convey information about
bladder filling, whereas C fibers mediate painful sensations rec-
ognized by chemoreceptors. By means of capsaicin, a subpopula-
tion of primary afferent neurons innervating the bladder and
urethra (i.e., capsaicin-sensitive nerves) has been identified. It is
believed that capsaicin exerts its effects by acting on specific
vanilloid receptors on these nerves.®” Capsaicin exerts a biphasic
effect; initial excitation is followed by a long-lasting blockade,
which renders sensitive primary afferents (C fibers) resistant to
activation by natural stimuli. In sufficiently high concentrations,
capsaicin is believed to cause desensitization, initially by releasing
and emptying the stores of neuropeptides and then by blocking
further release.” Resiniferatoxin, an analogue of capsaicin, is
approximately 1000 times more potent for desensitization than
capsaicin,* but it is only a few hundred times more potent for
excitation.”” Capsaicin and resiniferatoxin also may have effects
on Ad fibers. It is also possible that capsaicin at high concentra-
tions (mM) has additional, nonspecific effects.”

Capsaicin and resiniferatoxin have been used successfully to
treat bladder function disturbances.” They are known to bind to
the TRPV1 (VR1) receptor, a nonselective cation channel, on the
peripheral terminals of nociceptive neurons, but the role of vanil-
loid receptors in normal bladder function and in the pathogenesis
in detrusor overactivity and autonomic dysreflexia has not been
established.

Birder and associates” investigated bladder function in con-
scious mice lacking the TRPV1 receptor. TRPV1 receptor—knock-
out mice seem to have increased voiding frequency compared
with wild-type mice. The TRPV1 knockouts also had an increased
frequency of nonvoiding bladder contractions. In vitro, stretch-
induced ATP release was decreased in bladders from TRPV1-
knockout mice, and hypo-osmolality-induced ATP released from
cultured urothelial cells was reduced.” The investigators sug-
gested that TRPV1 receptors participate in normal bladder func-
tion, are essential for normal mechanically evoked purinergic
signaling by the urothelium, and are involved in ATP release.
Experimental and clinical evidence that capsaicin-sensitive affer-
ents may be involved also in idiopathic detrusor overactivity has
been presented.®*®

ION CHANNELS

In the detrusor, the two most thoroughly investigated classes of
ion channels are calcium channels and potassium channels.®

| Calcium Channels

Calcium is a key component for cell function in many cells. In
smooth muscle, increased intracellular calcium concentrations
activate the contractile mechanisms, and in nerve terminals,
calcium influx in response to action potentials is an important
mechanism for neurotransmitter release. Calcium channels can
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be divided into at least four different subtypes: L, N, P, and Q
channels. The calcium channels present in smooth muscles are
L-type (dihydropyridine-sensitive) calcium channels and seem to
be involved in contraction of the human bladder irrespective of
the mode of activation.”” A decrease of the membrane potential
(i.e., depolarization) increases the open probability for calcium
channels, thereby increasing the calcium influx. The channels
depend on the membrane potential and are called voltage-
operated calcium channels. Elevated intracellular calcium levels
are also believed to initiate release of calcium from intracellular
stores—calcium-induced calcium release.””’* Regulation of the
intracellular calcium concentration in smooth muscle cells is a
conceivable way to modulate bladder contraction. Dihydropyri-
dines (e.g., nifedipine) have a potent inhibitory effect on isolated
detrusor muscle. Inhibitory effects have also been demonstrated
on experimentally induced contractions under in vivo conditions
in rats and clinically in patients with detrusor overactivity.*
However, therapeutically, there is no evidence that calcium
antagonists have any useful effects in the treatment of overactive
bladder or detrusor overactivity.>?

| Potassium Channels

Potassium channels represent another mechanism for modulat-
ing the excitability of smooth muscle cells. Under normal condi-
tions, the resting membrane potential in smooth muscle cells is
determined predominantly by the membrane conductivity for
potassium ions. Increased potassium conductivity lowers the
membrane potential by increasing the potassium efflux. This
increases the threshold for opening of voltage-operated calcium
channels and initiation of contraction. There are several different
types of K* channels, and at least two subtypes have been found
in the human detrusor, ATP-sensitive K" channels (K,rp) and
large-conductance calcium-activated K* channels (BK,). Studies
on isolated human detrusor muscle and on bladder tissue from
several animal species have demonstrated that K'-channel
openers reduce spontaneous contractions and contractions
induced by carbachol and electrical stimulation.® However, the
lack of selectivity of the available K*-channel openers for the
bladder versus the vasculature has limited the use of these drugs.
No effects of cromakalim or pinacidil on the bladder were found
in studies on patients with spinal cord lesions or detrusor over-
activity secondary to outflow obstruction.”””* Some new K-
channel openers have been developed and claimed to have
selectivity for the bladder.® However, there is no evidence that
K*-channels openers are an option for treatment of overactive
bladder or detrusor overactivity.>’

AFFERENT SIGNALING FROM THE UROTHELIUM
OR SUBUROTHELIUM

Evidence suggests that the urothelium or suburothelium may
serve as a mechanosensor that, by producing nitric oxide, ATP,
and other mediators, can control the activity in afferent nerves
and thereby the initiation of the micturition reflex.”” Low pH,
high K" concentration, increased osmolality, and low tempera-
tures can influence afferent nerves, possibly through effects on
the vanilloid receptor (i.e., capsaicin-gated ion channel [TRPV1]),
which is expressed in afferent nerve terminals and in the epithe-
lial cells that line the bladder lumen.*”’® A network of interstitial
cells, extensively linked by connexin43 (Cx43)-containing gap

junctions, was found to be located beneath the urothelium in the
human bladder by Sui and colleagues”””® This interstitial cellular
network was suggested to operate as a functional syncytium,
integrating signals and responses in the bladder wall. The firing
of suburothelial afferent nerves, conveying sensations and regu-
lating the threshold for bladder activation, may be modified by
inhibitory (e.g., nitric oxide) and stimulatory (e.g., ATP, tachy-
kinins, prostanoids) mediators. ATP, generated by the urothe-
lium, has been suggested as an important mediator of urothelial
signaling.”*”> Supporting such a view, intravesical ATP induces
detrusor overactivity in conscious rats.” Mice lacking the P2X;
receptor were shown to have hypoactive bladders.**®'

There seem to be other, unidentified factors in the urothelium
that may influence bladder function.**® Fovaeus and coworkers®
found that a previously unrecognized nonadrenergic, non-
nitrergic, nonprostanoid inhibitory mediator is released from the
rat urinary bladder by muscarinic receptor stimulation. However,
it was not clear whether this factor came from the detrusor
muscle or from the detrusor and the urothelium. Hawthorn and
associates® presented data suggesting the presence of a diffusible,
urothelium-derived inhibitory factor, which could not be identi-
fied but appeared to be neither nitric oxide, a cyclooxygenase
product, a catecholamine, adenosine, 7Y-aminobutyric acid
(GABA), nor any substance sensitive to apamin. The identity and
possible physiologic role of the unknown factors remain to be
established and should offer an interesting field for further
research. These mechanisms can be involved in the pathophysi-
ology of overactive bladder and may be useful targets for phar-
macologic intervention.

URETHRAL FUNCTION AND STRESS
URINARY INCONTINENCE

Many factors are involved in the pathogenesis of stress urinary
incontinence (SUI). Some, such as weak urethral support, vaginal
prolapse, and severe vesical neck or urethral dysfunction,” cannot
be treated pharmacologically. Women with SUI have lower rest-
ing urethral pressures than age-matched, continent women,”"*
and the aim of treatment often is to increase intraurethral
pressure.

Factors that may contribute to urethral closure include ure-
thral smooth and striated muscle tone and the passive properties
of the urethral lamina propria, in particular the vascular suburo-
thelial layer. The relative contribution to intraurethral pressure
of these factors remains a subject of debate. In one study, the
contributions to the total intraurethral pressure of the striated
muscle component in the urethra and pelvic floor, the urethral
vascular bed, and the smooth musculature and connective tissues
in urethra and periurethral tissues were found to be one third
each.”

Many factors have been suggested to contribute to urethral
relaxation and to urethral closure, including urethral smooth
muscle tone and the properties of the urethral lamina propria.
There is ample pharmacologic evidence that a substantial part
of urethral tone is mediated through stimulation of «-
adrenoceptors in the urethral smooth muscle by released nor-
adrenaline.*® Nitric oxide has emerged as an important mediator
of urethral smooth muscle relaxation, but the roles of other
transmitters cannot be excluded.””® However, central nervous
control of the smooth and striated urethral muscle is important
for the maintenance of continence.”” The nucleus Onuf is the
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Figure 4-2 The striated urethral sphincter is innervated by the
pudendal nerve, which contains the axons of motor neurons whose
cell bodies are located in Onuf's nucleus. Glutamate exerts tonic
excitatory effects on these motor neurons, and this effect is
enhanced by noradrenaline (NA) and serotonin (5-HT), acting on
o,-adrenoceptors and 5-HT, receptors, respectively. By inhibition of
the reuptake of noradrenaline and serotonin, the contractile activity
in the striated sphincter can be increased. ACh, acetylcholine; DC,
dorsal commissure; DH, dorsal horn; LF, lateral funiculus; + Nic,
nicotinic receptors; VH, ventral horn.

spinal target of reuptake inhibitors of serotonin (5-hydroxytryp-
tamine) and noradrenaline, which may increase the tone of the
striated sphincter (Fig. 4-2).

| Innervation

The urethra of males and females receives sympathetic (adrener-
gic), parasympathetic (cholinergic), and sensory innervation.
The pelvic nerve conveys parasympathetic fibers to the urethra,
and activity in these fibers results in an inhibitory effect on ure-
thral smooth muscle, which relaxes the outflow region. Most of
the sympathetic innervation of the bladder and urethra originates
from the intermediolateral nuclei in the thoracolumbar region
(T10 to L2) of the spinal cord. The axons travel through the
inferior mesenteric ganglia and the hypogastric nerve or pass
through the paravertebral chain and enter the pelvic nerve. Sym-
pathetic signals are conveyed in the hypogastric and the pelvic
nerves.'”

Adrenergic and cholinergic nerves contain transmitters and
transmitter-generating enzymes other than noradrenaline and
acetylcholine. These agents, some of which have not been identi-
fied, are responsible for the NANC efferent neurotransmission,
which can be demonstrated in urethral smooth muscle (discussed
later).

Most of the sensory innervation of the urethra reaches the
spinal cord through the pelvic nerve and dorsal root ganglia.
Some afferents travel in the hypogastric nerve. The sensory nerves
of the striated muscle in the rhabdosphincter travel in the puden-
dal nerve to the sacral region of the spinal cord.'” These sensory
nerves are usually identified by their content of peptides such as
calcitonin gene-related peptide and tachykinins.

| Adrenergic Nerves

There are well-known anatomic differences between the male
and female urethra, which are reflected in the innervation. In the

human male, the smooth muscle surrounding the preprostatic
part of the urethra is richly innervated by cholinergic and adren-
ergic nerves.'” This part is believed to serve as a sexual sphincter,
contracting during ejaculation and preventing retrograde trans-
port of sperm. The role of this structure in maintaining conti-
nence is unclear, but it probably is not essential.

In the human female, there is no anatomic urethral smooth
muscle sphincter, and the muscle bundles run obliquely or lon-
gitudinally along the length of the urethra. In the whole human
female urethra and in the human male urethra below the prepro-
static part, there is a scarce supply of adrenergic nerves.'"”"'” Fine
varicose terminals can be seen running longitudinally and trans-
versely along the bundles of smooth muscle cells. Adrenergic
terminals can also be found around blood vessels. Colocalization
studies in animals have revealed that adrenergic nerves, identified
by immunohistochemistry (i.e., using tyrosine hydroxylase), also
contain neuropeptide Y.'”” Chemical sympathectomy (i.e., using
6-OH-dopamine) in rats resulted in a complete disappearance of
tyrosine hydroxylase-immunoreactive nerves, whereas nitric
oxide synthase (NOS)—containing nerve fibers did not appear to
be affected by the treatment.'” This result suggests that NOS is
not contained within adrenergic nerves.

| Cholinergic Nerves

Urethral smooth muscle receives a rich cholinergic innervation.
Most probably, the cholinergic nerves cause relaxation of the
outflow region at the start of micturition by releasing nitric oxide
and other relaxant transmitters, but otherwise, their functional
role is largely unknown. The cholinergic nerves of the bladder
produce detrusor contraction, and disturbances in the coordina-
tion of the contractant effects on the bladder and the relaxation
of the outflow region may lead to the detrusor-sphincter dys-
synergia, often seen in suprasacral spinal cord injuries.

In the pig urethra, colocalization studies revealed that acetyl-
choline esterase—positive and some NOS-immunoreactive nerves
had profiles that were similar. These nerves also contained neu-
ropeptide Y and vasoactive intestinal polypeptide (VIP) immu-
noreactivity. NOS-containing nerves were present in a density
lower than that of the acetylcholine esterase—positive nerves but
higher than the density of any peptidergic nerves.'” Coexistence
of acetylcholine and NOS was also demonstrated in the rat major
pelvic ganglion.'” In the rat urethra, colocalization studies con-
firmed that NOS and VIP are contained within a population
of cholinergic nerves. The distribution of immunoreactivities
to neuronal NOS, heme oxygenases, and VIP was assessed by
Werkstrom and colleagues.'” Heme oxygenase-2 immunoreac-
tivity was found in all nerve cell bodies of intramural ganglia,
localized between smooth muscle bundles in the detrusor, bladder
base, and proximal urethra. About 70% of the ganglionic cell
bodies were also NOS immunoreactive, whereas a minor amount
was VIP immunoreactive.

| AUTONOMIC RECEPTOR FUNCTIONS

| Alpha-Adrenoceptors

In males, up to about 50% of the intraurethral pressure is main-
tained by stimulation of ci-adrenoceptors, as judged from results
obtained with a-adrenoceptor antagonists and epidural anes-
thesia in urodynamic studies."”'” In human urethral smooth
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muscle, functional and receptor binding studies have suggested
that the o,-adrenoceptor subtype is the predominating postjunc-
tional a-adrenoceptor.*®!'” Most in vitro investigations of human
urethral oi-adrenoceptors have been carried out in the male, and
the results support the existence of a sphincter structure in the
male proximal urethra, which cannot be found in the female.
Other marked differences between sexes in the distribution of
o,- and o,-adrenoceptors (as can be found in animals such as
rabbits) or in the distribution of o,-adrenoceptor subtypes do
not seem to occur.'"! Taki and coworkers''? separated the entire
length of the isolated female human urethra into seven parts,
from the external meatus to the bladder neck, and examined
regional differences in contractile responses to various agents,
including noradrenaline (o, and 0,) and clonidine (o).
Noradrenaline, but not clonidine, produced concentration-
dependent contractions in all parts, with a peak response in the
middle to proximal urethra. They found a similarity in patterns
between noradrenaline-induced contraction and the urethral
pressure profile in the human urethra.

Among the three high-affinity o,-adrenoceptor subtypes
identified in molecular cloning and functional studies (0,4, O,
Op), 04 seems to predominate in the human lower urinary tract.
However, the receptor with low affinity for prazosin (o-
adrenoceptor), which has not been cloned and may represent a
functional phenotype of the o ,-adrenoceptor,'” was found to
be prominent in the human male urethra.'* In the human female
urethra, the expression and distribution of o;-adrenoceptor sub-
types were determined by in situ hybridization and quantitative
autoradiography. mRNA for the o,,-adrenoceptor subtype was
predominant, and autoradiography confirmed the predominance
of the o x-adrenoceptor.

The studies previously cited suggest that the sympathetic
innervation helps to maintain urethral smooth muscle tone
through o,-adrenoceptor receptor stimulation. If urethral
o,-adrenoceptors are contributing to the lower urinary tract
symptoms, which can occur also in women,"”"" an effect of
o,-adrenoceptor antagonists should be expected in women with
these symptoms. This was found to be the case in some studies,
but it was not confirmed in a randomized, placebo-controlled
pilot study,"® which showed that terazosin was not effective for
the treatment of prostatism-like symptoms in aging women.

Urethral a,-adrenoceptors are able to control the release of
noradrenaline from adrenergic nerves, as shown in in vitro
studies.*® In the rabbit urethra incubated with [*’H]noradrenaline,
electrical stimulation of nerves caused a release of [*H], which
was decreased by noradrenaline and clonidine and increased by
the o,-adrenoceptor antagonist rauwolscine. Clonidine was
shown to reduce intraurethral pressure in humans,"” an effect
that may be attributed partly to a peripheral effect on adrenergic
nerve terminals. More likely, this effect was exerted on the central
nervous system, with a resulting decrease in peripheral sympa-
thetic nervous activity. The subtype of prejunctional o,-
adrenoceptor involved in [*H]noradrenaline secretion in the
isolated guinea pig urethra was suggested to be of the 0u,-
adrenoreceptor subtype.'*

| Beta-Adrenoceptors

studies using subtype-selective antagonists.'”' However, the pre-
dominating B-adrenoceptor in the human bladder seems to be
the PB;-adrenoceptor subtype,'’”'* and in the striated urethral
sphincter, Bs;-adrenoceptors can be found.'”” The role of this
subtype in urethral function does not seem to have been
explored.

| Muscarinic Receptors

The number of muscarinic receptor binding sites in the rabbit
urethra was lower than in the bladder."® Muscarinic receptor
agonists contract isolated urethral smooth muscle from several
species, including humans, but these responses seem to be medi-
ated mainly by the longitudinal muscle layer.* Taki and associ-
ates,'” investigating the whole length of the female human
urethra, found that acetylcholine contracted only the proximal
part and the bladder neck. If this contractile activation is exerted
in the longitudinal direction, it should be expected that the
urethra is shortened and that the urethral pressure decreases.
Experimentally, in vitro resistance to flow in the urethra was
increased only by high concentrations of acetylcholine.'”'*® In
humans, tolerable doses of the muscarinic receptor agonist
bethanechol”and the muscarinicreceptor antagonistemeprone'®
had little effect on intraurethral pressure.

Prejunctional muscarinic receptors may influence the release
of noradrenaline and acetylcholine in the bladder neck and
urethra. In urethral tissue from rabbits and humans, carbachol
decreased and scopolamine increased in a concentration-
dependent manner the release of [’H]noradrenaline from adren-
ergic terminals and of [*H]choline from cholinergic nerve
terminals.”" This means that released acetylcholine can inhibit
noradrenaline release, thereby decreasing urethral tone and
intraurethral pressure. The muscarinic receptor subtypes involved
in contractile effects on smooth muscle or controlling transmitter
release in the urethra have not been established. This may have
clinical ramifications, because subtype-selective antimuscarinic
drugs (M;) have been introduced as a treatment for detrusor
overactivity.

NONADRENERGIC, NONCHOLINERGIC
RELAXANT MECHANISMS

The normal pattern of voiding in humans is characterized by
an initial drop in urethral pressure, followed by an increase in
intravesical pressure.**"”> The mechanism of this relaxant effect
has not been established, but several factors may contribute.
One possibility is that the fall in intraurethral pressure is caused
by stimulation of muscarinic receptors on noradrenergic nerves,
diminishing noradrenaline release and thereby tone in the proxi-
mal urethra. Another is that contraction of longitudinal urethral
smooth muscle in the proximal urethra, produced by released
acetylcholine, causes shortening and widening of the urethra,
with a concomitant decrease in intraurethral pressure. A third
possibility is that a NANC mechanism mediates this response.*®

| Nitric Oxide

Both o~ and B-adrenoceptors can be demonstrated in isolated
urethral smooth muscle from animals and humans.*® In humans,
the B-adrenoceptors in the bladder neck were suggested to be of
the B,-adrenoceptor subtype, as shown by receptor binding

Nitric oxide is an important inhibitory neurotransmitter in
the lower urinary tract."”»"** Nitric oxide-mediated responses in
smooth muscle preparations are most often linked to an increase
in cyclic guanine monophosphate (cGMP) formation. This has
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Figure 4-3 Frequency-response curves in response to electrical field
stimulation in urethral preparations from mice lacking cyclic cMP-
dependent protein kinase (cGKI-/—, solid symbols) and wild-type
controls (cGKI+/+, open symbols) before (circles) and after
(triangles) treatment with the nitric oxide synthase inhibitor,
L-NOARG.

been demonstrated in the rabbit urethra."**"*” The cGMP ana-
logue 8-Br-cGMP was able to induce relaxation of rabbit urethra,
further supporting the view of cGMP as a mediator of relaxation
in this tissue. cGMP-dependent protein kinase (cGK) phosphor-
ylates K, channels and increases their open probability, leading
to hyperpolarization.””® cGMP may affect sequestering of intra-
cellular Ca*', stimulate Ca®" extrusion pumps, and decrease the
sensitivity of the contractile proteins to Ca**."” The latter may
occur without changing the membrane potential. In this way,
c¢GMP may be able to induce relaxation in different ways in dif-
ferent tissues. The role of nitric oxide for urethral relaxation was
further investigated in mice lacking ¢cGK type 1.'*" In urethral
preparations of cGKI'"" mice, electrical field stimulation elicited
frequency-dependent relaxations. The relaxations were abolished
by the NOS inhibitor .-NOARG, and instead, a contractile
response to stimulation was generally found (Fig. 4-3). In c<GKI™~
urethral strips, the response to electrical field stimulation was
practically abolished, but a small relaxation generally appeared at
high stimulation frequencies (16 to 32 Hz). This relaxant response
was not inhibited by L-NOARG, suggesting the occurrence of
additional relaxant transmitters.

The rich occurrence of NOS-immunoreactive nerve fibers
supports the current view of nitric oxide as the main inhibitory
NANC mediator in rabbit urethra."” Waldeck and colleagues'"!
demonstrated spindle-shaped cyclic GMP-immunoreactive cells,
distinct from the smooth muscle cells, forming a network around
and between the smooth muscle bundles. These results confirmed
the findings of Smet and coworkers, '** who found similar cyclic
GMP-immunoreactive cells in the guinea pig and human bladder
and urethra. The function of these interstitial cells has not been
established, but they have been suggested to be pacemaker cells
involved in the regulation of urethral tone."**'*> Based on results
obtained in freshly dispersed rabbit urethral interstitial cells,
Sergeant and associates' suggested that in the urethra, stimula-
tion of oi;-adrenoceptors releases Ca** from an IP;-sensitive store.
This produces a Ca**-activated CI™ current, which elevates the
slow-wave frequency in the cells. This may underlie the mecha-
nism responsible for increased urethral tone during nerve
stimulation.

