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NOTICE

Medicine is an ever-changing science. As new research and clinical experience broaden our knowl-
edge, changes in treatment and drug therapy are required. The authors and the publisher of this
work have checked with sources believed to be reliable in their efforts to provide information that is
complete and generally in accord with the standards accepted at the time of publication. However,
in view of the possibility of human error or changes in medical sciences, neither the authors nor
the publisher nor any other party who has been involved in the preparation or publication of this
work warrants that the information contained herein is in every respect accurate or complete, and
they disclaim all responsibility for any errors or omissions or for the results obtained from use of the
information contained in this work. Readers are encouraged to confirm the information contained
herein with other sources. For example and in particular, readers are advised to check the product
information sheet included in the package of each drug they plan to administer to be certain that the
information contained in this work is accurate and that changes have not been made in the recom-
mended dose or in the contraindications for administration. This recommendation is of particular
importance in connection with new or infrequently used drugs.
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DEDICATION

These are trying times for academic medicine. They are especially vexing for departments of
obstetrics and gynecology. Combined with draconian funding shortages, there is burdensome
oversight with sometimes meaningless regulations as well as myriad forms and paperwork foisted
upon us by an ever-increasing but already bloated bureaucracy. Despite these seemingly over-
whelming challenges, the chairs of academic departments and the directors of residency training
programs resiliently continue to emphasize the basics that are fundamental to academic training.
It is to these stalwart individuals that we dedicate this 24th edition of Williams Obstetrics.
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PREFACE

This 24th edition of Williams Obstetrics has been extensively
and strategically reorganized. Primarily writing for the busy
practitioner—those “in the trenches”—we continue to present
the detailed staples of basic obstetrics such as maternal anatomy
and physiology, preconceptional and prenatal care, labor, deliv-
ery, and the puerperium, along with detailed discussions of
obstetrical complications exemplified by preterm labor, hemor-
rhage, hypertension, and many more. Once again, we empha-
size the scientific-based underpinnings of clinical obstetrics
with special emphasis on biochemical and physiological prin-
ciples of female reproduction. And, as was the hallmark of
previous editions, these dovetail with descriptions of evidence-
based practices. The reorganized format allows a greater
emphasis on the fetus as a patient along with expanded cover-
age of fetal diagnosis and therapy. These changes are comple-
mented by more than 100 new sonographic and magnetic
resonance images that display normal fetal anatomy and common
fetal anomalies. Finally, to emphasize the “M” in maternal—fetal
medicine, we continue to iterate the myriad medical and surgi-
cal disorders that can complicate pregnancy.

To accomplish these goals, the text has been updated with
more than 3000 new literature citations through 2014.
Moreover, there are nearly 900 figures that include sonograms,
MR images, photographs, micrographs, and data graphs, most
in vivid color. Much of the original artwork was rendered by
our own medical illustrators.

In this edition, as before, we continue to incorporate con-
temporaneous guidelines from professional and academic orga-
nizations such as the American College of Obstetricians and
Gynecologists, the Society for Maternal-Fetal Medicine, the
National Institutes of Health, and the Centers for Disease
Control and Prevention, among others. Many of these data are
distilled into almost 100 newly constructed tables, in which
information has been arranged in a format that is easy to read
and use. In addition, several diagnostic and management algo-
rithms have been added to guide practitioners. While we strive
to cite numerous sources to provide multiple evidence-based
options for such management schemes, we also include our
own clinical experiences drawn from a large obstetrical service.
As usual, while we are convinced that these are disciplined
examples of evidence-based obstetrics, we quickly acknowledge
that they do not constitute the sole method of management.

This 24th edition shows a notable absence of four colleagues
who provided valuable editorial assistance for prior volumes of
Williams Obstetrics. From the University of Alabama at
Birmingham, Dr. John Hauth, who served as an editor for the
21st through 23rd editions, has now directed his efforts to
research endeavors. Dr. Dwight Rouse, an associate editor of
the 22nd and an editor of the 23rd edition, has assumed a
clinical and research role at Brown University. We will cer-

tainly miss their insightful wisdom concerning the vicissitudes
of randomized controlled trials and their true meanings!
Colleagues leaving us from the University of Texas Southwestern
Medical Center include Dr. George Wendel, Jr.—associate edi-
tor for the 22nd and 23rd editions—who has now assumed the
important role of overseeing development of Maintenance of
Certification for the American Board of Obstetrics and
Gynecology. And leaving for practice in Montana is Dr. Jim
Alexander, who served as a contributing editor for the 23rd
edition. These talented clinicians provided valuable knowledge,
both evidence-based and from the bedside.