Other Nonadrenergic, Noncholinergic Transmitters
or Modulators

Additional systems involving ATP, carbon monoxide, and other,
unknown mediators have been observed in the urethra. Other
agents shown to influence urethral function include neuropep-
tides, prostanoids, and serotonin.' Neuropeptides such as VIP,
neuropeptide Y, and endothelins have been suggested to be
involved in contraction and relaxation of urethral smooth muscle
and, as in the bladder, in afferent signaling, but to a large extent,
their functional roles remain to be established.

EFFECTS OF SEX HORMONES ON
THE LOWER URINARY TRACT

| Estrogen and Progesterone

Lower urinary tract innervation, receptor density and distribu-
tion, and contractile function may change significantly during
periods of marked changes in female hormone levels, such as
puberty, pregnancy, and menopause.*® The lower urinary tract in
animals and humans expresses estrogen receptors.'**'* However,
in human bladders, estrogen receptors were found only in squa-
mous epithelia (i.e., trigone and proximal and distal urethra).
No estrogen receptors were found in transitional urothelium
or detrusor muscle, and there was no variation with estrogen
status.'*® In the urethra, the expression is greater, but it is still
inconsistent."*® In animals, estrogen-ot and estrogen-3 receptors
have been demonstrated in the epithelium, detrusor muscle, and
rhabdosphincter, but many of the rapid estrogen-induced changes
have been postulated not to be receptor mediated."’

The effects of estrogen on lower urinary tract structure
and function and on the autonomic nervous control have been
examined in many animal studies,*'**"** often with conflicting
results. In particular, there has been disagreement on how estro-
gens affect muscarinic receptor functions. Levin and colleagues'*
found that estrogen treatment (i.e., estradiol) of immature female
rabbits induced a marked increase in the detrusor response to
stimulation of a-adrenoceptors and muscarinic receptors and to
ATP, and they found that in the bladder body and midsection,
there was a significant increase in the number of oi-adrenoceptors
and muscarinic receptors. Shapiro'> reported that treatment of
mature female rabbits with estradiol led to a significant decrease
in muscarinic receptor density. This observation was confirmed
by Batra and Andersson, who found that the decrease in musca-
rinic receptor number had little effect on the responses to carba-
chol and electrical stimulation.'*® Elliott and coworkers'”’ found
a decreased sensitivity to acetylcholine, carbachol, and electrical
stimulation, but not to K" in isolated detrusor tissue from
female rats treated with estradiol. Addition of diethylstilbestrol
further reduced these responses, an effect previously investigated
by the same group and attributed to a reduction of calcium
influx into the detrusor cells.”” Selective [;-adrenoceptor
agonists relaxed the detrusor muscle of female rats with low
estrogen levels,"® which was suggested to have potential clinical
implications.

In nonanesthetized mice lacking estrogen-o., estrogen-f3, or
both receptor subtypes, in vitro contractility and cystometric
values were no different from those in wild-type controls.
However, mice lacking estrogen-o. receptors did not respond to
intravesical capsaicin instillation, suggesting a role of estrogen
receptors in afferent signaling in the bladder."” In the urethra,
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estrogens may increase the smooth muscle sensitivity to o-
adrenoceptor stimulation and improve the function of the vas-
culature and connective tissue of the lamina propria.*®

Taken together, these results suggest that estrogens, at least in
animals, can influence lower urinary tract structure and function
and modify the responses of the detrusor to autonomic nervous
influences. The results are not always consistent, and some of the
discrepancies may be attributed to differences in experimental
approaches. Even if an estrogen effect on afferent signaling in
humans seems possible, available data do not allow conclusions
to be drawn that consistently are applicable to treatment (e.g., of
urine storage disorders).

Little is known about the effects of progesterone on bladder
function, and the functional importance of the progesterone
receptors that have been demonstrated in the lower urinary tract
has not been established.'®'®" In vitro administration of proges-
terone reduced the response of bladder strips to electrical field
stimulation and KCL'®* In contrast, long-term in vivo treatment
with progesterone increased the maximal response of rabbit
bladder preparations to electrical field stimulation and increased
the sensitivity to muscarinic receptor stimulation compared with
ovariectomized controls.'” In contrast, Tong and associates'®*
found that in vivo treatment with progesterone decreased the
maximal response of rat bladder strips to acetylcholine and that
there was a decrease in muscarinic receptor density. As for estro-
gens, available information does not allow conclusions to be
drawn that are applicable to treatment of lower urinary tract
disorders.

| References

| Pregnancy

Urinary incontinence (particularly stress incontinence) is
common during pregnancy and has been attributed in part to
changes in bladder and urethral function.'®® In rats, pregnancy
was reported to increase bladder weight and capacity, decrease
the responses to muscarinic and o-adrenoceptor stimulation,
and increase the response to ATP.'* In the presence of bethan-
echol, bladder strips from pregnant rabbits generated 50% less
tension in response to calcium than those from nonpregnant
rabbits.'® The isolated whole bladder from pregnant animals
responded to low-frequency stimulation and to ATP with a
greater increase in intravesical pressure than did preparations
from virgin rabbits, whereas the response to bethanechol was
greater in the virgin rabbits."” Receptor binding studies in bladder
tissue from pregnant animals revealed a significantly reduced
muscarinic receptor density (50%), corresponding to the decrease
in response to bethanechol of the whole bladder. The results were
interpreted to mean that pregnancy induced an increase in the
purinergic component and a decrease in the cholinergic compo-
nent of the urinary bladder response to field stimulation.'” A
reduction of the muscarinic receptor density in the pregnant
rabbit bladder was confirmed by other investigators.'® To what
extent the receptor and functional changes demonstrated in the
pregnant bladder from different species can explain the voiding
disturbances found in pregnant women remains to be

established.
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Chapter 5

HORMONAL INFLUENCES ON THE FEMALE
GENITAL AND LOWER URINARY TRACTS

Dudley Robinson and Linda Cardozo

The female genital tract and lower urinary tract share a common
embryologic origin, arising from the urogenital sinus. Both are
sensitive to the effects of female sex steroid hormones. Estrogen
has an important role in the function of the lower urinary tract
throughout adult life, and estrogen and progesterone receptors
have been demonstrated in the vagina, urethra, bladder, and
pelvic floor musculature.'* This role is supported by the fact that
estrogen deficiency occurring after menopause is known to cause
atrophic changes within the urogenital tract’ and is associated
with urinary symptoms such as frequency, urgency, nocturia,
incontinence, and recurrent infection. These effects may also
coexist with symptoms of vaginal atrophy such as dyspareunia,
itching, burning, and dryness. This chapter reviews the roles of
estrogen and progesterone in lower urinary tract function and
assesses the role of estrogens in the management of lower urinary
tract dysfunction.

ESTROGEN RECEPTORS AND HORMONAL FACTORS

The effects of the steroid hormone 17B3-estradiol are mediated by
ligand-activated transcription factors known as estrogen recep-
tors. They are glycoproteins that share common features with
androgen and progesterone receptors, and they can be divided
into several functional domains.® The classic estrogen receptor
(ERa) was first discovered by Elwood Jensen in 1958 and cloned
from uterine tissue in 1986, although it was not until 1996 that
the second estrogen receptor (ERPB) was identified.® The precise
role of the two different receptors remains to be elucidated,
although estrogen receptor-o appears to play a major role in the
regulation of reproduction, whereas estrogen receptor-f§ has a
more minor role.”

Estrogen receptors have been demonstrated throughout the
lower urinary tract and are expressed in the squamous epithelium
of the proximal and distal urethra, vagina, and trigone of the
bladder™'’ although not in the dome of the bladder, reflecting its
different embryologic origin. The pubococcygeus and the mus-
culature of the pelvic floor also are estrogen sensitive,'" although
estrogen receptors have not yet been identified in the levator ani
muscles.”

The distribution of estrogen receptors throughout the uro-
genital tract has been studied, and ERo. and ERP receptors have
been found in the vaginal walls and uterosacral ligaments of
premenopausal women, although the latter were absent in the
vaginal walls of postmenopausal women." The ERa. receptors are
localized in the urethral sphincter, and when sensitized by estro-
gens, they are thought to help maintain muscular tone."

In addition to estrogen receptors, androgen and progesterone
receptors are expressed in the lower urinary tract, although their

role is less clear. Progesterone receptors are expressed inconsis-
tently, and they have been reported in the bladder, trigone, and
vagina. Their presence may depend on estrogen status.” Andro-
gen receptors are present in the bladder and urethra, although
their role has not yet been defined."” Estrogen receptors have also
been identified in mast cells in women with interstitial cystitis'®'"”
and in the male lower urinary tract.'®

The incidence of both estrogen and progesterone expression
has been examined throughout the lower urinary tract in 90
women undergoing gynecologic surgery; 33 were premenopausal,
26 were postmenopausal without hormone replacement therapy
(HRT), and 31 were postmenopausal and taking HRT." Biopsies
were taken from the bladder dome, trigone, proximal urethra,
distal urethra, vagina, and vesicovaginal fascia adjacent to the
bladder neck. Estrogen receptors were consistently expressed in
the squamous epithelia, but they were absent in the urothelial
tissues of the lower urinary tract of all women, irrespective of
estrogen status. Progesterone receptor expression, however,
showed more variability because it was mostly subepithelial and
was significantly lower in postmenopausal women not taking
estrogen replacement therapy.

HORMONAL INFLUENCES ON LOWER URINARY
TRACT SYMPTOMS

To maintain continence, the urethral pressure must remain
higher than the intravesical pressure at all times, except during
micturition.” Estrogens play an important role in the continence
mechanism, with bladder and urethral function becoming less
efficient with age.” Elderly women have been found to have a
reduced flow rate, increased urinary residuals, higher filling pres-
sures, reduced bladder capacity, and lower maximum voiding
pressures.”” Estrogens may affect continence by increasing ure-
thral resistance, raising the sensory threshold of the bladder or
by increasing o-adrenoreceptor sensitivity in the urethral smooth
muscle.”** Exogenous estrogens have been shown to increase the
number of intermediate and superficial cells in the vagina of
postmenopausal women.” These changes have also been demon-
strated in the bladder and urethra.”®

A prospective, observational study was performed to assess
cell proliferation rates throughout the tissues of the lower urinary
tract.”’ Fifty-nine women were studied; 23 were premenopausal,
20 were postmenopausal and not taking HRT and 20 were
postmenopausal and taking HRT. Biopsies were taken from the
bladder dome, trigone, proximal urethra, distal urethra, vagina,
and vesicovaginal fascia adjacent to the bladder neck. The squa-
mous epithelium of estrogen-replete women was shown to exhibit
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greater levels of cellular proliferation than in those women who
were estrogen deficient.

Cyclic variations in the levels of estrogen and progesterone
during the menstrual cycle lead to changes in urodynamic vari-
ables and lower urinary tract symptoms, with 37% of women
noticing a deterioration in symptoms before menstruation.”
Measurement of the urethral pressure profile in nulliparous pre-
menopausal women shows there is an increase in functional ure-
thral length midcycle and early in the luteal phase, corresponding
to an increase in plasma estradiol.”” Progestogens have been asso-
ciated with an increase in irritating bladder symptoms™" and
urinary incontinence in women taking combined HRT.” The
incidence of detrusor overactivity in the luteal phase of the men-
strual cycle may be associated with raised plasma progesterone
levels after ovulation, and progesterone has been shown to antag-
onize the inhibitory effect of estradiol on rat detrusor contrac-
tions.” This may help to explain the increased prevalence of
detrusor overactivity found in pregnancy.*

The role of estrogen therapy in the management of women
with fecal incontinence has been investigated in a prospective,
observational study using symptom questionnaires and anorectal
physiologic testing before and after 6 months of estrogen replace-
ment therapy. At follow-up, 25% of women were asymptomatic,
and another 65% were improved in terms of flatus control,
urgency, and fecal staining. Anal resting pressures and voluntary
squeeze increments were significantly increased after estrogen
therapy, although there were no changes in pudendal nerve ter-
minal latency. The investigators concluded that estrogen replace-
ment therapy may have a beneficial effect, although larger studies
are needed to confirm these findings.”

HORMONAL INFLUENCES ON URINARY
TRACT INFECTION

Urinary tract infection is a common cause of urinary symptoms
in women of all ages. This is a particular problem in the elderly,
with a reported incidence of 20% in the community and more
than 50% among institutionalized patients.’®” Pathophysiologic
changes such as impairment of bladder emptying, poor perineal
hygiene, and fecal and urinary incontinence may partly account
for the high prevalence observed. Changes in the vaginal flora
due to estrogen depletion lead to colonization with gram-
negative bacilli, which cause locally irritating symptoms and act
as uropathogens. These microbiologic changes may be reversed
with estrogen replacement after menopause, offering a rationale
for treatment and prophylaxis.

HORMONAL INFLUENCES ON LOWER URINARY
TRACT FUNCTION

| Neurologic Control

Sex hormones are known to influence the central neurologic
control of micturition, although their exact role in the micturi-
tion pathway has yet to be elucidated. Estrogen receptors have
been demonstrated in the cerebral cortex, limbic system, hippo-
campus, and cerebellum,”” and androgen receptors have been
demonstrated in the pontine micturition center and the preoptic
area of the hypothalamus.*’

| Bladder Function

Estrogen receptors, although absent in the transitional epithe-
lium at the dome of the bladder, are present in the areas of the
trigone that have undergone squamous metaplasia."’ Estrogen
is known to have a direct effect on detrusor function through
modifications in muscarinic receptors*** and by inhibition
of movement of extracellular calcium ions into muscle cells.”
Consequently, estradiol has been shown to reduce the amplitude
and frequency of spontaneous rhythmic detrusor contractions,*
and there is evidence that it may increase the sensory threshold
of the bladder in some women.*

| Urethral Function

Estrogen receptors have been demonstrated in the squamous
epithelium of the proximal and distal urethra,'* and estrogen has
been shown to improve the maturation index of urethral squa-
mous epithelium.* It has been suggested that estrogen increases
urethral closure pressure and improves pressure transmission to
the proximal urethra, both promoting continence.”’”** Estrogens
have been shown to cause vasodilatation in the systemic and
cerebral circulation, and these changes are also seen in the
urethra.’>

The vascular pulsations seen on urethral pressure profilome-
try resulting from blood flow in the urethral submucosa and
urethral sphincter have been shown to increase in size after estro-
gen administration,” and the effect is lost after estrogen with-
drawal at menopause. The urethral vascular bed is thought to
account for about one third of the urethral closure pressure, and
estrogen replacement therapy in postmenopausal women with
stress incontinence has been shown to increase the number of
periurethral vessels.”

| Collagen Metabolism

Estrogens affect collagen synthesis, and they have a direct effect
on collagen metabolism in the lower genital tract.® Changes
found in women with urogenital atrophy may represent an alter-
ation in systemic collagenase activity,” and urodynamic stress
incontinence and urogenital prolapse have been associated with
a reduction in vaginal and periurethral collagen levels.”®® There
is a reduction in skin collagen content after menopause,” and the
rectus muscle fascia becomes less elastic with increasing age,
resulting in a lower energy requirement to cause irreversible
damage.” Changes in collagen content have also been identified,
the hydroxyproline content in connective tissue from women
with stress incontinence being 40% lower than in continent
controls.”

| LOWER URINARY TRACT SYMPTOMS

| Urinary Incontinence

The prevalence of urinary incontinence increases with age, affect-
ing 15% to 35% of community-dwelling women older than 60
years,” and other studies have reported a prevalence of 49%
among women older than 65 years.”” Rates of 50% have been
reported in elderly nursing home residents.® A cross-sectional
population prevalence survey of 146 women between the ages of
15 and 97 years found that 46% experienced symptoms of pelvic
floor dysfunction, defined as stress or urge incontinence, flatus
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or fecal incontinence, symptomatic prolapse, or previous pelvic
floor surgery.”’

Little work has been done to examine the incidence of urinary
incontinence. However, a study in New Zealand of women older
than 65 years found 10% of the originally continent developed
urinary incontinence in the 3-year study period.*®

Epidemiologic studies have implicated estrogen deficiency in
the cause of lower urinary tract symptoms, with 70% of women
relating the onset of urinary incontinence to their final menstrual
period.” Lower urinary tract symptoms are common in post-
menopausal women attending a menopause clinic, with 20%
complaining of severe urgency and almost 50% complaining of
stress incontinence.” Urge incontinence in particular is more
prevalent after menopause, and the prevalence appears to rise
with increasing years of estrogen deficiency.”” There is, however,
conflicting evidence regarding the role of estrogen withdrawal
at the time of menopause. Some studies have shown a peak
incidence in perimenopausal women,”"””> and other evidence
suggests that many women develop incontinence at least 10 years
before the cessation of menstruation, with significantly more
premenopausal women than postmenopausal women being
affected.”

| Urogenital Atrophy

Urogenital atrophy is a manifestation of estrogen withdrawal
after menopause, and symptoms may appear for the first time
more than 10 years after the last menstrual period.”* Increasing
life expectancy has led to an increasingly elderly population, and
with the average age of the menopause being 50 years,” it is now
common for women to spend one third of their lives in the
estrogen-deficient postmenopausal state.”

Postmenopausal women comprise 15% of the population in
industrialized countries, with a predicted growth rate of 1.5%
over the next 20 years. Overall, in the developed world, 8% of the
total population is estimated to have urogenital symptoms.”” This
represents 200 million women in the United States alone.

It has been estimated that 10% to 40% of all postmenopausal
women are symptomatic,” although only 25% are thought to
seek medical help. Two out of three women report vaginal symp-
toms associated with urogenital atrophy by the age of 75 years.”
However, the prevalence of symptomatic urogenital atrophy is
difficult to estimate, because many women accept the changes as
being an inevitable consequence of the aging process and do not
seek help, leading to considerable underreporting.

In a study assessing the prevalence of urogenital symptoms in
2157 Dutch women,* 27% complained of vaginal dryness, sore-
ness, and dyspareunia, and the prevalence of urinary symptoms
such as leakage and recurrent infections was 36%. When consid-
ering severity, almost 50% reported moderate to severe discom-
fort, although only a third had received medical intervention.
Women who had had a hysterectomy reported moderate to
severe complaints more often than those who had not.

The prevalence of urogenital atrophy and urogenital prolapse
was examined in a population of 285 women attending a meno-
pause clinic.* Overall, 51% of women had anterior vaginal wall
prolapse, 27% had posterior vaginal prolapse, and 20% had
apical prolapse. In this same group, 34% of women had urogeni-
tal atrophy, and 40% complained of dyspareunia. Although
urogenital atrophy and symptoms of dyspareunia were related
to menopausal age, the prevalence of prolapse showed no
association.

Although urogenital atrophy is an inevitable consequence of
menopause, women may not always be symptomatic. In one
study, 69 women attending a gynecology clinic were asked to fill
out a symptom questionnaire before examination and undergo-
ing vaginal cytology.*” Urogenital symptoms were found to be
relatively low and were poorly correlated with age and physical
examination findings, although not with vaginal cytologic matu-
ration index. Women who were taking estrogen replacement
therapy had higher symptom scores and physical examination
scores.

From this evidence, it appears that urogenital atrophy is a
universal consequence of menopause, although elderly women
often may be minimally symptomatic. Treatment therefore
should not be the only indication for replacement therapy.

| MANAGEMENT OF LOWER URINARY DYSFUNCTION

| Estrogens in the Management of Incontinence

Estrogen preparations have been used for many years in the treat-
ment of urinary incontinence,”® although their precise role
remains controversial. Many of the studies performed have been
uncontrolled, observational series examining the use of a wide
range of different preparations, doses, and routes of administra-
tion. The inconsistent use of progestogens to provide endo-
metrial protection is another confounding factor, making
interpretation of the results difficult.

To clarify the situation, a meta-analysis was conducted by the
Hormones and Urogenital Therapy (HUT) Committee.*” Of 166
articles identified that were published in English between 1969
and 1992, only 6 were controlled trials, and 17 were uncontrolled
series. Meta-analysis found an overall significant effect of estro-
gen therapy on subjective improvement in all patients and for
patients with urodynamic stress incontinence alone. Subjective
improvement rates with estrogen therapy in randomized, con-
trolled trials ranged from 64% to 75%, although placebo groups
also reported an improvement of 10% to 56%. In uncontrolled
series, subjective improvement rates were 8% to 89%, with
patients with urodynamic stress incontinence showing improve-
ment rates of 34% to 73%. However, when assessing objective
fluid loss, there was no significant effect. Maximum urethral
closure pressure was found to increase significantly with estrogen
therapy, although this outcome was influenced by a single study
showing a large effect.*

Another meta-analysis performed in Italy analyzed the results
of randomized, controlled clinical trials on the efficacy of estro-
gen treatment in postmenopausal women with urinary inconti-
nence.” A search of the literature (1965-1996) revealed 72 articles,
of which only four were considered to meet the meta-analysis
criteria. There was a statistically significant difference in subjec-
tive outcome between estrogen and placebo, although there was
no such difference in objective or urodynamic outcome. The
investigators concluded that this difference could be relevant,
although the studies may have lacked objective sensitivity to
detect this effect.

The role of estrogen replacement therapy in the prevention of
ischemic heart disease was assessed in a 4-year, randomized trial,
the Heart and Estrogen/Progestin Replacement Study (HERS),*
involving 2763 postmenopausal women younger than 80 years
with intact uteri and ischemic heart disease. In the study, 55% of
women reported at least one episode of urinary incontinence
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Table 5-1 Randomized, Controlled Trials Assessing the Use of Estrogens in the Management of

Urinary Incontinence

Study Year Type of Incontinence Estrogen Route
Henalla et al® 1989 Stress Conjugated estrogen Vaginal
Hilton et al'® 1990 Stress Conjugated estrogen Vaginal
Beisland et al*® 1984 Stress Estriol Vaginal
Judge™® 1969 Mixed Quinestradol Oral
Kinn and Lindskog'” 1988 Stress Estriol Oral
Samsioe et al'®® 1985 Mixed Estriol Oral
Walter et al*® 1978 Urge Estradiol and estriol Oral
Walter et al'?® 1990 Stress Estriol Oral
Wilson et al** 1987 Stress Piperazine estrone sulfate Oral

each week, and they were randomly assigned to oral conjugated
estrogen plus medroxyprogesterone acetate or to placebo daily.
Incontinence improved in 26% of women assigned to placebo
and in 21% receiving HRT, and 27% of the placebo group com-
plained of worsening symptoms, compared with 39% in the HRT
group (P =.001). The incidence of incontinent episodes per week
increased an average of 0.7 in the HRT group and decreased by
0.1 in the placebo group (P < .001). Overall, combined HRT was
associated with worsening stress and urge urinary incontinence,
although there was no significant difference in daytime frequency,
nocturia, or number of urinary tract infections.

These findings were confirmed in the Nurse’s Health Study,
which followed 39,436 postmenopausal women between 50 and
75 years old over a 4-year period. The risk of incontinence was
found to be elevated for those women taking HRT compared
with those who had never taken HRT. There was an increase in
risk for women taking oral estrogen (RR = 1.54; 95% CI: 1.44 to
1.65), transdermal estrogen (RR = 1.68; 95% CI: 1.41 to 2.00),
oral estrogen and progesterone (RR = 1.34; 95% CI: 1.24 to 1.34),
and transdermal estrogen and progesterone (RR = 1.46; 95% CI:
1.16 to 1.84). Although there remained a small risk after the ces-
sation of HRT (RR = 1.14; 95% CI: 1.06 to 1.23), by 10 years, the
risk was identical to that for women who had never taken HRT
(RR = 1.02; 95% CI: 0.91 to 1.41).¥

The effects of oral estrogens and progestogens on the lower
urinary tract were assessed in 32 female nursing home residents™
with an average age of 88 years. Subjects were randomized to oral
estrogen and progesterone or to placebo for 6 months. At follow-
up, there was no difference in severity of incontinence, preva-
lence of bacteriuria, or the results of vaginal cultures, although
there was an improvement in atrophic vaginitis in the placebo
group.

A meta-analysis of the effect of estrogen therapy on the lower
urinary tract was performed by the Cochrane group.”’ Overall,
28 trials were identified that included 2926 women. In the 15
trials comparing estrogen with placebo, there was a higher sub-
jective impression of improvement rate in women taking estro-
gen, and this was the case for all types of incontinence (RR for
cure = 1.61; 95% CI: 1.04 to 2.49). When subjective cure and
improvement were taken together, there was a statistically higher
cure and improvement rate for urge (57% versus 28%) and stress
(43% versus 27%) incontinence. In women with urge inconti-
nence, the chance of improvement was 25% higher than in
women with stress incontinence, and overall, about 50% of
women treated with estrogen were cured or improved, compared

with 25% on placebo. The investigators conclude that estrogens
can improve or cure incontinence and that the effect may be most
useful in women complaining of urge incontinence.

| Estrogens in the Management of Stress Incontinence

In addition to the studies included in the HUT meta-analysis,
several investigators have also assessed the role of estrogen
therapy in the management of urodynamic stress incontinence
only (Table 5-1). Oral estrogens have been reported to increase
the maximum urethral pressures and to lead to symptomatic
improvement in 65% to 70% of women,”>” although other work
has not confirmed this finding.”*” Two placebo-controlled
studies examined the use of oral estrogens in the treatment of
urodynamic stress incontinence in postmenopausal women.
Neither conjugated equine estrogens plus medroxyprogester-
one” nor unopposed estradiol valerate” showed a significant
difference in subjective or objective outcomes. A review of 8
controlled and 14 uncontrolled, prospective trials concluded that
estrogen therapy was not an efficacious treatment for stress
incontinence but that it could be useful for symptoms of urgency
and frequency.”

From the available evidence, estrogen does not appear to be
an effective treatment for stress incontinence, although it may
have a synergistic role in combination therapy. Two placebo-
controlled studies examined the use of oral and vaginal estrogens
with the o-adrenergic agonist phenylpropanolamine, used sepa-
rately and in combination. Both studies found that combination
therapy was superior to either drug given alone; although there
was subjective improvement in all groups,” there was objective
improvement only in the combination therapy group.'” This
may offer an alternative conservative treatment for women who
have mild urodynamic stress incontinence; however, because of
its pressor effects, phenylpropanolamine has been withdrawn in
the United States.'"'

One meta-analysis has helped determine the role of estrogen
replacement in women with stress incontinence.'”” Of the papers
reviewed, 14 were nonrandomized studies, 6 were randomized
trials (of which 4 were placebo controlled), and 2 were meta-
analyses. There was symptomatic or clinical improvement
identified only in the nonrandomized studies, whereas there
was no such effect found in the randomized trials. The study
authors concluded that the evidence does not support the use
of estrogen replacement alone in the management of stress
incontinence.
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Figure 5-1 Sustained release 17f3-estradiol vaginal tablets.
(Courtesy of Novo Nordisk, Denmark.)

| Estrogens in the Management of Urge Incontinence

Estrogens have been used in the treatment of urinary urgency and
urge incontinence for many years, although there have been few
controlled trials to confirm their efficacy (see Table 5-1). A
double-blind, placebo-controlled, crossover study using oral
estriol in 34 postmenopausal women produced subjective
improvement in 8 women with mixed incontinence and in 12
with urge incontinence.'” However, a double-blind, multicenter
study of the use of estriol (3 mg/day) in postmenopausal women
complaining of urgency has failed to confirm these findings,'
showing subjective and objective improvement but not signifi-
cantly better than placebo. Estriol is a naturally occurring, weak
estrogen that has little effect on the endometrium and does not
prevent osteoporosis, although it has been used in the treatment
of urogenital atrophy. Consequently, it is possible that the dosage
or route of administration in this study was not appropriate in
the treatment of urinary symptoms, and higher systemic levels
may be required.

The use of sustained release 17B-estradiol vaginal tablets
(Vagifem, Novo Nordisk) (Fig. 5-1) has been examined in post-
menopausal women with urgency and urge incontinence or a
urodynamic diagnosis of sensory urgency or detrusor overactiv-
ity. These vaginal tablets were well absorbed from the vagina and
induced maturation of the vaginal epithelium within 14 days.'”
However, after a 6-month course of treatment, the only signifi-
cant difference between active and placebo groups was an
improvement in the symptom of urgency in women with a uro-
dynamic diagnosis of sensory urgency.'” Another double-blind,
randomized, placebo-controlled trial of 17B-estradiol vaginal

tablets showed lower urinary tract symptoms of frequency,
urgency, and urge and stress incontinence to be significantly
improved, although no objective urodynamic assessment was
performed.'” In both of these studies, the subjective improve-
ment in symptoms may represent local estrogenic effects revers-
ing urogenital atrophy rather than a direct effect on bladder
function.

A randomized, parallel-group, controlled trial compared the
estradiol-releasing vaginal ring (Estring, Pharmacia, Uppsala,
Sweden) with estriol vaginal pessaries in the treatment of post-
menopausal women with bothersome lower urinary tract symp-
toms.'” Low-dose, vaginally administered estradiol and estriol
were found to be equally efficacious in alleviating lower urinary
tract symptoms of urge incontinence (58% versus 58%), stress
incontinence (53% versus 59%), and nocturia (51% versus 54%),
although the vaginal ring was found to have greater patient
acceptability.

To clarify the role of estrogen therapy in the management
of women with urge incontinence, a meta-analysis of the use of
estrogen in women with symptoms of overactive bladder was
conducted by the HUT Committee.'” In a review of 10 random-
ized, placebo-controlled trials, estrogen was found to be superior
to placebo when considering symptoms of urge incontinence,
frequency, and nocturia, and vaginal estrogen administration was
found to be superior for symptoms of urgency. In those taking
estrogens, there was also a significant increase in first sensation
and bladder capacity compared with those taking placebo.

Estrogens in the Management of Recurrent Urinary
Tract Infection

Estrogen therapy has been shown to increase vaginal pH and
reverse the microbiologic changes that occur in the vagina after
menopause.''’ Initial small, uncontrolled studies using oral or
vaginal estrogens in the treatment of recurrent urinary tract
infection appeared to give promising results,""'"* although
unfortunately this has not been supported by larger, randomized
trials. Several studies have examined the use of oral and vaginal
estrogens, and they have had mixed results (Table 5-2).

Kjaergaard and colleagues'” compared vaginal estriol tablets
with placebo in 21 postmenopausal women over a 5-month
period and found no significant difference between the two
groups. However, a subsequent randomized, double-blind,
placebo-controlled study assessing the use of estriol vaginal
cream in 93 postmenopausal women during an 8-month period
did reveal a significant effect.'"

Kirkengen randomized 40 postmenopausal women to receive
placebo or oral estriol and found that although both groups ini-
tially had a significantly decreased incidence of recurrent infec-
tions, estriol was shown after 12 weeks to be significantly more
effective.'”” These findings were not confirmed subsequently
in a trial of 72 postmenopausal women with recurrent urinary
tract infections randomized to oral estriol or placebo. After a
6-month treatment period and another 6-month follow-up,
estriol was found to be no more effective than placebo."®

A randomized, open, parallel-group study assessing the use of
an estradiol-releasing silicone vaginal ring (Estring) in post-
menopausal women with recurrent infections showed the cumu-
lative likelihood of remaining infection free was 45% in the active
group and 20% in the placebo group.'” Estring was also shown
to decrease the number of recurrences per year and to prolong
the interval between infection episodes.
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Table 5-2 Randomized, Controlled Trials Assessing the Use of Estrogens in the Management of Recurrent Lower

Urinary Tract Infections

Type of Route of
Study Study Group Estrogen  Delivery Duration of Therapy Results
Kjaergaard et al, 21 Postmenopausal  Estradiol ~ Vaginal tablets 5 months Number of positive cultures not
1990 women with statistically different between
recurrent cystitis the two groups
10 active group
11 placebo
Kirkengen et al, 40 Postmenopausal  Estriol Oral 12 weeks Both estriol and placebo
1992"° women with significantly reduced the
recurrent UTlIs incidence of UTIs (P < .05).
20 active group After 12 weeks, estriol was
20 placebo significantly more effective
than placebo (P < .05).
Raz and Stamm, 93 Postmenopausal  Estriol Vaginal cream 8 months Significant reduction in the
1993 women with incidence of UTls in the group
recurrent UTIs given estriol compared with
50 active group placebo (P < .001)
43 placebo
Cardozo et al, 72 Postmenopausal  Estriol Oral 6-month treatment Reduction in urinary symptoms
1998 women with period with another 6 and incidence of UTIs in both
recurrent UTIs months of follow-up groups; estriol no better than
36 active group placebo
36 placebo
Eriksen, 1999'” 108 Women with Estradiol Estring 36 weeks for the active ~ Cumulative likelihood of

recurrent UTls
53 active group
55 no treatment

remaining free of infection was
45% in active group and 20%
in control group (P = .008)

group; 36 weeks or
until first recurrence
for the controls

UTI, urinary tract infection.

| Estrogens in the Management of Urogenital Atrophy

Symptoms of urogenital atrophy do not occur until the levels of
endogenous estrogen are lower than those required to promote
endometrial proliferation."® Consequently, it is possible to use a
low dose of estrogen replacement therapy to alleviate urogenital
symptoms while avoiding the risk of endometrial proliferation
and removing the necessity of providing endometrial protection
with progestogens.'” The dose of estradiol commonly used in
systemic estrogen replacement is usually 25ug to 100 ug,
although studies investigating the use of estrogens in the manage-
ment of urogenital symptoms have shown that 8 ug to 10 ug of
vaginal estradiol are effective.'”® Only 10% to 30% of the dose
used to treat vasomotor symptoms may be effective in the man-
agement of urogenital symptoms. Because 10% to 25% of women
receiving systemic HRT still experience the symptoms of uro-
genital atrophy,'*' low-dose local preparations may have an addi-
tional beneficial effect.

The HUT Committee'” reviewed estrogen therapy in the
management of urogenital atrophy. Ten randomized trials and
54 uncontrolled series conducted between 1969 and 1995 assessed
24 treatment regimens. Meta-analysis of 10 placebo-controlled
trials confirmed the significant effect of estrogens in the manage-
ment of urogenital atrophy (Table 5-3).

The route of administration was assessed, and oral, vaginal,
and parenteral (i.e., transcutaneous patches and subcutaneous
implants) were compared. Overall, the vaginal route of adminis-

tration correlated with better symptom relief, greater im-
provement in cytologic findings, and higher serum estradiol
levels.

Estradiol was found to be the most effective type of estrogen
preparation in reducing patient symptoms. Conjugated estrogens
produced the most cytologic change and the greatest increase in
serum levels of estradiol and estrone.

The effect of different dosages was examined. Low-dose
vaginal estradiol was found to be the most efficacious according
to symptom relief, although oral estriol was also effective. Estriol
had no effect on the serum levels of estradiol or estrone, and
vaginal estriol had a minimal effect. Vaginal estradiol was found
to have a small effect on serum estrogen levels, although not as
great as systemic preparations. These findings indicate that estro-
gen is efficacious in the treatment of urogenital atrophy and
that low-dose vaginal preparations are as effective as systemic
therapy.

The use of a low-dose, estradiol-releasing silicone vaginal ring
(Estring) continuously releasing estradiol (5 to 10 pg/24 hr) was
investigated in postmenopausal women with symptomatic uro-
genital atrophy.'" There was a significant effect on symptoms
of vaginal dryness, pruritus vulvae, dyspareunia, and urinary
urgency, with improvement reported for more than 90% of
women in an uncontrolled study. Patient acceptability was
high, and although the maturation of vaginal epithelium
was significantly improved, there was no effect on endometrial
proliferation.
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Table 5-3 Randomized, Controlled Trials Assessing the Use of Estrogens in the Management of Urogenital Atrophy

Study Year Estrogen Route
Bellatoni et al'® 1991 Estradiol Transdermal
Campbell et al'* 1977 Conjugated estrogen Oral
Campbell et al'* 1977 Conjugated estrogen Oral

Eriksen and Rasmussen'”’ 1992 Estradiol Pessary
Felding et al'™ 1992 Estradiol Pessary
Foidart et al? 1991 Estriol Vaginal cream
Laufer et al'? 1983 Estradiol Transdermal
Mettler and Olsen™"® 1991 Estradiol Pessary
Molander et al’** 1990 Estriol Oral

Raz and Stamm™* 1993 Estriol Vaginal cream
Van der Linden et al'® 1993 Estriol Oral

These findings were supported by a 1-year multicenter study
of Estring in postmenopausal women with urogenital atrophy,
which found subjective and objective improvement in 90% of
patients up to 1 year. However, there was a 20% withdrawal rate,
with 7% of women reporting vaginal irritation, two having
vaginal ulceration, and three complaining of vaginal bleeding,
although there were no cases of endometrial proliferation.'”
Long-term safety was confirmed by a 10-year review of the use
of the estradiol ring delivery system, which found its safety, effi-
cacy, and acceptability to be comparable to other forms of vaginal
administration.'”” A comparative study of safety and efficacy of
Estring with conjugated equine estrogen vaginal cream in 194
postmenopausal women complaining of urogenital atrophy
found no significant difference in vaginal dryness, dyspareunia,
and resolution of atrophic signs between the two treatment
groups. There was similar improvement in the vaginal mucosal
maturation index and a reduction in pH in both groups, with the
vaginal ring found to be preferable to the cream.'”

CONCLUSIONS

Estrogens have important physiologic effects on the female lower
genital tract throughout adult life, leading to symptomatic, his-
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Chapter 6

llana Beth Addis

SOCIAL IMPACT OF URINARY INCONTINENCE
AND PELVIC FLOOR DYSFUNCTION

Urinary incontinence is a common condition in women that in
the past was considered an inevitable result of aging. As a result,
little attention was paid to women who complained of the condi-
tion. They were expected to suffer silently, and because they were
concerned about leakage, they often became housebound.
Urinary incontinence is defined by the International Continence
Society as an “involuntary loss of urine which is objectively
demonstrable and a social or hygienic problem.” With more
focus placed on the problems of aging, specifically of aging
women, we now know that urinary incontinence has many, wide-
ranging effects on a woman’s daily activities, social interactions,
and personal perceptions of wellness. Women with urinary
incontinence, especially urgency, have a lower sense of general
well-being compared with similar-aged women without this
problem. Urinary incontinence does not have to be endured by
every aging woman. It is often curable, and it is certainly manage-
able by a multitude of therapies.

Normal support of the vagina and pelvic organs is provided
by an interaction between the levator ani muscle and the connec-
tive tissue supports constituting the pelvic diaphragm. When
muscular function in the pelvis is normal, the pelvic organs are
held over the levator plate and away from the genital hiatus, with
increased intra-abdominal pressure pushing the pelvic organs
into the hollow of the sacrum. The purpose of the connective
tissue is to provide stabilization of the pelvic organs in relation
to the pelvic muscles and to provide temporary support when the
pelvic muscles are relaxed. Pelvic floor dysfunction is a term that
is applied to a wide variety of clinical conditions, including
urinary incontinence, pelvic organ prolapse, sensory abnormali-
ties of the lower urinary tract, defecatory dysfunction, sexual
dysfunction, and chronic pain syndromes. The most common
conditions are urinary and fecal incontinence and pelvic organ
prolapse. The pathophysiology of pelvic floor disorders includes
a combination of genetic predisposition and acquired dysfunc-
tion of the muscular and connective tissue support systems.

This chapter provides a review of the epidemiology of urinary
incontinence and pelvic floor dysfunction. In it, I discuss the
prevalence, incidence, and risk factors of urinary incontinence
and pelvic organ prolapse. The social, psychologic, sexual, and
economic effects of female urinary incontinence and pelvic floor
dysfunction also are addressed.

| URINARY INCONTINENCE

| Defining Urinary Incontinence

It is difficult to discuss urinary incontinence without discussing
the definition of urinary incontinence. Various definitions have
been used, depending on the goals of the definer, and according

to the International Continence Society, the definition of urinary
incontinence has changed in the past 25 years. In 1979, urinary
incontinence was “the involuntary loss of urine that is a social or
hygienic problem and is objectively demonstrable.” By 2002,
urinary incontinence became “the complaint of any involuntary
leakage of urine” with further description of frequency, severity,
risk factors, social and hygienic impact, and effect on quality of
life."! These changes were made to promote treatments based on
symptoms, to facilitate comparison of results in research, and to
help with effective communication between researchers. The
most recent definition does not require incontinence to be
demonstrable; rather, a complaint of urinary incontinence is
enough to support a diagnosis of urinary incontinence, allowing
for the fact that each woman’s perception of her incontinence is
different.

| Incidence and Prevalence

Despite approved definitions of urinary incontinence, every
study uses a slightly different definition. For example, in four
studies published in 2000, the prevalence of incontinence ranged
from 11% to 72%.”° This wide range probably reflects the differ-
ent populations studied and the differences in definitions of
urinary incontinence that were used in each study. One review
found that a study with a broad definition of urinary inconti-
nence, such as any loss of urine in a 12-month period, had a
higher prevalence rate than one defining urinary incontinence
over a shorter period, such as the number of episodes in the past
month.” When the definition of urinary incontinence in a study
becomes even more specific, the result is that the prevalence
numbers decrease. For example, in one study, incontinence was
assessed by asking a series of detailed questions modified from
epidemiologic studies, as opposed to asking just one or two ques-
tions. The result of this more detailed ascertainment was a slightly
lower number of women with incontinence in the population
than identified in previous studies, with only 21% of women over
the age of 70 complaining of at least weekly urinary inconti-
nence.® These differences speak loudly to the need for standard-
ized definitions of urinary incontinence to achieve a more precise
assessment of the scope of the problem.

Three types of incontinence are usually assessed in survey
questionnaires. Urge urinary incontinence is urine loss associated
with an overwhelming urge to void associated with rushing to
the bathroom and not making it there in time. These women
wear a pad to go out and often limit their social schedule. Stress
urinary incontinence is loss of urine caused by increased physical
activity, coughing, sneezing, or laughing. These women have
limited their physical activity because of their incontinence.
Mixed urinary incontinence incorporates aspects of stress and
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urge incontinence in a woman’s complaints. Mixed incontinence
is often difficult to assess until certain therapies have been
attempted. For example, a woman with stress and urge symptoms
may be so significantly improved with behavioral modification,
pelvic floor exercises, and medication for urgency that she does
not notice her stress incontinence. Most studies report a higher
rate of stress and mixed incontinence compared with urge incon-
tinence.”'’ An analysis of the world literature reports that stress
incontinence is predominant at 49%, followed by mixed incon-
tinence at 29% and urge incontinence at 22%."

The various prevalence numbers for different varieties of
incontinence also result from the inconsistent ages of popula-
tions studied and from the diverse populations evaluated. Each
study has a new group of women with differences in age, ethni-
city, and history such that it is difficult to generalize the results
of the study to any other population. Incorrect estimates can also
result from bias in data collection and underreporting due to
embarrassment. In simple population surveys, most adult women
report that they occasionally leak drops of urine with physical
exercise, and up to 46% of community-dwelling women com-
plain about some degree of urinary incontinence.”> These
numbers underscore the magnitude of this issue and the impor-
tance of reporting valid data.

| Risk Factors

Women who exercise report more urinary incontinence. Studies
by Nygaard and associates'*" found that as many as 30% of
women complain of urinary leakage during physical activity. The
highest rate (38%) was reported in runners. The same researchers
demonstrated that even among young, nulliparous women, up
to 28% report incontinence with exercise.""” Another study
found that up to 80% of elite trampolinists reported involuntary
urine leakage.'® Although this is an extreme example, it does
make the point that high-impact sports lead to more urinary
incontinence in women.

As our population ages, the prevalence of urinary inconti-
nence will increase. According to the United States Bureau of
Census, the number of postmenopausal women in the popula-
tion will increase from 23% of the total population in 1995 to
33% in 2050, and the proportion of women older than 85 years
will triple in the same period."” In women with incontinence, the
rate of stress incontinence peaks between 45 and 49 years of age
and then begins to slowly decrease with further aging.” This
decrease in stress urinary incontinence may reflect the decrease
in activity that usually occurs with aging, leading to a concomi-
tant decrease in urinary incontinence. Although there is a decrease
in stress urinary incontinence, the prevalence of any inconti-
nence increases with age in a linear fashion from 3% to 34.7% in
young women to 25% to 59.5% in women older than 60 years.
This statistic highlights the increase in urge urinary incontinence
and the prevalence of that problem later in life.