To fill the shoes of these departing stalwart colleagues, we
have enlisted four new editors—all from UT Southwestern
Medical Center—each of whom has expertise in important
areas of contemporaneous obstetrics and maternal-fetal medi-
cine. Dr. Jodi Dashe—who contributed extensively to the 21st
through 23rd editions—joins us as editor and brings her exten-
sive experiences and incredible skills with obstetrical sonogra-
phy, fetal diagnosis, and prenatal genetics. Dr. Barbara Hoffman
brings widespread clinical knowledge regarding general obstet-
rics and contraception as well as embryology, anatomy, and
placental pathology. Dr. Brian Casey adds his in-depth obstet-
rical and research experience, with special interests in diabetes,
fetal-growth disorders, and thyroid physiology. Dr. Jeanne
Sheffield joins us with her knowledge and clinical acumen and
research interests in maternal medical disorders, critical care,
and obstetrical and perinatal infections.

There are also two returning associate editors who continue
to add considerable depth to this textbook. Dr. Diane Twickler
uses her fantastic experiences and knowledge regarding clinical
and technological advances related to fetal and maternal imag-
ing with ultrasonography as well as with x-ray and magnetic
resonance techniques. Dr. Mala Mahendroo is a talented basic
scientist who continues to perform a magnificent job of provid-
ing a coherent translational version of basic science aspects of
human reproduction. Finally, four new contributing editors
round out the editorial team that make this book possible.
Drs. Kevin Worley and Seth Hawkins bring additional strengths
to the areas of clinical and academic maternal—fetal medicine.
Dr. Don Mclntire provided much of the data garnered from
the extensive database that chronicles the large obstetrical ser-
vice at Parkland Hospital and UT Southwestern Medical
Center. Mr. Lewis Calver continues to do an impeccable job of
supervising and rendering new artwork for this and prior edi-
tions. In toto, the strength of each contributor has added to
create the sum total of our academic endeavor.

F. Gary Cunningham
Kenneth J. Leveno
Steven L. Bloom
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Obstetrics is concerned with human reproduction and as such
is always a subject of considerable contemporary relevance.
The specialty promotes health and well-being of the pregnant
woman and her fetus through quality perinatal care. Such care
entails appropriate recognition and treatment of complications,
supervision of labor and delivery, ensuring care of the new-
born, and management of the puerperium. Postpartum care
promotes health and provides family planning options.

The importance of obstetrics is reflected by the use of mater-
nal and neonatal outcomes as an index of the quality of health
and life among nations. Intuitively, indices that reflect poor
obstetrical and perinatal outcomes would lead to the assump-
tion that medical care for the entire population is lacking.
With those thoughts, we now provide a synopsis of the current
state of maternal and newborn health in the United States as it
relates to obstetrics.

VITAL STATISTICS

The National Vital Statistics System of the United States is
the oldest and most successful example of intergovernmental
data sharing in public health. The National Center for Health
Statistics collects and disseminates official statistics through
contractual agreements with vital registration systems. These
systems that operate in various jurisdictions are legally responsi-
ble for registration of births, fetal deaths, deaths, marriages, and
divorces. Legal authority resides individually with the 50 states;

two regions—the District of Columbia and New York City;
and five territories—American Samoa, Guam, the Northern
Mariana Islands, Puerto Rico, and the Virgin Islands.

Standard certificates for the registration of live births and
deaths were first developed in 1900. An act of Congress in
1902 established the Bureau of the Census to develop a system
for the annual collection of vital statistics. The Bureau retained
authority until 1946, when the function was transferred to the
United States Public Health Service. It is presently assigned
to the Division of Vital Statistics of the National Center for
Health Statistics, which is a division of the Centers for Disease
Control and Prevention (CDC). The standard birth certificate
was revised in 1989 to include more information on medical
and lifestyle risk factors and obstetrical practices.