More than 70% of women living in nursing homes report
urinary incontinence."™® Urinary incontinence reported by
nursing home residents often has causes other than detrusor
overactivity or hypermobility of the urethra. These women can
have problems with chronic disease, decreased mobility, and
medications that cause urinary incontinence.

Urinary incontinence is two to three times more common in
women than in men. There is a very low prevalence of urinary
incontinence in men younger than 60 years, whereas inconti-
nence in women steadily increases starting at a much younger

age. Men are very unlikely to report stress incontinence, severe
incontinence, or irritative bladder symptoms. The anatomic dif-
ferences between men and women and the risk factors that
women face, such as childbirth and hysterectomy, cause them to
have more problems with stress urinary incontinence. Men are,
however, much more likely to report voiding difficulties due to
prostate problems as they age and their prostates enlarge.”

Several studies have shown an association between childbirth
and urinary incontinence.””** Stress incontinence shows the
strongest correlation with parity, whereas there is little correla-
tion between parity and urgency incontinence; rather, aging is
more strongly associated with this problem. Vaginal birth may
directly damage the pelvic muscles and connective tissues that are
necessary for pelvic floor support and for functioning of the
urethra. Vaginal birth also leads to a loss of pelvic muscle strength
in the immediate postpartum period that gradually returns,
something not seen after cesarean section. Studies have also
shown that there is an increased risk of urinary incontinence after
surgical vaginal delivery compared with cesarean section that
lasts for at least 3 years.”” The debate over whether cesarean
section prevents urinary incontinence is ongoing, with argu-
ments from both sides and many physicians caught in the
middle.

It had been thought that menopause was a risk factor for lower
urinary tract symptoms and urinary incontinence. Atrophic vagi-
nitis of menopause is associated with a multitude of symptoms,
including vaginal dryness, burning, and irritation; urinary
urgency and frequency; stress urinary incontinence; and recur-
rent urinary tract infections. The atrophy caused by estrogen
deficiency is in part responsible for sensory urogenital symptoms
and for the decreased resistance to infection seen in menopausal
women. The value of estrogen replacement in this situation,
however, is debatable. In two randomized, controlled trials of
estrogen and progestin or estrogen alone versus placebo in meno-
pausal women, there was no difference in urinary tract infection
rates in the patients who received hormone therapy.”®” In another
trial, low-dose estriol reduced the frequency of urinary tract
infections in menopausal women.”® Another study showed that
intravaginal estriol reduced the risk of recurrent urinary tract
infections.” Hormone therapy for urinary incontinence has been
evaluated in many randomized, controlled trials. In the Heart
and Estrogen/Progestin Replacement Study (HERS), no differ-
ence was found in incontinence improvement between the
hormone therapy group and the placebo group, and hormone
therapy seemed to exacerbate incontinence more than the placebo
group.” Another randomized trial also demonstrated no differ-
ence between the estrogen group and the placebo group for
improvement of stress urinary incontinence.” In a trial of estro-
gen for urgency incontinence, there was no difference between
the hormone group and the placebo group.”” The conclusion can
be made that frequent urinary tract infection in menopausal
women can be treated with intravaginal estrogen if there is an
element of atrophy involved with the bladder infection.

Obesity and hysterectomy have been thought to be risk factors
for urinary incontinence, although much of the evidence is con-
flicting. Obesity is more common in women with urinary incon-
tinence than in continent women. It is possible that obese women
have higher intra-abdominal pressures that overwhelm the con-
tinence mechanism. Weight loss has been shown to improve
incontinence that is primarily stress related.”** Hysterectomy
has been associated with incontinence in some observational
studies, but in others, there was no difference between women
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who had had a hysterectomy and those who had not had

Surgery. 24,39,40

| Psychosocial Impact

Approximately 31% to 38% of community-dwelling, middle-
aged and older women have urinary incontinence, making it a
very common chronic health condition among women of many
ages.”™** The International Continence Society defines urinary
incontinence as “a condition in which involuntary loss of urine
is a social or hygienic problem.” By this definition, every woman
with urinary incontinence has some social distress.'>**** Because
many women believe that urinary incontinence is a normal con-
sequence of childbirth and aging, they avoid seeking therapy.*
The burden of urinary incontinence reflects experiences from
many aspects of life. Urinary incontinence can affect physical,
psychosocial, and economic well-being. Women with urinary
incontinence can experience psychologic distress, social isolation
and loneliness, increased falls, and increased health care use.**>°
The monetary costs of urinary incontinence have been estimated
at $3565 per incontinent person.”!

Many studies suggest an association between urinary inconti-
nence and depression and anxiety,”>* whereas some suggest only
a weak association between urinary incontinence and psychologi-
cal well-being.” There seem to be ethnic differences in distress
about urinary incontinence. African American women with
urinary incontinence have higher rates of psychological distress
than those without urinary incontinence, whereas there is a much
weaker association between urinary incontinence and psycho-
logical distress among white women.* This difference in reac-
tions may reflect the fact that urinary incontinence is less common
in African American women and therefore is seen as more of a
problem. Despite the apparent bother of urinary incontinence,
many women do not discuss this problem with their physicians.
The reasons include embarrassment, feelings that incontinence
is a natural part of aging, and a belief that there is nothing to help
the problem.

Almost 75% of women with stress urinary incontinence are at
least slightly bothered by their symptoms, and about 29% mod-
erately to extremely bothered by their incontinence. The fre-
quency and duration of symptoms and the existence of comorbid
conditions are associated with increased annoyance by stress
urinary incontinence. Fifty-four percent of women who are both-
ered by their symptoms feel that their symptoms have at least a
moderate impact on certain aspects of their lives, including phys-
ical activity, self-confidence, daily activities, and social activi-
ties.'” Urinary incontinence does not just affect older women in
the psychosocial realm. One study demonstrated that urinary
stress incontinence negatively affected the quality of life, work
performance, and sexual activity of young and middle-aged
women. Urinary incontinence in this group of women caused
distress for them emotionally, physically, and socially.”

Some forms of urinary incontinence have a more detrimental
social impact than others.” Urge urinary incontinence has a
greater effect on quality of life than stress incontinence.””® In a
study of primarily urge urinary incontinence, the women reported
generalized anxiety and concern about location of the bathroom.
They also reported concern about dating and sexual activity.
Women younger than 70 years reported feeling unattractive and
having more feelings of low self-esteem.®

Loss of urinary control affects the social, psychological,
domestic, occupational, physical, and sexual lives of 15% to 30%

of women of all ages.”” Women who perceive urinary inconti-
nence as a disease and those with a higher degree of quality-of-
life impact are more likely to seek medical help.” Quality-of-life
issues seem to be more important than objective outcome meas-
ures for most patients.”* One study demonstrated that the per-
ceived degree of urinary incontinence significantly affected
quality of life. Women who perceive their symptoms as being
moderate or severe have a significantly lower quality of life.” This
response was entirely independent of the severity of symptoms
determined by objective measures such as a diary or urodynamic
testing.

In assessing the economic impacts of urinary incontinence,
many studies focus on the cost of caring for elderly incontinent
people in nursing homes. This type of data is easier to obtain than
that from patients in a community setting.® When estimating
costs of urinary incontinence, direct and indirect expenses should
be included. Direct costs are the resources used to diagnose, treat,
care for, and rehabilitate incontinent patients. Indirect costs
include lost productivity, missed days of work, time spent by
caregivers, and the consequences of incontinence from problems
such as skin breakdown or falls and its impact on death rates.”’
A study conducted in 2005 found that although admissions and
inpatient stays for urinary incontinence decreased from 1994 to
2000, outpatient visits more than doubled for the same period.
While inpatient surgery rates decreased during this time, rates of
outpatient surgery were more than doubled. Medical expendi-
tures for urinary incontinence also greatly increased during the
1990s, doubling from 1992 to 1998 for Medicare beneficiaries.”
Urinary incontinence increases the risk of hospitalization by
more than 30% and is believed to be a significant factor for insti-
tutionalization among the elderly.” One study shows that urinary
incontinence doubles the risk of admissions to nursing homes,
independent of age and the presence of other diseases.”

| PELVIC ORGAN PROLAPSE

| Definition and Prevalence

Pelvic organ prolapse can be defined as any descent of the uterus
or anterior or posterior vagina into the potential space of the
vagina. With this definition, 30% to 40% of older women have
had some degree of prolapse.”*”' A newer definition uses the
stages of prolapse proposed by the International Continence
Society using the pelvic organ prolapse quantification system.
This definition is translated into a 0 to 4 staging system. Stage lis
minor vaginal descensus, and stages 2 and above are believed to
be more clinically relevant degrees of prolapse. Prevalence esti-
mates for pelvic organ prolapse range from 2% to 50%, depend-
ing on the severity of the prolapse and the definition that is
used.”” In a group of women from the Women’s Health Initiative
Study, 65.5% had prolapse of stage 2 or above. Risk factors for
significant pelvic organ prolapse include a history of hysterec-
tomy, lower education level, and a greater number of vaginal
deliveries.”

Women with prolapse can be asymptomatic with regard to
bladder, bowel, and sexual dysfunction, or they can have various
complaints. Some of the symptoms associated with advanced
prolapse are urgency, frequency, and voiding difficulties. It is
difficult to tell whether other symptoms, such as sexual dysfunc-
tion, have any relation to severity of prolapse or are multifacto-
rial, with one aspect of the sexual dysfunction being related to
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prolapse.”*”” Pelvic organ prolapse is the most common indica-
tion for hysterectomy in women older than 55 years.” In the
United States, rates of surgery for pelvic organ prolapse vary by
age, race, and region of the country. Approximately 200,000
women underwent surgery for pelvic organ prolapse between
1979 and 1997, making prolapse one of the most common surgi-
cal indications in women.”””* The lifetime risk for undergoing
surgery for prolapse or incontinence is 11%.% Surgery for pro-
lapse, because it is so common, likely has its own impact on
quality of life when immediate and long-term postoperative
recovery is taken into account.

As with urinary incontinence, pelvic organ prolapse reduces
the quality of life.*! One study found that surgery for pelvic organ
prolapse or urinary incontinence improved the quality of life for
women who received this treatment.*” Research shows that con-
servative therapy also greatly improves the quality of life of these
women.*”®* The use of nonsurgical therapy, such as biofeedback
and pelvic floor rehabilitation, for urinary incontinence and
pelvic organ prolapse can greatly help with very little risk to the
patient.

PSYCHOSOCIAL IMPACT OF URINARY
INCONTINENCE AND PELVIC FLOOR DYSFUNCTION
IN CLINICAL PRACTICE

It is difficult to interpret the research on the social implications
of urinary incontinence and pelvic floor dysfunction and apply
this information to current clinical practice. The experience of
each woman is different, and the actuality of incontinence should
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Chapter 7

TRACT SYMPTOMS

CLINICAL EVALUATION OF LOWER URINARY

Jerry G. Blaivas and Jaspreet Sandha

Diagnostic evaluation of voiding dysfunction in women com-
mences with a focused but detailed history and physical exami-
nation. Various diagnostic tests and instruments are used to
determine the nature and severity of the symptoms. These may
be divided into subjective, semi-objective, and objective instru-
ments. Subjective information is obtained from the patient’s
history. Semi-objective data are obtained from self-reported
diaries, pad tests, and validated questionnaires. Objective data are
obtained by physical examination, laboratory tests, radiologic
studies, ultrasound imaging, urodynamic studies, and cystos-
copy. The collection of subjective, semi-objective, and objective
data should continue during and after treatment to determine
outcomes.

The spectrum of voiding dysfunction ranges from mild stress
urinary incontinence to severe neurologic disease resulting in
upper tract deterioration. Because the patient’s symptoms are not
necessarily proportional to the degree of bladder or renal involve-
ment, a systematic approach should be taken in assessing all
aspects of voiding dysfunction.

| LOWER URINARY TRACT SYMPTOMS

| Standardization

What follows is based on the International Continence Society
(ICS) Standardization Report, except where specifically stated to
be otherwise.' The ICS divides lower urinary tract symptoms into
three groups: storage, voiding, and postmicturition. However,
the ICS also recognizes a number of pain syndromes that are
poorly defined and cannot be easily classified. Storage symptoms
include daytime frequency, urgency, incontinence, nocturia, and
pain. Voiding symptoms are experienced during the voiding
phase and include slow stream, splitting or spraying of the stream,
intermittent stream, hesitancy, straining to void, and terminal
dribble. Postmicturition symptoms are experienced immediately
after micturition and include a feeling of incomplete emptying,
postmicturition dribble, or pain.

| Storage Symptoms

Urinary frequency (i.e., pollakisuria) is defined as eight or more
voids per 24 hours. Urinary urgency is defined by the ICS as “the
complaint of a sudden, compelling desire to pass urine, which is
difficult to defer.” We think this definition is too restrictive.
Many patients feel a “compelling desire to void” that is not
sudden, and others feel uncomfortable, annoying feelings in their
bladder that make them think they should void frequently, but
the desire is really not compelling. There are currently no single
other words or phrases to capture these symptoms.

Urinary incontinence is the involuntary loss of urine. It denotes
a symptom, a sign, and a condition. It indicates the patient’s (or
caregiver’s) statement of involuntary urine loss. The sign is the
objective demonstration of urine loss. The condition is the patho-
physiology underlying incontinence as demonstrated by clinical,
cystoscopic, or urodynamic techniques. The symptoms of incon-
tinence include stress, urge, mixed, unaware, continuous, and
nocturnal enuresis."”

Stress urinary incontinence is the complaint of involuntary
leakage on effort or exertion or on sneezing or coughing, and urge
incontinence is the complaint of involuntary leakage accompa-
nied by or immediately preceded by urgency. Mixed urinary
incontinence is the complaint of involuntary leakage associated
with urgency and with exertion, effort, sneezing, or coughing.
Enuresis means any involuntary loss of urine, and nocturnal
enuresis is the complaint of loss of urine occurring during sleep.
Continuous urinary incontinence is the complaint of continuous
leakage. Other types of urinary incontinence may be situational,
such as the report of incontinence during sexual intercourse or
giggle incontinence.

CAUSES OF URINARY INCONTINENCE

Urinary incontinence can be further divided into urethral and
extraurethral incontinence. Extraurethral causes of incontinence
include an ectopic ureter opening into the vagina and urinary
fistula. Urethral incontinence is caused by bladder abnormalities,
sphincter abnormalities, or combinations of both. Cognitive
abnormalities and physical immobility, although not the proxi-
mate causes of incontinence, are important cofactors that should
be taken into account for the diagnosis and treatment. For
example, a woman with mild urgency and severe Parkinson’s
disease may develop disabling incontinence because it takes her
too long to get to the bathroom.

The conditions causing urinary incontinence may be pre-
sumed or definite.” Definite conditions are documented by uro-
dynamic or other objective techniques. Presumed conditions
are documented clinically. For example, a neurologically normal
woman who complains of urge incontinence despite a normal
cystometrogram is considered to have presumed detrusor over-
activity provided that sphincter abnormalities and overflow
incontinence have been excluded. If the cystometrogram docu-
ments involuntary detrusor contractions, the diagnosis is definite
detrusor overactivity.

| Urethral Incontinence

Bladder abnormalities causing urinary incontinence include
detrusor overactivity and low bladder compliance. Detrusor
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Table 7-1 Detrusor Overactivity: Causes and
Associated Conditions

Idiopathic detrusor overactivity
Non-neurogenic detrusor overactivity
Bladder outlet obstruction
Sphincteric incontinence
Postoperative (anti-incontinence, prolapse)
Bladder infection
Bladder tumor
Bladder stones
Foreign body
Neurogenic detrusor overactivity
Supraspinal neurologic lesions
Stroke
Parkinson's disease
Hydrocephalus
Brain tumor
Traumatic brain injury
Multiple sclerosis
Suprasacral spinal lesions
Spinal cord injury
Spinal cord tumor
Multiple sclerosis
Myelodysplasia
Transverse myelitis

overactivity is a generic term for involuntary detrusor contrac-
tions, defined by the ICS as a “urodynamic observation charac-
terized by involuntary detrusor contractions during the filling
phase which may be spontaneous or provoked.” The ICS subdi-
vides detrusor overactivity into idiopathic (i.e., non-neurogenic)
and neurogenic detrusor overactivity. We have modified this
classification as follows:

Idiopathic detrusor overactivity denotes involuntary detrusor
contractions that are not associated with neurologic dis-
orders or other conditions known to be associated with
involuntary detrusor contractions.

Neurogenic detrusor overactivity denotes involuntary detrusor
contractions that are caused by neurologic conditions.

Non-neurogenic detrusor overactivity denotes involuntary
detrusor contractions that are associated with conditions
thought to be related to detrusor overactivity, such as ure-
thral obstruction and stress incontinence.””** The causes
of detrusor overactivity are depicted in Table 7-1.

Low bladder compliance denotes an abnormal (decreased)
volume-pressure relationship during bladder filling. Low
bladder compliance is recognized by a steep rise in detrusor
pressure during bladder filling. Causes of low bladder com-
pliance are provided in Table 7-2.

| Sphincter Abnormalities Causing Urinary Incontinence

It has long been thought that sphincter abnormalities that cause
urinary incontinence were of two generic types—urethral hyper-
mobility and intrinsic sphincter deficiency—and many clinicians
still adhere to this concept.® According to this classification,
urethral hypermobility is characterized by rotational descent of
the vesical neck and proximal urethra during increases in abdom-
inal pressure.*!! If the urethra opens concomitantly, stress urinary

Table 7-2 Causes of Low Bladder Compliance

Neurogenic causes
Myelodysplasia
Shy-Drager syndrome
Suprasacral spinal cord injury or lesion
Radical hysterectomy
Abdominoperineal resection
Non-neurogenic causes (i.e., increased collagen)
Chronic indwelling catheter
Bladder outlet obstruction
Chronic cystitis (e.g., radiation, tuberculous, bilharzial)

incontinence ensues. The basic abnormality causing urethral
hypermobility is a weakness of the pelvic floor. Intrinsic sphinc-
teric deficiency denotes an intrinsic malfunction of the urethral
sphincter itself.*'* Clinically, intrinsic sphincter deficiency mani-
fests by a low leak point pressure and is most commonly seen in
three circumstances: after surgery on the urethra, vagina, or
bladder neck; as a consequence of a neurologic lesion that involves
the nerves to the vesical neck and proximal urethra; and in the
elderly.*'>" It had also been accepted that urethral hypermobility
and intrinsic sphincter deficiency often coexist in the same
patient.™

The validity of the concept of urethral hypermobility as a sole
cause of urinary incontinence has been challenged, and several
investigators have shown that there is no relationship between
vesical leak point pressure and urethral mobility."'® For that
reason, we no longer use the term intrinsic sphincter deficiency,
but instead characterize sphincteric incontinence by two param-
eters, vesical leak point pressure and urethral mobility, as meas-
ured by the Q-tip test.””"’

| Overflow Incontinence

Overflow incontinence is the leakage of urine associated with
incomplete bladder emptying caused by impaired detrusor con-
tractility or bladder outlet obstruction. The pathophysiology of
overflow incontinence has not been studied very well. Conceptu-
ally, the leakage must be caused by an overactive detrusor or a
relative sphincter deficiency.

SYMPTOMS, SIGNS, AND CONDITIONS
CAUSING INCONTINENCE

The symptoms of incontinence are elicited by the patient’s

history, questionnaires, voiding diaries, and pad test. Symptoms

can and should be reproduced during urodynamic studies. The

signs are assessed by examination and urodynamic studies.

The conditions are the underlying pathophysiologies. Table 7-3

lists symptoms and conditions that cause urinary incontinence.
Urge incontinence has the following characteristics:

Symptom: The symptom of urge incontinence is the complaint
of the involuntary loss of urine immediately preceded by
urgency.

Sign: The sign of urge incontinence is the observation of
involuntary urine loss from the urethra synchronous
with an uncontrollable urge to void. Urodynamically,
the sign is the presence of detrusor overactivity incon-



Chapter 7 CLINICAL EVALUATION OF LOWER URINARY TRACT SYMPTOMS

Table 7-3 Storage Symptoms and the Conditions That
Cause Urinary Incontinence

Symptom Conditions

Urinary frequency Polyuria

Sensory urgency

Detrusor overactivity

Low bladder compliance

Acquired behavior (e.g., defensive
voiding)

Sensory urgency

Detrusor overactivity

Low bladder compliance

Urethral hypermobility

Intrinsic sphincter deficiency

Stress hyperreflexia

Detrusor overactivity

Sphincter weakness

Extra-urethral incontinence

Sphincter weakness

Extra-urethral incontinence

Detrusor overactivity

Sphincter weakness

Extra-urethral incontinence

Urethral diverticulum

Urethral obstruction

Vaginal voiding

Urinary fistula

Ectopic ureter

Urgency or urge
incontinence
Stress incontinence

Unaware incontinence*

Continuous leakage

Nocturnal enuresis

Postvoid dribble

Extra-urethral
incontinence

*Not part of International Continence Society (ICS) definitions.

tinence (i.e., incontinence due to an involuntary detrusor
contraction).

Condition: The condition of urge incontinence is caused by
detrusor overactivity.

Stress incontinence has the following characteristics:

Symptom: The symptom of stress incontinence is the com-
plaint of involuntary loss of urine during coughing, sneez-
ing, or physical exertion, such as sport activities or sudden
changes of position.

Sign: The sign of stress incontinence is the observation of loss
of urine from the urethra synchronous with coughing,
sneezing, or physical exertion.

Condition: The condition of stress incontinence may be caused
by an underactive sphincter or detrusor overactivity, pre-
sumably caused by an increase in abdominal pressure. This
is called stress hyperreflexia, but it is not part of the ICS
lexicon.

Unconscious incontinence has the following characteristics:

Symptom: The symptom of unconscious incontinence is the
involuntary loss of urine that is unaccompanied by urge or
stress. The patient may be aware of the incontinent episode
by feeling wetness or by other associated symptoms such
as the onset of autonomic dysreflexia with spinal cord
injury.

Sign: The sign of unconscious incontinence is the observation
of loss of urine without patient awareness of urge or
stress.

Condition: The condition of unconscious incontinence may
be caused by detrusor overactivity, sphincter abnormalities,
overflow, or extraurethral incontinence.

Continuous leakage has the following characteristics:

Symptom: The symptom of continuous leakage is the com-
plaint of a continuous, involuntary loss of urine.

Sign: The sign of continuous leakage is the observation of a
continuous urinary loss.

Condition: The condition of continuous leakage may be caused
by sphincter abnormalities or extraurethral incontinence.

Nocturnal enuresis has the following characteristics:

Symptom: The symptom of nocturnal enuresis is the com-
plaint of urinary loss that occurs only during sleep.

Sign: The sign of nocturnal enuresis is the observation of
urinary loss during sleep.

Condition: The condition of nocturnal enuresis may be caused
by a sphincter abnormality, detrusor overactivity, or extra-
urethral incontinence.

A precise diagnosis of urinary incontinence is best attained
when it is witnessed by the examiner. In most instances, it makes
little difference whether the urinary loss is visualized during
physical examination with a full bladder (i.e., Marshall or Bonney
test), at cystoscopy, cystometry, or by x-ray imaging. Regardless
of the method of observation, when urinary loss is visualized
from the urethral meatus, the observations and measurements of
the astute clinician usually can pinpoint the underlying abnor-
mality and direct appropriate treatment.

| Voiding Symptoms

Voiding symptoms are experienced during the voiding phase and
include slow stream, splitting or spraying of the urine stream,
intermittent stream (i.e., stopping and starting during micturi-
tion), hesitancy (i.e., difficulty in initiating micturition, resulting
in a delay in the onset of voiding after the individual is ready to
pass urine), straining to void, and terminal dribble (i.e., pro-
longed final part of micturition when the flow has slowed to a
trickle or dribble). The conditions underlying these symptoms
include urethral obstruction, impaired or absent detrusor con-
tractility, detrusor—external sphincter dyssynergia, and voiding at
low bladder volumes. Pain during voiding may be caused by
urinary tract infection, urethral stricture, urethral diverticulum,
foreign body, or stone.

| Pain

During storage, suprapubic or retropubic pain that increases with
bladder filling and subsides immediately after voiding is most
likely caused by the bladder; if the pain persists after voiding, the
source is more difficult to assess. The relationship between other
sites of pain is confounding, and a cause-and-effect relationship
usually can only be inferred for the urethra, vulva (in and around
the external genitalia), vaginal (internally, above the introitus),
and perineum (between the posterior fourchette and the anus).
The term pelvic pain is used when patients describe a pain “down
there” but cannot pinpoint its location.

Painful bladder syndrome is the complaint of suprapubic pain
related to bladder filling, accompanied by other symptoms such
as increased daytime and nighttime frequency, in the absence of
proven urinary infection or other obvious pathology. We think
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interstitial cystitis should be considered in this category because,
in contradistinction to the National Institutes of Health consen-
sus recommendations,' there are no diagnostic cystoscopic or
histologic features that can be used to distinguish these two
terms. Interstitial cystitis has connotations of incurability and
chronicity—allusions that are not necessarily warranted in many
of the patients burdened by such a diagnosis. The differential
diagnosis includes pelvic floor myalgia, endometriosis, chronic
cystitis (e.g., radiation, tuberculous, bilharzial), low bladder
compliance, urethral diverticulum, bladder cancer, bladder
stones, and a foreign body.

Urethral pain syndrome is recurrent episodic urethral pain that
usually occurs on voiding, often with daytime frequency and
nocturia. The differential diagnosis includes urethritis (unspeci-
fied), vaginitis, pelvic floor myalgia, urethral diverticulum, ure-
thral stricture, and tumor.

Vulvar pain syndrome (i.e., vulvodynia) is the occurrence of
persistent or recurrent episodic vulval pain. The differential
diagnosis includes pelvic organ prolapse, vaginitis, and tumor.

Vaginal pain syndrome is the occurrence of persistent or recur-
rent episodic vaginal pain that is associated with symptoms sug-
gesting urinary tract or sexual dysfunction. The differential
diagnosis includes vaginitis, prolapse, urethral diverticulum,
endometriosis, pelvic floor myalgia, and tumor.

Perineal pain syndrome is the occurrence of persistent or
recurrent episodic perineal pain, which is related to the micturi-
tion cycle or associated with symptoms suggesting urinary tract
or sexual dysfunction. The differential diagnosis includes pelvic
organ prolapse, endometriosis, pelvic floor myalgia, urethral
diverticulum, and tumor.

In addition to the specific symptoms listed previously, several
clinical symptoms and syndromes warrant special mention. For
most of the pain symptoms, the cause remains speculative. The
ICS suggests that these terms be used when “there is no proven
infection or other obvious pathology.”" We disagree. We find
these terms useful to describe symptoms just as one would use the
word headache to describe pain in the head from any source, even
migraine, brain tumor, or stroke. Moreover, some experts believe
that all of these pain syndromes can be the result of a kind of pelvic
floor myalgia that results from muscular spasm associated with
emotional stress or an acquired behavior resulting from prior
painful experiences that could be as simple as bacterial cystitis.

| Detrusor Sphincter Dyssynergia

Detrusor—external sphincter dyssynergia is a condition charac-
terized by involuntary sphincter contractions during involuntary
detrusor contractions. It is seen exclusively in patients with
neurologic disorders that interrupt the normal spinal neuronal
circuits of micturition (between the pontine and sacral micturi-
tion centers).”**' It is essentially a urodynamic diagnosis charac-
terized by increased sphincter electromyographic activity during
an involuntary detrusor contraction and narrowing of the distal
third of the urethra on voiding cystourethrography.?' Detrusor—
external sphincter dyssynergia is a serious condition that,
untreated, leads to urinary retention, ureteral obstruction, vesi-
coureteral reflux, stones, infection, upper tract deterioration, and
renal failure. It should not be confused with acquired voiding
dysfunction.

| Acquired Voiding Dysfunction

Acquired voiding dysfunction (i.e., learned voiding dysfunction,
dysfunctional voiding, or Hinman’s syndrome) is often confused

with detrusor—external sphincter dyssynergia because the urody-
namic findings are similar.”*?* In detrusor—external sphincter
dyssynergia, the increased electromyographic activity (when
detected by needle electrodes placed directly in the urethral or
periurethral striated muscles) precedes the onset of the involun-
tary detrusor contraction.”’ In acquired voiding dysfunction,
there is a period of electromyographic silence that precedes the
involuntary detrusor contraction, followed by increased electro-
myographic activity during the contraction (i.e., the acquired
dysfunction). In childhood, acquired voiding dysfunction (i.e.,
Hinman’s syndrome) is postulated to be caused by improper
toilet training, resulting in prolonged times between voiding, or
“holding urine” to prevent urinary loss, resulting in increased
sphincter tone while voiding. It can also be associated with con-
stipation, recurrent urinary tract infection, low bladder compli-
ance, hydronephrosis, and vesicourethral reflux. In children and
adults, it can be caused by recurrent painful experiences associ-
ated with voiding, such as cystitis and local trauma.

| Overactive Bladder

Overactive bladder is defined by the ICS as “urgency, with or
without urge incontinence, usually with frequency and noctu-
ria . . . if there is no proven infection or other etiology.”' From a
practical standpoint, we believe that this definition is much too
restrictive, and in contradistinction to the ICS definition
consider overactive bladder to be a symptom complex caused by
one or more of the following conditions: detrusor overactivity,
sensory urgency, and low bladder compliance. Sensory urgency is
a term (abandoned by the ICS) that refers to an uncomfortable
need to void that is unassociated with detrusor overactivity.
Common conditions causing or associated with overactive
bladder are diverse and include urinary tract infection, urethral
obstruction, pelvic organ prolapse, sphincteric incontinence,
urethral diverticulum, bladder stones or a foreign body, and
bladder cancer. In women with overactive bladder, diagnostic
evaluation should be directed at early detection of these condi-
tions, because in many instances, the symptoms are reversible if
the underlying cause is successfully treated.

| Pelvic Prolapse

Prolapse refers to a protrusion of the bladder (i.e., cystocele),
urethra (i.e., urethrocele), rectum (i.e., rectocele), intestine (i.e.,
enterocele), or uterus (i.e., uterine prolapse) past the ordinary
anatomic confines of the affected organ. Women with pelvic
prolapse may be asymptomatic, or they may complain of con-
comitant voiding, bowel, or other pelvic symptoms. The severity
of symptoms may not correlate at all with the degree of prolapse.
A large prolapse can cause extrinsic urethral or ureteral ob-
struction with resultant hydronephrosis and recurrent urinary
tract infection due to incomplete emptying. Prolapse may mask
sphincteric incontinence, which becomes evident only after the
prolapse is reduced manually or by a pessary or surgery.” Failure
to take this into account can result in a high rate of incontinence
after prolapse surgery. The ICS has described an objective, vali-
dated system for quantifying pelvic organ prolapse (POPQ).”
The POPQ describes the topographic position of six vaginal sites
and gives information regarding perineal descent and the change
in axis of the levator plate based on increases in the genital hiatus
and perineal body measurements. Table 7-4 and Figure 7-1 depict
the ICS POP quantification and staging system.



Chapter 7 CLINICAL EVALUATION OF LOWER URINARY TRACT SYMPTOMS

Table 7-4 International Continence Society Pelvic
Organ Prolapse Quantification and Staging System

Stage Description

0 No prolapse is demonstrated.

1 The most distal portion of the prolapse is greater
than 1 cm above the level of the hymen.

2 The most distal portion of the prolapse is less than
1 cm above or below the level of the hymen.

3 The most distal portion of the prolapse is greater

than 1 cm below the level of the hymen but
protrudes no more than 2 cm less than the total
vaginal length.

4 There is complete eversion of the total length of the
lower genital tract. The distal portion of the
prolapse protrudes by at least 2 cm less than the
total vaginal length.

From Bump et al.*°

Prolapse is caused by loss of vaginal wall support and weak-
ness in suspensory ligaments. Enterocele may be further classi-
fied as congenital, acquired, pulsion, and traction. Congenital
enteroceles result from an incomplete closure of the rectovaginal
septum. Acquired enteroceles occur after bladder suspension
procedures that cause widening of the pouch of Douglas or cul-
de-sac, and traction enteroceles are associated with uterine pro-
lapse. Pulsion enteroceles occur after hysterectomy, and they are
associated with weakness of the vaginal vault. Another term for
pulsion enterocele is a frue enterocele, because it is filled with
bowel, whereas a traction enterocele may contain only the
cul-de-sac.*

EVALUATION OF LOWER URINARY
TRACT DYSFUNCTION

| Subjective Data

History

The history begins with a detailed account of the precise nature
of the patient’s symptoms. Each symptom should be character-
ized and quantified as accurately as possible by anamnesis, ques-
tionnaire, bladder diary, and for incontinence, a pad test. When
more than one symptom is present, the patient’s assessment of
the relative severity of each should be considered. The examiner
should not rely on any one of these tools, but rather use each as
a test of the other.

The patient should be asked how often she urinates during the
day and night, how long she can comfortably go between urina-
tions, and how long micturition can be postponed after she gets
the urge. It should be determined why she voids as often as she
does. Is it because of a severe urge, or is it merely out of conve-
nience or an attempt to prevent incontinence? The severity of
incontinence should be graded. Does stress incontinence occur
during coughing, sneezing, or rising from a sitting to standing
position or only during heavy physical exercise? If the inconti-
nence is associated with stress, is urine lost only for an instant
during the stress, or is there uncontrollable voiding? Is the incon-
tinence positional? Does it ever occur in the lying or sitting posi-
tions? Is there a sense of urgency first? Does urge incontinence

Figure 7-1 Pelvic organ prolapse grading system. The Aa point is
located in the midline of the anterior vaginal wall 3 cm proximal

to the external urethral meatus. The Ba point represents the most
distal (i.e., most dependent) position of any part of the upper
anterior vaginal wall from the vaginal cuff or anterior vaginal fornix
to point Aa. By definition, point Ba is at -8 cm in the absence

of prolapse. The C point represents the most distal (i.e., most
dependent) edge of the cervix or the leading edge of the vaginal
cuff (i.e., hysterectomy scar) after total hysterectomy. Point D
represents the location of the posterior fornix (or pouch of Douglas)
in a woman who still has a cervix. It represents the level of
uterosacral ligament attachment to the proximal posterior cervix. It
is included as a point of measurement to differentiate suspensory
failure of the uterosacral-cardinal ligament complex from cervical
elongation. When the location of point C is significantly more
positive than the location of point D, it indicates cervical elongation
that may be symmetric or eccentric. Point D is omitted in the
absence of the cervix. Point Bp represents the most distal (i.e., most
dependent) position of any part of the upper posterior vaginal wall
from the vaginal cuff or posterior vaginal fornix to point Ap. By
definition, point Bp is at —3 cm in the absence of prolapse. Point Ap
is located in the midline of the posterior vaginal wall 3 cm proximal
to the hymen. By definition, the range of position of point Ap
relative to the hymen is —3 to +3 cm. The genital hiatus (GH) is
measured from the middle of the external urethral meatus to the
posterior midline hymen. The perineal body (PB) is measured from
the posterior margin of the genital hiatus to the mid-anal opening.
The total vaginal length (TVL) is the greatest depth of the vagina
(in centimeters) when point C or D is reduced to its full normal
position. (Modified from Bump RC, Mattiasson A, Bo K, et al: The
standardization of terminology of female pelvic organ prolapse and
pelvic floor dysfunction. Am J Obstet Gynecol 175:10, 1996.)

occur? Is the patient aware of the act of incontinence, or does she
just find herself wet (i.e., unconscious incontinence)? Is there
continuous, involuntary loss of urine? Does the patient lose a few
drops or saturate her outer clothing? Does she have postvoid
dribbling or enuresis? Are protective pads worn? Do they become
saturated? How often are they changed? Is there difficulty initiat-
ing the stream requiring pushing or straining to start? Is the
stream weak or interrupted? Is there postvoid dribbling? Has the
patient ever been in urinary retention?
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Section 2 EVALUATION AND DIAGNOSIS

The symptoms of prolapse do not necessarily correlate with
the degree of prolapse. The patient may notice or feel the protru-
sion or feel like she is “sitting on a ball.” There may be a pressure
sensation in the vagina, rectum, or groin. She may feel perineal
wetness or bleeding from vaginal ulceration, or she may perceive
a sensation of pelvic insecurity.” There may be a sacral backache
that resolves when the patient is lying down.

Prolapse may manifest with a spectrum of lower urinary tract
symptoms ranging from urinary retention to overt stress incon-
tinence. Between the two ends of this spectrum fall symptoms of
urgency, frequency, straining to void, and a dribbling stream.
Most women with prolapse are less symptomatic when supine
during the night, with the prolapse reduced. Some patients
enhance voiding by applying pressure on the anterior wall of the
vagina. When a pessary is inserted, a previously continent woman
may develop stress incontinence, a condition called occult stress
incontinence. A history of stress incontinence that spontaneously
subsides suggests occult stress urinary incontinence. Rarely, in
severe prolapse, the intestines can become irreducible or even
strangulated, which is a surgical emergency. Unmonitored pessa-
ries can erode into the bladder, urethra, bowel, or uterus.

Symptoms caused by a rectocele include the sensation of an
inability to evacuate stool from the rectum or the need to apply
digital pressure on the posterior vaginal wall to evacuate. Consti-
pation usually is not caused by a rectocele, although the patient
may misinterpret her symptoms as constipation. Blood in the
stool or changes in the caliber of the stools should prompt colon
and rectal examination to rule out neoplasm.**’

Medical History

The patient should be specifically queried about neurologic con-
ditions that are known to affect bladder and sphincteric function,
such as multiple sclerosis, spinal cord injury, lumbar disk disease,
myelodysplasia, diabetes, stroke, Parkinson’s disease, or multi-
system atrophy. If she does not have a previously diagnosed
neurologic disease, it is important to ask about double vision,
muscular weakness, paralysis or poor coordination, tremor,
numbness, and tingling. A history of vaginal surgery or previous
surgical repair of incontinence should suggest the possibility of
sphincteric injury. Abdominoperineal resection of the rectum or
radical hysterectomy may be associated with neurologic injury to
the bladder and sphincter, resulting in sphincteric incontinence,
urinary retention (due to detrusor areflexia), or hydronephrosis
(due to low bladder compliance). Radiation therapy may cause a
small-capacity, low-compliance bladder or radiation cystitis.

Medications are a rare cause of urinary incontinence. O-
Adrenergic antagonists may cause stress incontinence. o-
Adrenergicagonistssuch ashistamineand tricyclicantidepressants
may cause bladder outlet obstruction, urinary retention, and
overflow incontinence. Parasympathomimetics such as bethan-
echol may cause involuntary detrusor contractions and bladder
pain.

Bladder Questionnaire

Questionnaires can expedite the retrieval of all information. In
the past decade, there has been a plethora of questionnaires, but
no single one has met with widespread approval.”**> However,
even well-constructed questionnaires with highly significant vali-
dation cannot supplant the medical history. Each should supple-
ment the other, and final judgment about the nature of symptoms
should be attained by resolving conflicts in the questionnaire,

bladder diary, pad tests, and anamnestic responses. We have
fashioned two questionnaires for our practice; one is directed
toward bladder symptoms, and the other addresses the medical
history, medications, and allergies. These questionnaires are sent
to the patient before the office visit. The patient has the oppor-
tunity to ponder the questions and to acquire information, such
as the names of medications and dates of previous operations,
before the office visit.

| Semi-objective Data

Bladder Diary

To document the nature and severity of urinary symptoms, we
find a bladder diary indispensable. The reproducibility of the
diary has been confirmed.”** The particular information
recorded in the diary depends on the patient’s symptoms, but all
diaries should include at least the time and amount of each mic-
turition. From such a diary, the following information can be
calculated: the total 24-hour urinary output, number of voids,
longest intervoiding interval, largest single voided volume,
diurnal distribution, and diuresis. Depending on the patient’s
complaints, notations about the characterization, time, and
severity of incontinence; the need to push or strain to void; and
associated pain or urgency can be compiled. The ICS has advised
that the inclusion of a frequency-volume chart is an essential
component of the patient’s clinical assessment.®

Pad Tests

A number of pad tests have been described, but none has met
with widespread approval. The reliability of 24-hour pad tests
has been reasonably well established, but most 1- and 2-hour
tests have considerable test-retest variability.”***** Despite these
shortcomings, the pad test is exceedingly useful, but it must be
put in perspective with the patient’s symptoms. The most direct
way of doing this is to ask the patient whether the pad test was
representative of her usual symptoms; if not, it should be repeated.
The relationship between pad loss and degree of incontinence has
been described by a number of studies. A rate of less than 8 g/24
hours is considered normal (e.g., sweat, secretions), and more
than 20 g/24 hours is considered to be moderate to severe
incontinence.***

| Objective Data

Physical Examination

The physical examination begins by observing the patient’s gait
and demeanor as she first enters the office. A slight limp or lack
of coordination, an abnormal speech pattern, facial asymmetry,
or other abnormalities may be subtle signs of a neurologic
condition.

The abdomen and flanks should be examined for masses,
hernias, and a distended bladder. A pelvic examination is per-
formed with the bladder comfortably full and the patient in the
lithotomy position; in patients with prolapse and incontinence it
usually should be repeated with the patient standing or sitting.
The patient is asked to cough or strain to reproduce symptoms
of incontinence. The degree of hypermobility may be assessed by
examination with a full bladder and by the Q-tip test. However,
examination alone is insufficient for accurate assessment. The
Q-tip test is performed by inserting a well-lubricated, sterile,
cotton-tipped applicator gently into the urethra while the patient
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is in lithotomy position. During a Valsalva maneuver or while
coughing, the arc of the end of the Q-tip may be estimated or
measured from the resting position with a goniometer or approx-
imated by the examiner in terms of degrees from the 0 axis (i.e.,
position of the applicator at rest). Some examiners use a short-
ened, red-rubber catheter to obtain a residual volume and then
check for mobility during stress. Mobility of the end of the instru-
ment from the resting position to more than 30 degrees with
straining indicates urethral hypermobility.”"

Pelvic organ prolapse is best evaluated according to the POPQ
protocol as depicted in Table 7-4 and Figure 7-1.” The anterior
vaginal wall is inspected by applying gentle pressure on the pos-
terior vaginal wall with the posterior blade from a split speculum
or with examining fingers. The blade, if metal, should be warmed
with water and inserted into the vagina toward the posterior wall.
While the patient is straining, the presence of anterior vaginal
wall and cervical or uterine mobility are assessed. The design of
some examination and urodynamics tables allows the perineum
to be visualized and examined while the patient is sitting. In
many instances, prolapse and incontinence are appreciated only
in one or the other position. Moreover, in some patients, incon-
tinence can be reproduced only with the cystocele reduced. The
cervix is normally mobile, but descent to within 1 cm of the
hymenal ring is considered grade 1 prolapse.

After examination of the anterior vaginal wall and cervix or
uterus, the speculum blade is rotated, and the anterior vagina is
gently retracted. The posterior vaginal wall and vault are examined
for the presence of an enterocele and rectocele. As the speculum is
slowly withdrawn, a transverse groove separating an enterocele
from a rectocele below may be visible, and a finger inserted into
the rectum can “tent up” a rectocele but not an enterocele.”

The sacral dermatomes are evaluated by assessing anal sphinc-
ter tone and control, perianal sensation, and the bulbocavernosus
reflex. With a finger in the rectum, the patient is asked to squeeze
as if she were in the middle of urinating and trying to stop. A lax
or weakened anal sphincter and the inability to voluntarily con-
tract and relax may be signs of neurologic damage. The bulbo-
cavernosus reflex is checked by suddenly squeezing the clitoris
and feeling (or seeing) the anal sphincter and perineal muscles
contract. Alternatively, the reflex may be initiated by suddenly
pulling the balloon of the Foley catheter against the vesical neck.
The absence of this reflex in men is almost always associated with
a neurologic lesion, but the reflex is not detectable in up to 30%
of otherwise normal women."

If the patient complains of prolapse or incontinence that is
not demonstrated in the lithotomy or sitting position, she is
asked to cough and strain while standing. She should be posi-
tioned standing in front of the examiner with one foot elevated
on a short standing stool. An enterocele is palpable between the
forefinger (in the rectum) and the thumb (in the vagina). The
perineal body and vaginal rectal septum are examined by palpat-
ing the septum through the vagina and rectum.