In 2003, an extensively revised Standard Certificate of Live
Birth was implemented in the United States to enhance col-
lection of obstetrical and newborn clinical information. The
enhanced data categories and specific examples of each are
summarized in Table 1-1. By 2011, 36 states had implemented
this revised birth certificate representing 83 percent of all births
(Hamilton, 2012).

Definitions

The uniform use of standard definitions is encouraged by the
World Health Organization as well as the American Academy
of Pediatrics and the American College of Obstetricians and
Gynecologists (2012). Such uniformity allows data compari-
son not only between states or regions of the country but
also between countries. Still, not all definitions are uniformly
applied. For example, the American College of Obstetricians
and Gynecologists recommends that reporting include all
fetuses and neonates born weighing at minimum 500 g,
whether alive or dead. But not all states follow this recom-
mendation. Twenty-eight states stipulate that fetal deaths
beginning at 20 weeks’ gestation should be recorded as such;
eight states report all products of conception as fetal deaths;



TABLE 1-1. General Categories and Specific Examples
of New Information Added to the 2003
Revision of the Birth Certificate

Risk Factors in Pregnancy—Examples: prior preterm birth,
prior eclampsia

Obstetrical Procedures—Examples: tocolysis, cerclage,
external cephalic version

Labor—Examples: noncephalic presentation,
glucocorticoids for fetal lung maturation, antibiotics
during labor

Delivery—Examples: unsuccessful operative vaginal
delivery, trial of labor with prior cesarean

Newborn—Examples: assisted ventilation, surfactant
therapy, congenital anomalies

and still others use a minimum birthweight of 350 g, 400 g,
or 500 g to define fetal death. To further the confusion, the
National Vital Statistics Reports tabulates fetal deaths from
gestations that are 20 weeks or older (Centers for Disease
Control and Prevention, 2009). This is problematic because
the 50th percentile for fetal weight at 20 weeks approximates
325 to 350 g—considerably less than the 500-g definition.
Indeed, a birthweight of 500 g corresponds closely with the
50th percentile for 22 weeks.

Definitions recommended by the National Center for
Health Statistics and the Center for Disease Control and
Prevention are as follows:

Perinatal period. The interval between the birth of an infant
born after 20 weeks’ gestation and the 28 completed days
after that birth. When perinatal rates are based on birth-
weight, rather than gestational age, it is recommended that
the perinatal period be defined as commencing at 500 g.

Birth. The complete expulsion or extraction from the mother of
a fetus after 20 weeks’ gestation. As described above, in the
absence of accurate dating criteria, fetuses weighing < 500 g
are usually not considered as births but rather are termed
abortuses for purposes of vital statistics.

Birthweight. The weight of a neonate determined immediately
after delivery or as soon thereafter as feasible. It should be
expressed to the nearest gram.

Birth rate. The number of live births per 1000 population.

Fertility rate. The number of live births per 1000 females aged
15 through 44 years.

Live birth. The term used to record a birth whenever the new-
born at or sometime after birth breathes spontaneously or
shows any other sign of life such as a heartbeat or definite
spontaneous movement of voluntary muscles. Heartbeats
are distinguished from transient cardiac contractions, and
respirations are differentiated from fleeting respiratory
efforts or gasps.

Stillbirth or fetal death. The absence of signs of life at or after
birth.

Early neonatal death. Death of a liveborn neonate during the
first 7 days after birth.

Late neonatal death. Death after 7 days but before 29 days.

Overview of Obstetrics

Stillbirth rate or fetal death rate. The number of stillborn neo-
nates per 1000 neonates born, including live births and still-
births.

Neonatal mortality rate. The number of neonatal deaths per
1000 live births.

Perinatal mortality rate. The number of stillbirths plus neonatal
deaths per 1000 total births.

Infant death. All deaths of liveborn infants from birth through
12 months of age.

Infant mortality rate. The number of infant deaths per 1000
live births.

Low birthweight. A newborn whose weight is < 2500 g.

Very low birthweight. A newborn whose weight is < 1500 g.