If a patient has been fitted with a pessary, the pessary should
ideally be removed on the day before the office visit; if not, it
should be removed and the patient examined. If she states that
the prolapse is not at its maximum descent, she should be asked
to return later in the day (after she feels the prolapse has fallen
down again). The vagina should be examined for any erosions or
pudendal nerve injury from an ill-fitted pessary.

The diagnosis of urinary fistula depends on a high index of
suspicion, and it should be suspected if there is new onset of

incontinence after pelvic surgery or childbirth or after pelvic
irradiation for gynecologic malignancy. In most instances, vesi-
covaginal and urethrovaginal fistulas are apparent on examina-
tion of the patient with a full bladder or at the time of cystoscopy,
but ectopic ureter and ureterovaginal or vesicouterine fistula are
usually not apparent on examination. If a vesicovaginal fistula is
suspected but not seen on examination, it almost always is appar-
ent at cystoscopy. If detection defies these simple steps, the
bladder can be filled with saline or water to which a dye such as
indigo carmine has been added. The vagina should then be
inspected for signs of urinary leakage with the urethra occluded
with a Foley balloon catheter or with the surgeon’s examining
finger to prevent urethral leakage. Cystoscopy and pelvic exami-
nation are essential to evaluate the extent of the anatomic defect,
the possibility of unrecognized secondary fistulas, the pliability
of local tissue, the need for securing bulk-ensuring tissue pedicle
flaps, the need for concomitant pelvic reconstructive surgery, and
the timing of surgery. At the time of cystoscopy, retrograde
pyelography may be performed when indicated, and the integrity
of the urethral sphincter should be tested while the bladder is
full.

To confirm the presence of an ectopic ureter or of a uretero-
vaginal or vesicouterine fistula, intravenous pyelography, retro-
grade pyelography, cystography, and hysterosalpingography may
be necessary. In doubtful cases, Pyridium may be given orally and
the patient instructed to wear a tampon and pads. If the Pyridium
stains the tampon but not the pad, a vaginal fistula should be
excluded. Urinary incontinence is not always caused by what
appears to be the most overt lesion. For example, neither a ure-
throvaginal fistula nor a destroyed distal urethra should cause
urinary incontinence unless the proximal urethra and vesical
neck are also damaged. A careful, stepwise evaluation should be
carried out in all patients to delineate the pathophysiology under-
lying incontinence. Other causes of urinary incontinence com-
monly seen in these patients include a previously undiagnosed
vesicovaginal or ureterovaginal fistula, detrusor overactivity, low
bladder compliance, and sphincteric abnormalities.

Routine Urologic Assessment

Routine laboratory studies include urinalysis, urine culture, and,
in selected patients, renal function tests. Positive urine cultures
should be treated with culture-specific antibiotics, but patients
with persistent bacteriuria or recurrent infections may require
invasive testing while on antibiotics. Hematuria should be
evaluated by upper tract imaging (i.e., computed tomography
with intravenous contrast or intravenous pyelography) and
cystourethroscopy.

Urodynamic Study

The main purpose of urodynamic investigation is to determine
the precise cause of the patient’s voiding dysfunction, and to this
end, it is important that the symptoms be reproduced during the
ex-amination. Urodynamic technique varies from “eyeball uro-
dynamics” to sophisticated multichannel, synchronous video,
pressure-flow, and electromyographic studies. Using synchro-
nous, multichannel video urodynamics offers the most com-
prehensive, artifact-free means of arriving at a precise diagnosis,
and we perform these techniques routinely when urodynamics
are indicated. When multichannel studies are not routinely
performed, they should be considered under the following
circumstances:
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. When simpler diagnostic tests have been inconclusive
. When the patient complains of incontinence, but it cannot
be demonstrated clinically

3. In patients who have previously undergone corrective
surgery for incontinence

4. In patients who have previously undergone radical pelvic
surgery, such as abdominoperineal resection of the rectum
or radical hysterectomy

5. In patients with known or suspected neurologic disorders

that may interfere with bladder or sphincter function (e.g.,

myelodysplasia, spinal cord injury, multiple sclerosis, her-

niated disk, cerebrovascular accident, Parkinson’s disease,

multisystem atrophy).

N =

Laboratory urodynamics are discussed in Chapter 11. The use
of eyeball urodynamics is discussed here.

Eyeball Urodynamics

Eyeball urodynamics are performed with the patient in the lithot-
omy position. The patient should already have completed a
bladder diary and, if incontinent, a pad test. The examiner should
know the patient’s history and symptoms. She should be asked
to void (and uroflow measured, if available). After voiding, she
should be asked whether that void was typical and if she felt that
she emptied her bladder; if not, the data should not be considered
with that perspective. A regional neurologic examination, includ-
ing the assessment of perineal sensation, anal tone and control,
and bulbocavernosus reflex,” is performed. A Foley catheter or
(preferably) a cystoscope is inserted, and postvoid residual urine
is measured. A fluid reservoir (i.e., 60-mL catheter tip syringe
with its barrel removed or irrigation bag or bottle) is connected,
and water or saline is then infused into the bladder by gravity.
The syringe, bag, or bottle is lowered, and the meniscus is
observed at the height that fluid inflow stops. The height (in
centimeters) of the meniscus above the symphysis pubis is the
resting intravesical pressure. The bladder is filled, and in contra-
distinction to the recommendations of the ICS, the patient is told
to neither void nor try to inhibit micturition; rather, she is
instructed to report her sensations to the examiner. When she
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perceives the urge to void, she is asked if that is the usual feeling
that she experiences when she needs to urinate. Changes in intra-
vesical pressure are apparent as a slowing down in the rate of fall
or a rise in the level of the fluid meniscus. A change in pressure
may be caused by a detrusor contraction, an increase in abdomi-
nal pressure, or low bladder wall compliance. As soon as a change
in pressure occurs, the examiner should attempt to determine the
cause. Visual inspection usually belies abdominal straining, but
in doubtful cases, the abdomen should be palpated. In most
instances, the cause of the rise in intravesical pressure is obvious,
but when in doubt, formal cystometry with rectal pressure moni-
toring is necessary.

Any sudden rise in pressure that is accompanied by an urge
to void or by incontinence is an involuntary detrusor contrac-
tion. In some instances, the cause of the patient’s incontinence is
easily discernable because she voids uncontrollably around the
catheter during an involuntary detrusor contraction. If involun-
tary detrusor contractions do not occur, the bladder is filled until
a normal urge to void is experienced. The bladder is left full, and
the catheter is removed. The presence or absence of gravitational
urinary loss is noted. The patient is asked to cough and bear
down with gradually increasing force to determine the ease with
which incontinence is produced, and the vagina is inspected for
signs of prolapse.

Incontinence that occurs during stress is not always caused by
sphincter abnormalities. In some patients, the stress initiates a
reflex detrusor contraction. This condition has been called stress
hyperreflexia. It is important to determine whether the leakage is
accompanied by descent of the bladder base and urethra. It
should be further noticed whether the leakage stops as soon as
the stress is over or the patient continues to void uncontrollably.
In the former case, the patient has stress incontinence; in the
latter, it is stress hyperreflexia.

If the patient complains of urinary incontinence, but it has
not been demonstrated, the examination should be repeated in
the standing position as described previously. Under ordinary
circumstances, no patient should undergo invasive or irreversible
treatment until the cause of the incontinence has been clearly
demonstrated.

1. Abrams P, Cardozo L, Fall M, et al: The standardization of terminol-
ogy of lower urinary tract function: Report from the Standardisation
Sub-committee of the International Continence Society. Neurourol
Urodyn 21:167, 2002.

2. Blaivas JG, Appell RA, Fantl JA, et al: Definition and classification
of urinary incontinence: Recommendations of the urodynamic
society. Neurourol Urodyn 16:149, 1997.

3. Chou EC, Flisser AJ, Panagopoulos G, Blaivas JG: Effective Treat-
ment for mixed urinary Incontinence with Pubovaginal sling, ] Urol,
170:494-497, 2003.

4. Blaivas JG, Olsson CA: Stress incontinence: Classification and surgi-
cal approach. J Urol 139:727, 1988.

5. Green TH: The problem of stress urinary incontinence in the female:
An appraisal of its current status. Obstet Gynecol Surg 23:603,
1968.

6. McGuire EJ, Lytton B, Pepe V, Kohorn EI: Stress urinary inconti-
nence. Obstet Gynecol 47:255, 1976.

7. Bergman A, McCarthy TA, Ballard CA, Yanai J: Role of the Q-tip
test in evaluating stress urinary incontinence. ] Reprod Med 32:273,
1987.

8. Brandt FT, Albuquerque CDC, Lorenzato FR, Amaral FJ: Perineal
assessment of urethrovesical junction mobility in young continent
females. Int Urogynecol ] 11:97, 2000.

9. Montella JM, Ewing S, Carter J: Visual assessment of urethrovesical
junction mobility. Int Urogynecol J 8:13, 1997.

10. Mostwin JL, Yang A, Sanders R, Genadry R: Radiography, sono-
graphy and magnetic resonance imaging for stress incontinence.
Urol Clin North Am 22:539, 1995.

11. Yang A, Mostwin JL, Rosenshein N: Dynamic evaluation of pelvic
floor descent using fast MRI and cinematic display. Radiology
179:25, 1991.

12. McGuire EJ, Fitzpatrick CC, Wan J, et al: Clinical assessment of
urethral sphincter function. J Urol 150:1452, 1993.

13. Barbalias GA, Blaivas JG: Neurologic implications of the pathologi-
cally open bladder neck. J Urol 129:780, 1983.

14. Kaygil O, Ahmed SI, Metin A: The co-existence of intrinsic
sphincter deficiency with type II stress incontinence. ] Urol 162:1365,
1999.

15. Fleischmann N, Flisser AJ, Blaivas JG, Panagopoulos G: Sphincteric
urinary incontinence: Relationship of vesical leak point pressure,



Chapter 7 CLINICAL EVALUATION OF LOWER URINARY TRACT SYMPTOMS

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

urethral mobility and severity of incontinence. J Urol 169:999,
2003.

Nitti VW, Combs AJ: Correlation of Valsalva leak point pressure
with subjective degree of stress urinary incontinence in women.
J Urol 155:281, 1996.

Crystle C, Charme L, Copeland W: Q-tip test in stress urinary incon-
tinence. Obstet Gynecol 38:313, 1971.

Kusek JW, Nyberg LM: The epidemiology of interstitial cystitis:
Is it time to expand our definition? Urology 57(Suppl 1):95,
2001.

Blaivas JG: The bulbocavernosus reflex in urology: A prospective
study of 299 patients. J Urol 126:197, 1981.

Blaivas JG: The neurophysiology of micturition: A clinical study of
550 patients. ] Urol 127:958, 1982.

Blaivas JG, Sinha HPM, Zayed AAH, Labib KB: Detrusor external
sphincter dyssynergia. ] Urol 125:542, 1981.

Allen TA: The non-neurogenic neurogenic bladder. J Urol 117:232,
1977.

Groutz A, Blaivas JG, Chaikin DC, et al: Noninvasive outcome meas-
ures of urinary incontinence and lower urinary tract symptoms: A
multicenter study of micturition diaries and pad tests. ] Urol 164:698,
2000.

Groutz A, Blaivas JG, Rosenthal JD: A simplified urinary inconti-
nence score for the evaluation of treatment outcomes. Neurourol
Urodyn 19:127, 2000.

Groutz A, Blaivas JG: Non-neurogenic female voiding dysfunction
[review]. Curr Opin Urol 12:311, 2002.

Groutz A, Blaivas JG, Chaikin DC: Bladder outlet obstruction in
women: Definition and characteristics. Neurourol Urodyn 19:213,
2000.

Hinman F Jr, Baumann FW: Vesical and urethral damage from
voiding dysfunction in boys without neurologic or obstructive
disease. ] Urol 109:727, 1973.

Patel R, Nitti V: Bladder outlet obstruction in women: Prevalence,
recognition, and management [review]. Curr Urol Rep 2:379,
2001.

Chaikin DC, Romanzi LJ, Rosenthal ], et al: The effects of genital
prolapse on micturition. Neurourol Urodyn 17:426, 1998.

Bump RC, Mattiasson A, Bo K, et al: The standardization of termi-
nology of female pelvic organ prolapse and pelvic floor dysfunction.
Am ] Obstet Gynecol 175:10, 1996.

Wall LL, Norton PA, DeLancey JOL: Prolapse and the lower urinary
tract. In Wall LL, Norton PA, DeLancey JOL (eds): Practical Urogyn-
ecology. Baltimore, Williams & Wilkins, 1993, pp 293-315.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Zacharin RF: The clinical features of enterocoele. In Zacharin RF
(ed): Pelvic Floor Anatomy and the Surgery of Pulsion Enterocoele.
Vienna, Springer-Verlag, 1985, pp 77-101.

Zimmern PE, Leach GE, Ganabathi K: The urological aspects of
vaginal wall prolapse. Part I. Diagnosis and Surgical Indications,
Lesson 25. Houston, TX, American Urological Association, Office
of Education, 1993, pp 194-199.

Graham CW, Dmochowski RR: Questionnaires for women with
urinary symptoms. Neurourol Urodyn 21:473, 2002.

Jackson S, Donovan J, Kent L, et al: The reliability and validity of a
new female urinary symptoms questionnaire. Neurourol Urodyn
5:536, 1995.

Abrams P, Klevmark B: Frequency volume charts: An indispensable
part of lower urinary tract assessment. Scand J Urol Nephrol Suppl
179:47, 1996.

DeWachter S, Wyndaele JJ: Frequency-volume charts: A tool to
evaluate bladder sensation. Neurourol Urodyn 22:638, 2003.
Diokno AC, Wells TJ, Brink CA: Comparison of self-reported voided
volume with cystometric bladder capacity. ] Urol 137:698, 1987.
Fink D, Perucchini D, Schaer GN, Haller U: The role of the fre-
quency-volume chart in the differential diagnosis of female urinary
incontinence. Acta Obstet Gynecol Scand 78:254, 1999.

Fitzgerald MP, Brubaker L: Variability of 24-hour voiding diary
variables among asymptomatic women. ] Urol 169:207, 2003.
Kassis A, Schick E: Frequency-volume chart pattern in a healthy
female population. Br ] Urol 72:708, 1993.

Larsson G, Victor A: Micturition patterns in a healthy female popu-
lation, studied with a frequency/volume chart. Scand J Urol Nephrol
Suppl 114:53, 1988.

Christensen SJ, Colstrup H, Hertz JB, et al: Inter- and intra-
departmental variations of the perineal pad-weighing test. Neurou-
rol Urodyn 5:23, 1986.

Lose G, Gammelgaard J, Jorgensen TJ: The one-hour pad-weighing
test: Reproducibility and the correlation between the test result, start
volume in the bladder and the diuresis. Neurourol Urodyn 5:17,
1986.

O’Sullivan R, Karantanis E, Stevermuer TL, et al: Definition of mild,
moderate, and severe incontinence of the 24-hour pad test. BJOG
111:859, 2004.

Siltberg H, Victor A, Larsson G: Pad weighing tests: The best way to
quantify urine loss in patients with incontinence. Acta Obstet
Gynecol Scand Suppl 166:28, 1997.

Diokno AC, Hollander JB, Bennett CJ: Bladder neck obstruction in
women: A real entity. ] Urol 132:294, 1984.

85




Chapter 8

IMAGING OF THE FEMALE
GENITOURINARY TRACT

Steven S. Raman and Lousine Boyadzhyan

86

| REVIEW OF IMAGING MODALITIES

| Projectional Radiography

In uroradiology, the role of projectional radiography, once an
integral part of diagnosis, has been steadily diminishing as cross-
sectional techniques have become more advanced (Fig. 8-1). X-
ray—-based images are now routinely captured on digital media
instead of film, enabling rapid storage on a central server with
multiple display options, including a picture archiving and
retrieval system (PACS), or for distribution on the Internet.
However, the principles of x-ray-based diagnosis have not
changed. An image is formed when diagnostic-range x-ray energy
interacts with the electron cloud of different human tissues (i.e.,
bone, soft tissue [water]|, fat, and air). The different electron
densities of these tissues allow various degrees of x-ray beam
penetration, resulting in differences in exposure (i.e., shades of
gray) on the receptor film or digital media. Most naturally occur-
ring electron-dense structures, such as calcified bone or dental
enamel, attenuate x-ray energy strongly and by convention
appear white on the conventional or digital receptor. Conversely,
the least electron-dense substances, such as gas, allow almost 99%
of x-ray energy to penetrate the tissue and reach the receptor, and
by convention, these images are black. Between these two
extremes are the shades of gray, which represent the summation
of various three-dimensional (3D) electron densities on a two-
dimensional (2D) receptor. Perception and interpretation of pro-
jectional images is highly operator dependent and requires a large
degree of experience for proper interpretation.

Because it is easy to visualize structures at extremes of the
spectrum of beam penetrance, calcified structures such as most
urologic stones (i.e., white) or gas (i.e., black) can be seen well.
However, most solid and fluid-filled organs are essentially of
water density and are distinguished on radiographs by the relative
contrast provided by relatively radiolucent fat.

A patterned approach to the abdominal radiograph is useful
for instruction. On most radiographs, the lower poles of the
kidneys are apparent with a laterally divergent axis that usually
parallels the psoas muscles when visualized. Renal calculi are
usually seen as ovoid or toothlike opacities overlying the kidneys
or proximal ureters. They are more difficult to detect over the
distal ureter because contrast is reduced by overlying bony pelvis.
Gas projecting over the bladder is usually seen after recent Foley
catheterization, but it may be caused by infections and fistulas.
Bony abnormalities should not be overlooked because they can
represent metastatic disease or suggest a neurogenic bladder,
especially in patients with spinal abnormalities.'

To address the problem of poor soft tissue attenuation differ-
ences and to image gross pathologic conditions, various radio-

graphic contrast agents (usually iodinated agents with high
electron density especially suited for x-ray interaction) were
introduced into the field of uroradiology. The first introduction
of retrograde urothelial injection agents in the 1920s was fol-
lowed by the development of intravascular contrast agents, giving
rise to intravenous urography, a mainstay of uroradiology for
renal and ureteral evaluation for almost 50 years (Figs. 8-2 and
8-3).% A large variety of catheter-injected uroradiologic studies
were developed for niche applications, including urethrograms,
cystograms, pyelograms, loopograms, nephrostograms, and
suprapubic cystograms.

| Fluoroscopy

Fluoroscopy is the dynamic counterpart of static projectional
radiography because it displays real-time images of a particular
process under investigation. During fluoroscopic studies, a low
dose of continuous x-ray beams passes through the patient to an
image intensifier to generate images on a high-resolution televi-
sion monitor.” The examiner can obtain a series of individual
snapshots (i.e., frames per second) of the process, so-called spot
films, or a real-time movie such as evaluation of dynamic pro-
cesses for storage and review. However, fluoroscopic imaging is
best performed with iodinated contrast material for genitouri-
nary applications. Fluoroscopy is most useful for vascular appli-
cations, but it may be used for real-time evaluation of ureteral
peristalsis; bladder filling and emptying, especially during voiding
(i.e., voiding cystourethrography [VCUG]); and guiding a variety
of genitourinary interventions, such as nephrostomy tube
placement.

Cystography and Voiding Cystoureterography
Cystography can be done in a static fashion or as VCUG. During
static cystography, contrast material is instilled into the bladder
through a Foley catheter, and various views of the full bladder
are taken along with postdrainage views. This examination is
usually indicated in cases of suspected bladder rupture, low-
pressure vesicoureteral reflux, or a vesical fistula. It can also be
useful in the assessment of intravesical filling defects, bladder
diverticula, or lower urinary tract congenital anomalies. In an
update to conventional cystography, the study may be modified
and performed as a computed tomography (CT)-based examina-
tion for almost all indications, especially in the setting of trauma.
VCUG is performed as an adjunct to a cystogram to determine
the morphology of the bladder and urethra, especially if high-
pressure vesicoureteral reflux and related complications are sus-
pected. The bladder is filled, as in static cystography, followed by
fluoroscopy and/or a video recording of the voiding process once
the catheter is removed.'
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Figure 8-1 Endometriosis implants in the colon are seen on a plain
film (A) as filling defects, which were later confirmed with
transabdominal ultrasound (B).

Video Urodynamics

In video urodynamics (VUDs), multichannel urodynamic meas-
urements are combined with concomitant fluoroscopic VCUG
to determine whether morphologic findings with regard to
bladder function and its outlet correlate with physiologic meas-
urements. It is therefore possible to go beyond the level of a
simple VCUG or cystometry by obtaining simultaneous meas-
urements of abdominal and vesical pressures under fluoroscopic
guidance. In addition to revealing a great deal about dynamics of
the bladder and its outlet, VUDs has led to greater diagnostic and
therapeutic efficacy. With modern advent of digital recording,
the examiner can manipulate the data with various software
packages with incorporation of other clinical information and
statistical calculations to maximize the yield even further. Some
of the most common indications for VUDs in women are various
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Figure 8-2 Tubular ectasia in the kidney is shown by traditional
intravenous pyelogram (A) and computed tomography (B).

kinds of incontinence; bladder outlet obstruction, as can be seen
in urethral obstruction; neuropathic bladder due to a variety of
neurologic disorders; geriatric incontinence; urinary diversion;
and unidiversion.*

The main problem with VUDs is that it often may not repro-
duce the presenting symptoms of the patient because it is
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Figure 8-3 Papillary necrosis is shown by traditional intravenous pyelogram (A) and maximum intensity projection (MIP), from CTP urogram
computed tomography (B). Note that they defect in the renal papilla in the liver poles are more easily seen on the MIP CT image.

nonphysiologic in nature and is performed in surroundings unfa-
miliar to the patient. The presence of severe grades of cystoceles,
rectoceles, enteroceles, and uterine prolapse can lead to a rather
unreliable interpretation of the examination results. In such
clinical scenarios, it is especially important to repeat the study in
a variety of positions to assess the severity of the pelvic floor
pathology present in a given patient. Despite these limitations,
VUD:s is still highly recommended in patients with postoperative
incontinence and in neuropathic and refractory cases.*

Intravenous Urography and Pyelography

The traditional intravenous urogram (IVU), which is used to
evaluate the kidneys, kidney function, and ureteral excretion and
function, has undergone a radical transformation over the past
10 years, with increasing resolution and performance of CT,
magnetic resonance imaging (MRI), and ultrasound (see Figs.
8-2 and 8-3). Evaluation of the kidneys is best performed with
contrast-enhanced CT or MRI (Figs. 8-4 and 8-5). Evaluation of
the ureters also may be performed with CT or MR], although a
fluoroscopic or radiographic examination, if performed properly,
may be adequate, especially when detecting urothelial malignan-
cies. Advances in competing technologies have limited or severely
restricted the clinical application of the IVU. The intravenous
urogram is no longer indicated for many upper tract indications,
such as renal mass evaluation and evaluation of acute renal colic,
and is best reserved for evaluation of hollow parts of the urinary
system, such as follow-up of patients with transitional cell
carcinoma.’'

Figure 8-4 Oblique coronal virtually rendered image shows detailed
renal and vascular anatomy. Notice the small renal vein draining
into the gonadal vein in the lower abdomen.
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Figure 8-5 Coronal maximum intensity projection (MIP) image generated with a 64-detector CT scanner in nephrographic (A) and excretory
(B) phase demonstrates a cystic structure. It contains a stone adjacent to the fornix of the lower pole calyx on the left kidney, which displays

delayed-contrast filling, suggesting a calyceal diverticulum.

Retrograde Pyelography

Retrograde pyelography allows morphologic evaluation of the
collecting system and ureters. It involves retrograde injection of
contrast material directly into the ureters after their cystoscopic
cannulation to visualize the collecting system and the ureter
without reliance on renal contrast excretion. It also is possible to
biopsy suspected urothelial lesions in the course of the examina-
tion. Some of the most common indications for retrograde
pyelography are further evaluation of congenital anomalies,
urinary obstruction, and possible filling defects detected during
other studies. However, because this is a rather invasive diagnos-
tic study associated with several potential complications, it usually
is not used as an initial diagnostic procedure.'

Urethrography

Although most commonly used in male patients, urethrography
occasionally is used in female patients by injecting contrast mate-
rial into the urethra directly. This examination can be especially
useful in cases of urethral fistulas and suspected urethral diver-
ticula that failed to opacify during voiding studies, as described
in the preceding section.

| Ultrasonography

In sonography, also referred to as ultrasound or ultrasonography,
sound waves with frequencies in the range of 2 to 20 MHz are

generated by an array of piezoelectric crystals in a hand-held
transducer. These tightly focused, high-frequency sound waves
are propagated through human tissues and reflected back at
tissue interfaces to the transducer’s crystals, subsequently pro-
ducing a diagnostic medical image.” The choice of imaging fre-
quencies is determined by the size and composition of the tissue
involved. Higher frequencies (>7 MHz) usually lead to improved
spatial resolution at the expense of depth of imaging, whereas
lower frequencies (2 to 5 MHz) enable imaging of deeper tissues
with lower spatial resolution. The chief advantages of sonography
are its lack of ionizing radiation, its real-time imaging capability,
its 2D and 3D imaging capability, and its ability to depict flow
direction and velocity in blood vessels and tissues.* Disadvantages
of sonography are its operator dependence and its inability to
image through hollow viscera or bone. In urology, ultrasound is
the initial test of choice for adult and pediatric renal and bladder
imaging. A wide variety of pathologies, such as congenital anom-
alies, hydronephrosis, and vascular disorders, may be diagnosed.
In bladder applications, it may be used to determine residual
postvoid urine volume and to delineate the urethrovesical
anatomy (Figs. 8-6 and 8-7).

Sonography is integral to diagnosis in obstetrics and gynecol-
ogy (Figs. 8-8 and 8-9; see Fig. 8-1). The reproductive organs may
be evaluated by means of transabdominal, transvaginal, or trans-
rectal approaches, as appropriate. Transvaginal and transrectal
sonography enable high-resolution imaging of the uterus, adnexa,
bladder, and pelvic side wall. For endometrial abnormalities,
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Figure 8-6 Transverse views of the bladder on ultrasound show prevoid (A) and postvoid (B) bladder volume of urine.

Figure 8-7 Color doppler ultrasound of the bladder shows the
urinary jet, which indicating urine flow from the right ureter in the
blatter.

especially in the setting of vaginal bleeding, saline infusion hys-
terosonography, which involves catheterizing the endometrium
and infusing saline during imaging, has become the initial test of
choice in the evaluation of endometrial and subendometrial dis-
orders such as polyps, fibroids, and cancer (see Fig. 8-9).%” Endo-
anal ultrasonography enables high-resolution visualization of the
anal sphincter muscles in patients with incontinence, as well as
delineation of fistulas, abscesses, and anal malignancies.’

| Computed Tomography

Introduction of CT revolutionalized evaluation of the retroperi-
toneum and disorders of the upper urinary tract, essentially
replacing most indications for the intravenous urogram (see Figs.
8-2 to 8-5). Although many systems have been devised, on most
CT scanners, a thin narrowly collimated beam of x-rays from a

Figure 8-8 Sagittal views of the uterus in a female patient with
menometrorrhagia were obtained from transabdominal (A) and
transvaginal (B) approaches. In B, notice some endometrial
displacement, which led to additional studies in this patient (see
Fig. 8-9).
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Figure 8-9 Series of transvaginal studies in a female patient presenting for a gynecologic evaluation of menometrorrhagia. Color (A) and
power Doppler (B) images show a displaced endometrium with a heterogeneous structure demarcated (C), which has Doppler flow to it.
After infusion of saline (D), an intracavitary solid mass can be seen protruding into the endometrial cavity. The mass was shown to be a

submucosal myoma during surgery.

generator rotates around a patient’s body on a ring in a continu-
ous circular arc. A panel of electronic x-ray detectors lies directly
opposite the x-ray tube on the ring and converts the x-ray beams
exiting the patient’s body into electronic signals, which are con-
verted by a computer to display the density of each point (i.e.,
voxel) of the region being scanned, eventually generating a cross-
sectional image. Helical multidetector CT (MDCT) scanners are
configured to scan a volume of the body continuously. With
MDCT, the principal advantages compared with conventional
“step and shoot” CT are rapid, near-isotropic voxel (x = y = z)
data acquisition with greater radiation dose efficiency. With iso-
tropic voxels and sophisticated software, multiplanar and 3D
imaging has become routine. Many postprocessing techniques
exist, and two of the most useful are known as multiplanar re-
formation (MPR) and volume rendering (VR). These display
techniques that are especially important for determining renal
vascular anatomy, determining the relation of tumors to collect-
ing system and vessels, and detecting fine filling defects on excre-
tory CT urography. In the realm of female uroradiology, CT has
become a well-established imaging modality for conditions such
as congenital anomalies, tumors, acute and chronic inflamma-
tory diseases, and abscesses.

| Magnetic Resonance Imaging

MRI provides unparalleled tissue contrast and multiplanar, high-
resolution imaging of urologic and pelvic floor structures without
ionizing radiation. With MRI, a variety of tissues, such as muscle,
fat, fluid, blood, blood vessels, and bone marrow, may be delin-
eated with exceptional clarity (Figs. 8-10 to 8-12).° In MRI, the
water protons in the human body are magnetized by a main
magnetic field ranging between 1 and 3 Tesla. Using a variety of
supplemental magnetic fields, a region of interest may be selected,
and based on subtle magnetic field perturbations of water protons
and their various relaxation times, diagnostic images are obtained.
Tissues such as fat and fluid are differentiated based on their
different relaxation properties by a variety of excitation algo-
rithms known as MR sequences. One of the most useful in
urology and pelvic floor imaging is the half-Fourier acquisition
turbo spin-echo (HASTE) or single-shot fast spin-echo (SSFSE)
T2-weighted sequence. This is a rapid, cost-effective, and nonin-
vasive sequence that allows a multiplanar survey of the entire
abdomen and pelvis within less than 1 minute. It may also be
used to provide a dynamic study of the pelvic floor during relax-
ation and straining, providing superb anatomic detail survey of
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Figure 8-10 Sagittal magnetic resonance image shows the detailed
anatomy of a post-hysterectomy patient.

Figure 8-11 Vaginal coil magnetic resonance imaging provides a
detailed view of the urethral mucosa.

the extent of suspected pelvic floor relaxation and pelvic organ
prolapse. It is very likely that it will replace ultrasound for evalu-
ating women, even those with pelvic pain.’

Like CT, MRI may be performed with the use of contrast
agents; gadolinium-diethylenetriamine penta-acetic acid (Gd-
DTPA), which is a water-soluble, inert agent excreted primarily
through the kidneys. Advantages compared with iodinated agents
include a much lower incidence of dose-related and idiosyncratic
reactions. T1-weighted, gradient-echo MR sequences in combi-
nation with a small dose of gadolinium contrast enables a com-
prehensive evaluation of the kidneys and ureters, similar to CT
and CT urography, without ionizing radiation or iodinated con-
trast risk. T2-weighted sequences enable differentiation of cysts,
tumors, and normal tissue parenchyma.

1

B

Figure 8-12 Magnetic resonance imaging used in staging cervical
cancer. The tumor is shown to protrude into the vaginal fornix
(A, arrows) with its walls clearly intact (B, arrowheads).

In patients with hydronephrosis, use of the HASTE T2-
weighted sequence enables acquisition of the collecting system,
including the calyces, pelvis, and ureters. MRI with T1- and T2-
weighted sequences can be used for urinary tract disorders in
pregnant patients without any radiation exposure risk to the
fetus.'” Endoanal MRI is an invaluable method for assessing the
integrity of the anal sphincter components in patients with
incontinence.

| CLINICAL APPLICATIONS

| Bladder Imaging

MDCT and MRI have enabled more sophisticated, noninvasive
bladder imaging primarily because of their unparalleled resolu-
tion and multiplanar display (Figs. 8-13 to 8-15). Both methods
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Figure 8-13 Coronal virtually rendered images of bilateral, simple ureteroceles obtained with multidetector computed tomography show
bilateral, mild intramural dilation at the opening into the urinary bladder filled with contrast medium (A). Radiolucent layers of adjacent
mucosa and contrast-filled surrounding bladder resemble a cobra head (B).

Figure 8-15 A sagittal magnetic resonance image shows cervical
carcinoma in the lower third of the vagina invading the bladder
(arrows).

can easily detect bladder filling defects, demonstrate bladder-
related fistulas, and determine the extent of extravesicular tumor
invasion. Based on the isotropic MR or CT 3D data sets, a virtual
cystogram, similar to more clinically accepted virtual colonos-
copy techniques, can be performed. Using 2D and 3D methods,
CT and MRI have shown very high correlation with conventional
cystoscopy in the detection of bladder lesions that are 0.5 cm or
larger. Although CT and MRI are limited in detecting small and
intramuscular lesions of the muscle layer of the bladder, contrast-
Figure 8-14 A coronal virtually rendered image obtained with enhanced techniques may help improve this approach. However,
multidetector computed tomography shows a double collecting in cases of invasive neoplasms, MRI has been shown to be supe-
system on the right. rior to transvesical ultrasound, clinical staging, and CT.'"'”
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Figure 8-16 An inflamed cystic periurethral cyst led to a urethral
diverticulum (arrows), which is depicted on magnetic resonance
imaging (A and B) and ultrasound (C).

Although intraluminal ultrasound has been reported as an
imaging technique for staging of bladder neoplasms, this applica-
tion is limited to a handful of medical centers in the country and
has not gained widespread acceptance.’

MRI can be used for dynamic imaging studies of the pelvic
floor, enabling assessment of pelvic floor musculature and organs
during relaxation phases and Valsalva maneuvers. MRI produces
superb soft tissue detail without radiation or contrast exposure
to help triage patients with a range of difficult-to-manage prob-
lems such as pelvic floor disorders and urinary and rectal incon-
tinence. In the daily practice of uroradiology, ultrasonography
has remained a rather useful modality in the determination of
the postvoid residual urine volume and for characterizing the size
and location of bladder diverticula, neoplasms, and radiolucent
calculi.*

| Urethral Imaging: Urethral Diverticula

Traditionally, VCUG has been the imaging study of choice for
urethral diverticula. However, some investigators have shown

that high-resolution, fast spin-echo MRI has a higher sensitivity
for detecting such diverticula and a higher negative predictive
rate than double-balloon urethrography. Other experts in the
field believe that a combination of VCUG and MRI leads
to a more accurate diagnosis and localization of the lesion
(Fig. 8-16).

| Vaginal Imaging: Benign Cystic Lesions

Benign cystic lesions of the vagina are a relatively common
finding in female urologic practice and represent a spectrum of
abnormalities ranging from an asymptomatic small finding to a
cyst large enough to cause incontinence or urinary obstruction.
They can originate in the vagina or the urethra and the surround-
ing tissues. Some of the more common examples of vaginal
lesions are miillerian cysts, epidermal inclusion cysts, Gartner’s
duct cysts, Bartholin’s gland cysts, and endometriotic-type cysts
(Figs. 8-17 and 8-18)."

In addition to a careful physical examination, an imaging
study is warranted to characterize lesions. Overall, the most
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Figure 8-17 A Gartner's duct is depicted on ultrasound (A, arrows)
and magnetic resonance (MR) imaging (B, arrow). Notice the usual
anterolateral paravaginal location, with the cyst typically bright on
T1-weighted and dark on T2-weighted MR sequences.

useful imaging modalities are sonography and MRI, although CT
and VCUG may be useful on occasion.” For instance, when
evaluating a Skene duct cyst, it must be differentiated from a
urethral diverticulum to assist in proper surgical planning, poten-
tially preventing complications such as urethrovaginal fistulas.
Pelvic MRI is useful for this purpose, because it enables the clini-
cian to determine whether there is a communication between the
lesion and the urethra, leading to the correct diagnosis."” Ultra-
sound, CT, or MRI can be used to detect a Bartholin duct cyst.

| Uterine Imaging

Transvaginal and transabdominal sonography are the most
widely used imaging modalities for the detection and character-
ization of a wide variety of uterine anomalies and pathologies.
Common indications include evaluation of congenital uterine
anomalies; assessment of uterine leiomyomas in women with
related symptoms such as pelvic pain, pressure, or heavy bleed-
ing; and assessment of the endometrium. Hysterosonography,
which involves instilling saline during continuous endovaginal
sonographic uterine imaging, is particularly useful for detecting
endometrial polyps, tumors, and leiomyomas.'®"” However, over

the past few years, MRI has emerged as the definitive imaging
modality for evaluation of uterine disorders. MRI enables evalu-
ation of the uterine zonal anatomy with clear T2-weighted signal
differences between endometrium (i.e., bright), junctional zone
(i.e., dark), and myometrium (i.e., intermediate). If the appropri-
ate views are acquired, a variety of congenital fusion anomalies,
such as septate uterus and bicornuate uterus with obstructed
horns, can be demonstrated.”® Associated anomalies of the
kidneys are also easily demonstrated. MRI is considered to be the
best noninvasive method of assessment for women with symp-
toms related to uterine leiomyomas and adenomyosis (Fig. 8-19
and Fig. 8-20). MRI is the best modality to determine the vascular
supply of pelvic vascular malformations and has been shown to
be highly accurate in local staging of endometrial and cervical
cancer.

MR angiography is performed with MRI to assess the arterial
supply and venous drainage to the uterus. It is especially useful
in delineating the collateral supply through the gonadal arterial
branches.

| Endometriosis Imaging

Laparoscopy has traditionally been the gold standard for diagno-
sis of endometriosis, which most commonly manifests as small
implants with or without related adhesions on the parametrial
surfaces, uterosacral ligament, ovaries, serosal surface of the
uterus, and the cul-de-sac. Because laparoscopy is an invasive
technique and visual inspection of the pelvis has limitations,
especially in the diagnosis of retroperitoneal implants, major
efforts are being made in the field of female urogynecology to
improve the diagnostic utility of current noninvasive imaging
modalities. Transvaginal ultrasonography and contrast-enhanced
MRI have been used for noninvasive diagnosis and clinical
follow-up of patients with endometriosis (Fig. 8-21; see Fig. 8-1).
They allow imaging of the retroperitoneal space for determining
the presence and characterization of deep pelvic endometriosis
and bowel involvement.'*?’

Although patients with endometriosis more commonly
present to their gynecologists, these ectopic endometrial implants
can create urinary symptoms due to direct bladder involvement
or deep pelvic involvement causing ureteral obstruction. These
patients therefore often present to urologists for clinical and
radiographic evaluation. Bladder endometriosis, which is not
easily palpable on vaginal examination, may mimic interstitial
cystitis and interfere with bladder function.”** In experienced
hands, transvaginal ultrasonography performed on a slightly
filled bladder can detect solid nodules (>0.5 cm) within the pos-
terior bladder wall that cause urinary symptoms in these patients
with dysmenorrhea. The presence of low to moderate vascularity
demonstrated by color Doppler signal within these nodules and
focal pain precipitated by mild pressure applied with the vaginal
probe in the involved area helps confirm the diagnosis when
suspected.”*® Nodules in the cul-de-sac may be biopsied trans-
vaginally or percutaneously for confirmation. A high-resolution,
contrast-enhanced MR scan of the pelvis at a field strength of 1.5
or 3 Tesla may help diagnose large, focal implants or confluent,
small implants on the peritoneal surfaces by the findings of a
concomitant thickened peritoneum and enhancement.

| Adnexal Imaging

A comprehensive examination of the female pelvis mandates
evaluation of the adnexa for determining the ovarian volume,
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Figure 8-19 Leiomyomas are appreciated on a sagittal magnetic
resonance image.

assessing blood flow, and detecting and characterizing masses,
especially in any evaluation of pelvic pain and other genitouri-
nary symptoms. Functional ovarian disorders such as polycystic
ovary syndrome also may be detected with limited sensitivity. In
premenopausal women, ovarian ultrasonography has been the
primary imaging modality for benign and pathologic adnexal

Figure 8-20 Focal adenomyoma (arrowheads) and leiomyoma
(arrow) are present on the same sagittal T2 Haste magnetic
resonance image.

entities. However, MRI has become an invaluable addition in this
field because of its superb soft tissue characterization, contrast
resolution, and multiplanar capabilities. MRI enables the imager
to determine with certainty whether a given mass is ovarian or
extraovarian, which is an important distinction in evaluating the
malignant potential of a tumor. It also plays an essential role in
characterizing benign adnexal diseases such as mature teratomas,
endometriomas, and ovarian fibromas because of their specific
MR features (Fig. 8-22). For instance, MRI can delineate the
internal architecture of cystic masses, such as thick internal septa-
tions and enhancing mural nodularity, especially after adminis-
tration of Gd-DTPA-based contrast.®

| Pelvic Inflammatory Disease Imaging

Most ovarian infections in the Western world result from pelvic
inflammatory disease of bacterial origin. They classically manifest



Figure 8-21 Endometriosis is appreciated on ultrasound (A and B, arrow), which classically manifests as a cystic mass with diffuse, low-level
echoes. Notice the septations, fluid-fluid levels, unilocularity or multilocularity, and an echogenic retracting clot.

A

Figure 8-22 Endometrioma is appreciated on magnetic resonance imaging with T1-weighted (A) and T2-weighted (B) sequences. Notice
characteristic high T1 and low T2 appearances, caused by high protein and iron content from recurrent bleeding and grading within the

lesion.

with abdominal pain, fever, and an elevated white blood cell
count. Some patients may present with vaginal discharge and
urinary complaints. Involvement of the ovaries in this process
usually results from salpingitis. In cases of delayed diagnosis and
inadequate treatment, disease can progress to cause a tubo-
ovarian abscess (TOA) (Fig. 8-23). In up to 20% of cases of
infection that result in TOAs, the patients are afebrile and have
normal white blood cell counts.”

The gold standard for the diagnosis of pelvic inflammatory
disease is laparoscopy and tubal culture; the sensitivity and speci-
ficity of transvaginal ultrasound has not been reported in the lit-
erature.” Sonography is relied on heavily in the initial evaluation
of a patient, because it can show pelvic and endometrial fluid in
addition to other characteristic findings. Pyosalpinx and hydro-
salpinx appear as cystic structures, with internal echoes resulting

in adnexal distortion.”* A TOA usually appears as a well-defined,
thick-walled, tubular structure, containing fluid-debris levels
within the abscess. Most clinicians advocate a follow-up CT scan
of the abdomen and pelvis to fully characterize any other intra-
abdominal collections to prepare for a subsequent drainage pro-
cedure, especially when the abscesses do not respond to an
antimicrobial treatment.”

When the clinical and ultrasonographic findings are
questionable, MRI can play an important role (see Fig. 8-23).
Pyosalpinx typically appears as a fluid-filled, tortuous, and
dilated structure, and the signal intensity of the fluid depends
on its viscosity and protein concentration. It is usually ap-
preciated as a hypointense area on T2-weighted sequences in
the peripheral area of a hyperintense, pus-filled cavity. The
adjacent inflamed structures usually have low signal intensity
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Figure 8-23 A tubo-ovarian abscess is appreciated on sagittal (A) and axial (B) magnetic resonance images in a patient who presented with

fever and chills after a uterine artery embolization procedure.

on Tl-weighted sequences and intermediate to high signal
intensity on T2-weighted MR images. Wall enhancement and
thickening usually have greater signal intensity than those ob-
served with hydrosalpinx. The TOA is usually a thick-walled,
fluid-filled mass in an adnexal location with significant wall
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PELVIC FLOOR ULTRASOUND
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The increasing availability of ultrasound and magnetic resonance
imaging (MRI) equipment has triggered a renewed interest in
diagnostic imaging in female urology and urogynecology, after
radiologic methods, developed since the 1920s," had largely
fallen into disuse. Because of cost and access problems, MRI has
had limited clinical use in the evaluation of pelvic floor disorders,
and until recently, slow acquisition speeds have precluded
dynamic imaging. In contrast, ultrasound is almost universally
available and provides real-time observation of diagnostic
maneuvers. Beginning in the 1980s, transabdominal,”® peri-
neal,”'? transrectal,'’ and transvaginal ultrasound" have been
investigated for use in women with urinary incontinence and
pelvic organ prolapse. Because of its noninvasive nature, ready
availability, and the absence of distortion, perineal or translabial
ultrasound has become the most widely used method.