Extremely low birthweight. A newborn whose weight is
<1000 g,

Term neonate. A neonate born any time after 37 completed
weeks of gestation and up until 42 completed weeks of
gestation (260 to 294 days). The American College of
Obstetricians and Gynecologists (2013b) and the Society
for Maternal-Fetal Medicine endorse and encourage specific
gestational age designations. Early term refers to neonates
born at 37 completed weeks up to 387 weeks. Full term

0% weeks.

denotes those born at 39 completed weeks up to 4
Last, late term describes neonates born at 41 completed
weeks up to 41°7
Preterm neonate. A neonate born before 37 completed weeks
(the 259th day).
Postterm neonate. A neonate born anytime after completion of
the 42nd week, beginning with day 295.

Abortus. A fetus or embryo removed or expelled from the uterus

weeks.

during the first half of gestation—20 weeks or less, or in the
absence of accurate dating criteria, born weighing < 500 g.

Induced termination of pregnancy. The purposeful interruption
of an intrauterine pregnancy that has the intention other
than to produce a liveborn neonate and that does not result
in a live birth. This definition excludes retention of products
of conception following fetal death.

Direct maternal death. The death of the mother that results
from obstetrical complications of pregnancy, labor, or the
puerperium and from interventions, omissions, incorrect
treatment, or a chain of events resulting from any of these
factors. An example is maternal death from exsanguination
after uterine rupture.

Indirect maternal death. A maternal death that is not directly
due to an obstetrical cause. Death results from previously
existing disease or a disease developing during pregnancy,
labor, or the puerperium that was aggravated by maternal
physiological adaptation to pregnancy. An example is mater-
nal death from complications of mitral valve stenosis.

Nonmaternal death. Death of the mother that results from
accidental or incidental causes not related to pregnancy. An
example is death from an automobile accident or concurrent
malignancy.

Maternal mortality ratio. The number of maternal deaths that
result from the reproductive process per 100,000 live births.
Used more commonly, but less accurately, are the terms
maternal mortality rate or maternal death rate. The term ratio
is more accurate because it includes in the numerator the
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number of deaths regardless of pregnancy outcome—for
example, live births, stillbirths, and ectopic pregnancies—
whereas the denominator includes the number of live births.

Pregnancy-associated death. The death of a woman, from any
cause, while pregnant or within 1 calendar year of termina-
tion of pregnancy, regardless of the duration and the site of
pregnancy.

Pregnancy-related death. A pregnancy-associated death that
results from: (1) complications of pregnancy itself, (2) the
chain of events initiated by pregnancy that led to death, or
(3) aggravation of an unrelated condition by the physiologi-
cal or pharmacological effects of pregnancy and that subse-
quently caused death.

PREGNANCY IN THE UNITED STATES

Pregnancy Rates

Data from diverse sources have been used to provide the follow-
ing snapshot of pregnancy in the United States during the first
two decades of the 21st century. According to the Centers for
Disease Control and Prevention, the fertility rate in the United
States in 2011 of women aged 15 to 44 years was 63.2 live births
per 1000 women (Sutton, 2011). As shown in Figure 1-1, this
rate began slowly trending downward in 1990 and has now
decreased below that for replacement births, indicating a popu-
lation decline (Hamilton, 2012). There were 3.9 million births
in 2011, and this constituted the lowest birth rate ever recorded
for the United States of 12.7 per 1000 population. The birth rate
decreased for all major ethnic and racial groups, for adolescents
and unmarried women, and for those aged 20 to 24 years. For
women older than 30 years, the birth rate was either unchanged
or it increased slightly. Virtually half of newborns in 2010 in the
United States were minorities: Hispanic—25 percent, African-
American—14 percent, and Asian—4 percent (Frey, 2011).
The total number of pregnancies and their outcomes in
2008 are shown in Table 1-2. Of the 6,578,000 total pregnan-
cies, most—65 percent—ended with live births. Of births in
the United States, approximately 37 percent are unintended
at the time of conception (Mosher, 2012). Importantly, the
overall proportion of unintended births has not declined
significantly since 1982. Unmarried women, black women,
and women with less education or income are more likely

TABLE 1-2. Total Number of Pregnancies and Outcomes
in the United States in 2008

Outcomes Number (%)

Live births 4,248,000 (6
Induced abortions 1,212,000 (1
Spontaneous abortions 1,118,000 (1
Total pregnancies 6,578,000 (100)

5)
8)
7)

Data from Ventura, 2012.

to have unplanned pregnancies. That said, of the remaining
pregnancies in 2008, 35 percent were almost equally divided
into induced or spontaneous abortions. The induced abor-
tion information is based on CDC abortion surveillance data
from 45 states combined with Guttmacher Institute data on
induced abortion. These data have been collected beginning
in 1976. If the annual totals for 1976 to 2008 are tabulated,
it can be estimated that approximately 46,657,000 women
in the United States have elected induced abortions since
Roe v. Wade legalization of abortion (Chap. 18, p. 363).
Thus, legalized abortions have been chosen by more than 46
million American women. As discussed later, this provides a
compelling argument for easily accessible family planning.

MEASURES OF OBSTETRICAL CARE

Perinatal Mortality

There are a number of indices—several among the vital statis-
tic definitions described above—that are used as a yardstick of
obstetrical and perinatal outcomes to assess quality of care.

As previously defined, the perinatal mortality rate includes
the numbers of stillbirths and neonatal deaths per 1000 total
births. According to the National Vital Statistics Reports by
MacDorman and colleagues (2012a), the perinatal mortality rate
in 2006 was 10.5 per 1000 births (Fig. 1-2). There were 25,972
fetal deaths in gestations 20 weeks or older. Fetal deaths at 28
weeks or more have been declining since 1990, whereas the rates
for those between 20 and 27 weeks have been static (Fig. 1-3). By
way of comparison, there were a total of 19,041 neonatal deaths
in 2006—meaning that nearly 60 percent of the perinatal deaths

in the United States were fetal. Thus, it is

140 seen that fetal deaths have eclipsed neona-
- tal deaths as a cause of perinatal mortality.
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FIGURE 1-1 Fertility rate: United States, 1925-2009. (From Sutton, 2011.)

Infants born at the lowest gestational
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FIGURE 1-2 Perinatal mortality rate: United States, 1990-2006.

Perinatal includes infant deaths under age 28 days and fetal
deaths at 20 weeks or more. (From MacDorman, 2012a.)
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to these mortality rates. For example, 55 percent of all infant
deaths in 2005 were in the 2 percent of infants born before
32 weeks’ gestation. Indeed, the percentage of infant deaths
related to preterm birth increased from 34.6 percent in 2000
to 36.5 percent in 2005. When analyzed by birthweight, two
thirds of infant deaths were in low-birthweight neonates. Of
particular interest are those birthweights < 500 g, for which
neonatal intensive care can now be offered. In 2001, there were
6450 liveborns weighing less than 500 g, but 86 percent of
these newborns died during the first 28 days of life. Of the
1044 who survived the first 28 days of life, there were 934
who lived for at least 1 year. Thus, only 14 percent of all neo-
nates weighing < 500 g survived infancy. Importantly, adverse
developmental and neurological sequelac are common in the
survivors (Chap. 42, p. 832).

More than a decade ago, St. John and associates (2000)
estimated the total cost of initial newborn care in the United
States to be $10.2 billion annually. Almost 60 percent of this
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FIGURE 1-3 Fetal mortality rates by period of gestation:

United States, 1990-2006. (From MacDorman, 2012a.)
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FIGURE 1-4 Maternal mortality rates for the United States,
1950-2003. (Data from Berg, 2010; Hoyert, 2007.)

expenditure is attributed to preterm births before 37 weeks, and
12 percent is spent on neonates born between 24 and 26 weeks.

Maternal Mortality

As shown in Figure 1-4, maternal mortality rates decreased
precipitously in the United States during the 20th century.
Pregnancy and childbirth have never been safer for women in this
country. In fact, pregnancy-related deaths are so uncommon as to
be measured per 100,000 births. The CDC since 1979 has main-
tained data on pregnancy-related deaths in its Pregnancy Mortality
Surveillance System (Mackay, 2005). In the latest report, Berg and
coworkers (2010) described 4693 pregnancy-related deaths dur-
ing the 8-year period 1998 to 2005. Approximately 5 percent
were early-pregnancy deaths due to ectopic gestation or abor-
tive outcomes. The deadly obstetrical triad of hemorrhage, pre-
eclampsia, and infection accounted for a third of all deaths (Table
1-3). Thromboembolism, cardiomyopathy, and other cardiovas-
cular disease together accounted for another third (Fig. 1-5).
Other significant contributors in this group were amnionic fluid