The development of three-dimensional (3D) ultrasound'"*
has opened up new diagnostic possibilities. The first attempts at
producing 3D-capable systems were made in the 1970s, when
processing a single volume of data required 24 hours of computer
time on a system that filled a small room." Such data processing
is now possible on a laptop computer and is achieved in real time.
Transvaginal, transrectal, and translabial 3D ultrasound tech-
niques have been reported, and significant development in this
field is likely to occur in the next few years.

| TWO-DIMENSIONAL PELVIC FLOOR ULTRASOUND

| Basic Methodology

Because translabial ultrasound is the most commonly used
modality for pelvic floor evaluation, it is the focus of this chapter.
A modification of the translabial or transperineal technique is
introital imaging, which typically uses high-frequency endocavi-
tary transducers placed in the introitus. This results in higher
resolution of urethra and paraurethral tissues or of the anal
sphincter complex, but it does not allow simultaneous imaging
of all three compartments and may complicate quantification of
findings because the symphysis pubis may not be included in the
field of vision. Distortion of tissues is also more likely. However,
most of the following discussion also applies to this technique.
A midsagittal view is obtained by placing a transducer (usually
a curved array with frequencies between 3.5 and 9 MHz) on the
perineum (Fig. 9-1) after covering the transducer with a glove or
thin plastic wrap for hygienic reasons. Powdered gloves can
markedly impair imaging quality because of reverberations and
should be avoided. Imaging can be performed with the patient
in the dorsal lithotomy position, with the hips flexed and slightly
abducted, or in the standing position. Bladder filling should be
specified; for some applications, prior voiding is preferable, and
a full bladder can prevent complete development of a prolapse.
The presence of a full rectum may also impair diagnostic accu-

racy and sometimes necessitates a repeat assessment after bowel
emptying. Parting of the labia can improve image quality, which
is optimal in pregnancy and poorest in menopausal women with
marked atrophy, most likely due to various levels of tissue hydra-
tion. The transducer usually can be placed quite firmly against
the symphysis pubis without causing significant discomfort,
unless there is marked atrophy. The resulting image includes the
symphysis pubis (specifically, the interpubic disk) anteriorly, the
urethra and bladder neck, the vagina, cervix, rectum, and anal
canal (see Fig. 9-1) with the internal and external anal sphincter.
Posterior to the anorectal junction, a hyperechogenic area indi-
cates the central portion of the levator plate, the puborectalis-
pubococcygeus (or pubovisceral) muscle. The cul-de-sac may
also be seen as filled with a small amount of fluid, echogenic fat,
or peristalsing small bowel. Parasagittal or transverse views may
yield additional information, such as enabling assessment of the
puborectalis muscle and its insertion on the on the pelvic sidewall
and imaging of transobturator implants.

There has been disagreement regarding image orientation in
the midsagittal plane. Some clinicians prefer orientation as in
the standing patient facing right,'® which requires image inver-
sion on the ultrasound system, a facility that is not universally
available. Others (including me) prefer an orientation as on con-
ventional transvaginal ultrasound (i.e., cranioventral aspects to
the left, dorsocaudal to the right). The latter orientation seems
more convenient when using 3D or 4D systems because it auto-
matically results in rendered volumes that are oriented as on
conventional MRI of the pelvic floor (discussed later). Because

Urethra Vagina

\ /
Anal
canal
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Bladder
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Figure 9-1 Drawing of the field of vision for translabial or perineal
ultrasound in the midsagittal plane. Image adapted from Ultrasound
Obstet Gynecol 2004; 23:80-92, with permission.
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Figure 9-2 Lateral urethrocystogram with a bead chain outlining the urethra. The images are rotated by 180 degrees to allow comparison
with standard translabial ultrasound views. The image on the left was obtained with the patient at rest; the image on the right was obtained
during a Valsalva maneuver. Reproduced from Ultrasound Obstet Gynecol 2004; 23:80-92, with permission.

any image reproduced in one of these orientations can be con-
verted to the other by rotation through 180 degrees, formal
standardization may be unnecessary. Orientations that require
mirroring for conversion should be avoided.

Translabial ultrasound of the lower urinary tract, even if
limited to B-mode imaging in the midsagittal plane, yields infor-
mation equivalent or superior to the lateral urethrocystogram
(Fig. 9-2, shown rotated by 180 degrees for comparison) or fluo-
roscopic imaging. Comparative studies have mostly shown good
correlation between radiologic and ultrasound data.'"'""** The
one remaining advantage of x-ray fluoroscopy may be the ease
with which the voiding phase can be observed, although some
investigators have used specially constructed equipment to docu-
ment voiding with ultrasound.”

| Bladder Neck Position and Mobility

Bladder neck position and mobility can be assessed with a high
degree of reliability. Points of reference are the central axis of the
symphysis pubis* or its inferoposterior margin.'” The former
may be more accurate because measurements are independent of
transducer position or movement; however, because of calcifica-
tion of the interpubic disk, the central axis is often difficult to
obtain in older women, reducing reliability. Imaging can be
undertaken with the patient supine or erect and with a full or
empty bladder. The full bladder is less mobile* and may prevent
complete development of pelvic organ prolapse. In the standing
position, the bladder is situated lower at rest but descends about
as far as in the supine patient during a Valsalva maneuver.”®
Either way, it is essential to not exert undue pressure on the
perineum to allow full development of pelvic organ descent,
although this may be difficult in women with severe prolapse,
such as vaginal eversion or procidentia.

Measurements of bladder neck position are generally per-
formed at rest and during maximal Valsalva maneuver. The dif-

ference yields a numeric value for bladder neck descent. During
a Valsalva maneuver, the proximal urethra may rotate in a pos-
teroinferior direction. The extent of rotation can be measured by
comparing the angle of inclination between the proximal urethra
and any other fixed axis (Fig. 9-3). Some investigators measure
the retrovesical (or posterior urethrovesical) angle between prox-
imal urethra and trigone (see Fig. 9-3).”” Others determine the
angle v between the central axis of the symphysis pubis and a line
from the inferior symphyseal margin to the bladder neck.”* Of
all the ultrasound parameters of hypermobility, bladder neck
descent may have the strongest association with urodynamic
stress incontinence.” The reproducibility of this dynamic meas-
urement has been assessed,” with a percent variation or coeffi-
cient of variation of 0.16 between multiple effective Valsalva
maneuvers, 0.21 for interobserver variability, and 0.219 for a
test-retest series at an average interval of 46 days. Intraclass cor-
relations were between 0.75 and 0.98, indicating excellent
agreement.”’

There is no definition of normal for bladder neck descent,
although cutoffs of 20 and 25 mm have been proposed to define
hypermobility. Average measurements in stress-incontinent
women are consistently around 30 mm (HP Dietz, unpublished
data). Figure 9-4 shows a relatively immobile bladder neck before
a first delivery and a marked increase in bladder neck mobility
after childbirth. Figure 9-5 demonstrates typical ultrasound find-
ings in a stress-incontinent patient with a first-degree cystoure-
throcele, 25.5 mm of bladder neck descent, and funneling.
Bladder filling, patient position, and catheterization influence
measurements,”>?**>* and it sometimes is difficult to obtain an
effective Valsalva maneuver, especially in nulliparous women.
Perhaps not surprisingly, publications have presented widely dif-
ferent reference measurements in nulliparous women. Although
two series documented mean or median bladder neck descent of
only 5.1 mm* and 5.3 mm” in continent, nulliparous women,
another study of 39 continent, nulliparous volunteers measured
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Figure 9-3 The ultrasound image (A) and line drawing (B) illustrate some of the parameters measured to quantify bladder and urethral
mobility: the location of the bladder neck relative to the symphysis pubis (coordinates x-r, y-r, x-s, y-s), urethral rotation and retrovesical
angle (RVA). This figure is reproduced from Br J Obstet Gynecol 2005; 112:334-339, with permission.
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Figure 9-4 Immobile bladder neck (bladder neck distance [BND] = 6 mm) before childbirth (left pair of images) and a marked increase in
bladder neck mobility (BND = 38.1 mm) after vaginal delivery (right pair of images). The figure is reproduced from Obstet Gynecol 2003;

102:223-228, with permission.

an average bladder neck descent of 15 mm.*® The author has
obtained bladder neck descent measurements of 1.2 to 40.2 mm
(mean, 17.3 mm) in a group of 106 stress-continent, nulligravid
women between the ages of 18 and 23 years.”” It is likely that
methodologic differences, such as patient position, bladder
filling, and quality of the Valsalva maneuver (i.e., controlling for
confounders such as concomitant levator activation), account for
the measurement discrepancies, with all known confounders
tending to reduce descent. Attempts at standardizing Valsalva
maneuvers’®” have not found widespread application because
this requires intra-abdominal pressure measurement (i.e., use of
a rectal balloon catheter). Other methods, such as the use of a
spirometer, are likely to lead to suboptimal Valsalva maneuvers;
the pressures used in the one study describing the use of such a

device®™ were clearly insufficient to achieve maximal or even
near-maximal descent.”

The cause of increased bladder neck descent is likely to be
multifactorial. The wide range of values obtained in young, nul-
liparous women suggests a congenital component, and a twin
study has confirmed a high degree of heritability for anterior
vaginal wall mobility.* Vaginal childbirth** is probably the
most significant environmental factor (see Fig. 9-4), with a long
second stage of labor and vaginal operative delivery associated
with increased postpartum descent of the bladder neck.” This
association between increased bladder descent and vaginal parity
is also evident in older women with symptoms of pelvic floor
dysfunction.*® While the pelvic floor is undoubtedly affected by
labor and delivery, it has been speculated that progress in labor
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Figure 9-5 Typical findings in a patient with stress incontinence and mild anterior vaginal wall descent (i.e., cystourethrocele grade 1):
posteroinferior rotation of the urethra, opening of the retrovesical angle, and funneling of the proximal urethra (arrow). Figure reproduced

from Ultrasound Obstet Gynecol 2004; 23:80-92, with permission.

may not be independent of pelvic floor biomechanics.*” Anterior
vaginal wall mobility during a Valsalva maneuver was found to
be a potential predictor of progress in labor in two independent
studies.”!

| Funneling

In patients with stress incontinence and in asymptomatic
women,” funneling of the internal urethral meatus may be
observed during a Valsalva maneuver (see Fig. 9-5) and some-
times even at rest. Funneling is often associated with leakage.
Other indirect signs of urine leakage on B-mode real-time
imaging are weak gray-scale echoes (i.e., streaming) and the
appearance of two linear echoes defining the lumen of a fluid-
filled urethra. However, funneling may also be observed in
patients with urge incontinence, and it cannot be used to prove
urodynamic stress incontinence. Its anatomic basis is unclear,
but marked funneling is associated with poor urethral closure
pressures.*"*

Classifications developed for the evaluation of radiologic
imaging® can be modified for ultrasound; however, this approach
is not generally accepted. The most common finding in cases of
bladder neck hypermobility is a so-called rotational descent of
the internal meatus (i.e., proximal urethra and trigone rotate
around the symphysis pubis in a posteroinferior direction). In
these cases, the retrovesical angle opens to up to 160 to 180
degrees from a normal value of 90 to 120 degrees, and the change
in the retrovesical angle usually is associated with funneling.
Often, there seems to be increased mobility of the entire urethra.
A cystocele with intact retrovesical angle (90 to 120 degrees) is
frequently seen in continent patients with prolapse (Fig. 9-6), and
distal and central urethral fixation to the pubic rami usually
seems to be relatively normal, resulting in urethral kinking. It has
been surmised that this configuration distinguishes a central
from a lateral defect of the endopelvic fascia,'® although proof for

this hypothesis is lacking. Marked urethral kinking in these
patients may protect against stress incontinence but can lead to
voiding dysfunction and urinary retention. Occult stress incon-
tinence may be unmasked once a successful prolapse repair pre-
vents urethral kinking.

| Color Doppler

Color Doppler ultrasound has been used to demonstrate urine
leakage through the urethra during a Valsalva maneuver or
coughing.”® Agreement between color Doppler and fluoroscopy
results was high in a controlled group with indwelling catheters
and identical bladder volumes.” Color Doppler ultrasound
velocity (Fig. 9-7) and energy mapping (Color Doppler or power
Doppler) (Fig. 9-8) were able to document leakage. Color Doppler
ultrasound velocity was slightly more likely to show a positive
result, probably because of its better motion discrimination. This
results in less flash artifact and better orientation, particularly on
coughing, although imaging quality depends on the systems used
and selected color Doppler settings. As a result, routine sono-
graphic documentation of stress incontinence during urody-
namic testing has become feasible. Color Doppler imaging may
also facilitate documentation of leak point pressures.” Whether
this is desired depends on the clinician’s preferences, because it
may be argued that urine leakage and leak point pressures can be
determined more easily with other methods.

| Bladder Wall Thickness

There has been considerable interest in the quantification of
bladder wall thickness by transvaginal or translabial ultra-
sound.®"** Measurements are obtained after bladder emptying,
and they are acquired perpendicular to the mucosa (Fig. 9-9). In
the original description, three sites were assessed—anterior wall,
trigone, and dome of the bladder—and the mean of all three was
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Figure 9-6 A cystocele with an intact retrovesical angle. Notice the absence of funneling. The bladder neck and proximal urethra are
virtually inverted compared with their position at rest. Reproduced from Textbook of Female Urology and Urogynecology, Abingdon UK,

2006.
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Figure 9-7 Color Doppler velocity (CDV) demonstrates urine
leakage (arrowhead) through the urethra during a Valsalva
maneuver. Reproduced from Ultrasound Obstet Gynecol 2004;
23:80-92, with permission.

calculated. A bladder wall thickness of more than 5 mm seems to
be associated with detrusor instability,*"* although this has been
disputed.*®* Increased bladder wall thickness is likely caused by
hypertrophy of the detrusor muscle,”* which is most evident at
the dome; this may be the cause of symptoms or the effect of an
underlying abnormality. Although bladder wall thickness on its
own seems only moderately predictive of detrusor instability and
is not in itself a useful diagnostic test, the method may be of value
when combined with symptoms of the overactive bladder.®
It remains to be seen whether determination of this parameter
can contribute to the workup of a patient with pelvic floor and

J I " Urethra

3

Figure 9-8 Color Doppler energy mapping (CDE) of stress urinary
incontinence. The Doppler signal outlines most of the proximal
urethra (arrowhead). Reproduced from Ultrasound Obstet Gynecol
2004; 23:80-92, with permission.

bladder dysfunction, such as serving as a predictor of posto-
perative voiding function or de novo or worsened detrusor
overactivity.

| Levator Activity

Perineal ultrasound has been used for the quantification of pelvic
floor muscle function in women with stress incontinence and in
continent controls® before and after childbirth.”*® A cranioven-
tral shift of pelvic organs imaged in a sagittal midline orientation
is taken as evidence of a levator contraction. The resulting dis-
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Figure 9-9 Measurement of
bladder wall thickness at the

dome in four women with non-
neuropathic bladder dysfunction. In
all cases, the residual urine volume
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Figure 9-10 Quantification of
levator contraction. Cranioventral
displacement of the bladder neck
is measured relative to the
inferoposterior symphyseal margin.
The measurements indicate

4.5 (range, 31.9 minus 27.4) mm
of cranial displacement and

16.2 (range, 17.9 minus 1.7) mm
of ventral displacement of the
bladder neck. Figure reproduced
from Ultrasound Obstet Gynecol
2004; 23:80-92, with permission.
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placement of the internal urethral meatus is measured relative
to the inferoposterior symphyseal margin (Fig. 9-10). In this
way, pelvic floor activity is assessed at the bladder neck, where its
effect as part of the continence mechanism is most likely to
be relevant.”” Another means of quantifying levator activity is
to measure reduction of the levator hiatus in the midsagittal
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plane or to determine the changing angle of the hiatal plane
relative to the symphyseal axis. The method can also be used
for pelvic floor muscle exercise teaching by providing visual
biofeedback.”” The technique has helped validate the concept
of the knack, a reflex levator contraction immediately before
increases in intra-abdominal pressure, such as those resulting
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Figure 9-11 Line drawing demonstrating the ultrasound
quantification of uterovaginal prolapse. The inferior margin of the
symphysis pubis serves as a line of reference against which the
maximal descent of the bladder, uterus, cul-de-sac, and rectal
ampulla on Valsalva maneuver can be measured. Figure reproduced
from Ultrasound Obstet Gynecol 2004; 23:80-92, with permission.

from coughing.”! Good correlations have been found between
cranioventral shift of the bladder neck and palpation or
perineometry.”

| Prolapse Quantification

Translabial ultrasound can demonstrate uterovaginal pro-
lapse.”””* The inferior margin of the symphysis pubis serves as a
convenient (if arbitrary) line of reference against which the
maximal descent of the bladder, uterus, cul-de-sac, and rectal
ampulla during a Valsalva maneuver can be measured (Fig. 9-
11). On Valsalva the transducer is withdrawn to allow full devel-
opment of the prolapse, while retaining contact with the insonated
tissues. Angling of the transducer should be avoided in order to
prevent changes in the relative position of transducer and sym-
physea axes. Figure 9-12 shows a three-compartment prolapse,
with the uterus leading. Findings have been compared with clini-
cal staging and the results of a standardized assessment according
to criteria developed by the International Continence Society,”
with good correlations shown for the anterior and central com-
partments.”® Although there may be poorer correlation between
posterior compartment clinical assessment and ultrasound, not
the least due to variable rectal filling, it is possible to distinguish
between true rectocele (i.e., defect of the rectovaginal septum)
(Fig. 9-13A) and perineal hypermobility without fascial defects
(see Fig. 9-13B). True rectoceles may be present in young, nul-
liparous women but are more common in parous women. In
some instances, they arise in childbirth.” From imaging experi-
ence, fascial defects seem to almost always be found in the same
area (i.e., very close to the anorectal junction), and they most
commonly are transverse. Many are asymptomatic. Routine pos-
terior repair often results in reduction or distortion of such
defects without effecting closure.

The ability to differentiate different forms of posterior com-
partment descent should allow better surgical management in the
future, especially because enterocele (Fig. 9-14) can easily be
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Figure 9-12 Three-compartment prolapse on translabial ultrasound.
The line of reference is placed through the inferior margin of the
symphysis pubis. Measurements indicate descent of the bladder to
6.8 mm below the symphysis pubis, of the uterus to 11.3 mm, and
of the rectal ampulla to 3.9 mm below. Arrows indicate the leading
edges of those organs. The clinical examination showed a second-
degree uterine prolapse and first-degree anterior and posterior
compartment descent.

distinguished from rectocele. It appears that colorectal surgeons
are starting to use the technique to complement or replace defe-
cography,” and perineal ultrasound can also be used for exoanal
imaging of the anal sphincter.””*

Disadvantages of the method include incomplete imaging of
bladder neck, cervix, and vault with large rectoceles and possible
underestimation of severe prolapse due to transducer pressure.
Occasionally, apparent anterior vaginal wall prolapse turns out
to be caused by a urethral diverticulum®"** (Fig. 9-15) or a para-
vaginal cyst.

The main use of this technique may prove to be in outcome
assessment after prolapse and incontinence surgery for clinical
and research applications. Elevation and distortion of the bladder
neck arising from a colposuspension is easily documented.*™
Fascial and synthetic slings are visible posterior to the trigone or
the urethra (Figs. 9-16 and 9-17). Bulking agents such as Macro-
plastique (Fig. 9-18) show up anterior, lateral, and posterior to
the proximal urethra. It has been demonstrated that overeleva-
tion of the bladder neck on colposuspension is unnecessary for
cure of urodynamic stress incontinence, and elevation may also
have a bearing on postoperative symptoms of voiding dysfunc-
tion and de novo detrusor instability.*>*

| Implants

Ultrasound has contributed significantly to the investigation of
new surgical procedures, such as wide-weave suburethral Prolene
slings, showing that they act by urethral kinking or dynamic
compression against the posterior surface of the symphysis pubis.®
Available synthetic slings are easily visualized posterior to the
urethra® (see Fig. 9-16). Wide-weave monofilament mesh such
as tension-free vaginal tape (e.g., Gynecare TVT), SPARC sling,
and Monarc Subfascial Hammock or transobturator (TOT) sling
are more echogenic than more tightly woven multifilament
implants, such as the IVS (i.e., polypropylene mesh) (see Fig.



Chapter 9 PELVIC FLOOR ULTRASOUND

107

#
)

- Anal F

: el
:‘ cana:’r,

Bladder " Rectal

Figure 9-13 A, The top pair of ampu lla
images shows a first-degree
rectocele. The anal canal is seen to
the right of both images, with a
small rectocele (deep 2 cm) clearly
visible during a Valsalva maneuver
(right). B, The lower pair of images
demonstrates descent of the rectal
ampulla without herniation of
rectal contents into the vagina, a
condition that may mimic rectocele
and that has been called perineal
hypermobility or pseudorectocele.
Figure reproduced from Textbook
of Female Urology and
Urogynecology, Abingdon UK,
2006.
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Figure 9-14 Rectocele after Burch
colposuspension with the patient
at rest (left) and during a Valsalva
maneuver (right). Usually,
enteroceles (filled by peristalsing
small bowel, epiploic fat, or
omentum) appear more
homogeneous and nearly isoechoic,
whereas the rectocele is filled

by a stool bolus and/or air,
resulting in hyperechogenicity with
distal shadowing. Figure
reproduced from Ultrasound
Obstet Gynecol 2005; 26:73-77,
with permission.
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Section 2 EVALUATION AND DIAGNOSIS

Figure 9-15 Urethral diverticulum (arrow), herniating downward and clinically simulating a cystourethrocele during a Valsalva maneuver.
The neck of the diverticulum is close to the bladder neck. Reproduced from Ultrasound Obstet Gynecol 2004; 23:80-92, with permission.
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Figure 9-16 Synthetic implants such as the tension-free vaginal tape or SPARC are easily visualized as highly echogenic structures posterior
to the urethra. The images illustrate tape position relative to the symphysis pubis and urethra with the patient at rest (left) and during a
Valsalva maneuver (right). Reproduced from Ultrasound Obstet Gynecol 2004; 23:80-92, with permission.

9-17), but virtually all can be identified and followed in their
course from the pubic rami laterally to the urethra centrally. The
difference between transobturator tapes (e.g., Monarc, TOT) and
tapes placed through the space of Retzius (e.g., TVT, SPARC,
IVS) is evident when following the tapes in the parasagittal or
axial pla