Percent

Cause of pregnancy-related deaths

FIGURE 1-5 Six common causes of maternal deaths for the
United States, 1998-2005. (Data from Berg, 2010.)
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TABLE 1-3. Causes of Pregnancy-Related Maternal
Deaths in the United States®® During Two

Time Periods
1991-1999%¢  1998-2005¢
n=4200 n=4693
Cause of Death (%) (%)
Embolism 19.6 10.2
Hemorrhage 17.2 12.5
Gestational 15.7 123
hypertension
Infection 12.6 10.7
Other pregnancy-related 341 33.2
Cardiomyopathy 83 115
Stroke 5.0 6.3
Anesthesia 1.6 1.2
Others® 19.2 14.2
Unknown 0.7 2.1

“Data from Centers for Disease Control and Prevention
reported by Chang, 2003.

bData from the Centers for Disease Control and
Prevention reported by Berg, 2010.

‘Includes abortion and ectopic pregnancy.

¢Excludes abortion and ectopic pregnancy.

“Includes cardiovascular, pulmonary, neurological, and
other medical conditions.

embolism (7.5 percent) and cerebrovascular accidents (6.3 per-
cent). Anesthesia-related deaths were at an all-time low of only 1.2
percent. It is also important to consider the role that the increas-
ing cesarean delivery rate has on maternal mortality risks (Clark,
2008; Deneux-Tharaux, 2006; Lang, 2008).

The pregnancy-related mortality ratio for this 1998 to 2005
period of 14.5 per 100,000 live births is the highest during the
previous 20 years (Berg, 2010). This simply may mean more
women are dying, however, it may be due to improved report-
ing or to an artificial increase caused by the new International
Statistical Classification of Diseases, 10th Revision (ICD-10),
implemented in 1999. There is no doubt that maternal deaths
are notoriously underreported, possibly by as much as half
(Koonin, 1997).

A second important consideration is the obvious disparity of
increased mortality rates in African-American compared with
white women as shown in Figure 1-6. The disparity with indi-
gent women is exemplified by the study of maternal deaths in
women cared for in a third-party payer system, the Hospital
Corporation of America. In this study of nearly 1.5 million
pregnant women, Clark and associates (2008) reported an
impressively low maternal mortality rate of 6.5 per 100,000.

The third important consideration is that many of the
reported maternal deaths are considered preventable. In an
earlier report, Berg and colleagues (2005) stated that this may
be up to a third of pregnancy-related deaths in white women
and up to half of those in African-American women. And even
in the insured women described above and reported by Clark,
28 percent of 98 maternal deaths were judged preventable.

175
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FIGURE 1-6 Maternal mortality ratio—deaths per 100,000 live
births—by age and according to race for the United States,
1998-2005. (Data from Berg, 2010.)

Thus, although significant progress has been made, measures
to prevent more deaths are imperative for obstetrics in the
21st century.

Severe Maternal Morbidity

Because maternal deaths have become so uncommon, the
practice of analyzing severe maternal morbidity evolved as a
surrogate to improve obstetrical and perinatal care. Because
avoidance of medical errors serves to decrease the risks for
maternal mortality or severe maternal morbidity, the concept of
near misses or close calls was also introduced. These are defined by
the Joint Commission and the Institution for Safe Medication
and Practices (2009) as unplanned events caused by error that
do not result in patient injury but have the potential to do so.
These are much more common than injury events, but for obvi-
ous reasons, they are more difficult to identify and quantify.
Systems designed to encourage reporting have been installed
in various institutions and allow focused safety efforts. One
example is the system described by Clark and associates (2012)
and used for more than 200,000 annual deliveries within the
Hospital Corporation of America (Table 1-4).

There are now a number of statistical data systems that mea-
sure indicators of unplanned events caused by errors that had
potential to injure patients. This evolution followed inadequa-
cies in how well hospitalization coding reflected the severity
of maternal complications. Thus, coding indicators or modifi-
ers are used to allow analysis of serious adverse clinical events
(Clark, 2012; King, 2012). Such a system was implemented
by the World Health Organization. It has been validated in
Brazil and accurately reflects maternal death rates (Souza,
2012). Similar systems are in use in Britain as the UK Obstetric
Surveillance System—UKOSS (Knight, 2005, 2008). Australia
and New Zealand have also devised such a system—the



TABLE 1-4. Near-Miss Events in Labor and Delivery—
Hospital Corporation of America, 2010

Error Percent?

Medication 33
Patient identification 19
Failure/delay laboratory 11
Failure to respond 10
Failure to follow policy 9
Charting 6
Equipment failure 6
Slip/fall 5
Information transfer 5
Physician error 3

Others ~5

Exceeds 100 percent because some events had multiple
events.
Data from Clark, 2012.

Australasian Maternity Outcomes Surveillance System—AMOSS
(Halliday, 2013). As emphasized by Tuncalp and coworkers
(2012) after their systematic review, different locoregional
approaches are needed to lower the rates of near misses.

In the United States, to study severe morbidity the CDC
analyzed more than 50 million maternity records from the
Nationwide Inpatient Sample from 1998 to 2009 (Callaghan,
2012). Selected International Classification of Diseases, 9th
Revision, Clinical Modification (ICD-9-CM) codes were used
to tabulate a number of severe morbidities. The frequencies
of some of those most commonly encountered are listed in
Table 1-5. These investigators reported that 129 per 10,000

TABLE 1-5. Severe Obstetrical Morbidities Identified®
During Nearly 50 Million Hospitalizations for
Delivery—United States, 1998-2009

Category

Transfusions

Eclampsia

Hysterectomy

Cardiac surgery
Cerebrovascular disorders
Anesthesia complications
Pulmonary edema
Mechanical ventilation
Respiratory distress syndrome
Septicemia

Heart failure

Renal failure
Coagulopathy
Hemorrhagic shock

°ldentified by International Classification of Diseases, 9th
Revision, Clinical Modification (ICD-9-CM) codes.
Data from Callaghan, 2012.
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of these nearly 50 million pregnant women had at least one
indicator for severe morbidity. Thus, for every maternal death,
approximately 200 women experience severe morbidity.

TIMELY TOPICS IN OBSTETRICS

Health Care for Women and Their Infants

Various topics have been in the forefront for obstetrical pro-
viders in the 4 years since the last edition of this textbook. Of
these, the ills of our health-care system are especially concerning
for women’s health (Hale, 2010). To cite but a few examples,
uninsured women with breast cancer were up to 50 percent
more likely than insured women to die from the disease. There
were more than 17 million uninsured American women aged
18 to 64 years in 2008. Similarly, women without health-care
insurance had a 60-percent greater risk of late-stage cervical
cancer. Lack of medical insurance also has severe effects on
pregnant women. Those without insurance have a 31-percent
higher risk of adverse outcomes such as preterm delivery,
neonatal death, and maternal mortality. Of American women
aged 18 to 64 years in a recent study of 11 industrialized
countries, 43 percent skipped seeing a doctor or did not take
medicine due to costs (Robertson, 2012). This was the high-
est percentage of all 11 countries studied. By comparison, just
7 percent of British women and 17 percent of Canadian and
French women refrained from secking health care because of
costs. Of the 11 countries studied, only the United States did
not have universal health-care coverage.

There is also a geopolitical consequence of such increased
adverse outcomes for American women. The World Health
Organization analyzed neonatal mortality rates in 2009 for 193
countries (Oestergaard, 2011). The United States ranked 41st
in 2009, dropping from 28th in 1990. The highest newborn
death rate in the world was in Afghanistan, where one of every
19 babies died before their 1-month birthday. In comparison,
one of every 233 newborns dies in the United States. This is far
better than the rate in Afghanistan, but not as good as the rate
in Japan—1 in 909, France—1 in 455, Lithuania—1 in 385,
or Cuba—T1 in 345. Some reasons given for the United States
results include difficulty in accessing prenatal care, which con-
tributes to the current high rate of preterm births.

There have been dramatic changes in women’s health care
regarding obstetrical and gynecological procedures during the
past 30 years in the United States. Shown in Figure 1-7 are
the rates per 1000 adult American women for the commonest
gynecological procedures performed between 1979 and 2006.
The rates are adjusted for age to correct for population changes
over time. The dramatic decreases in the rates of gynecologi-
cal procedures were thought largely due to changed criteria for
these procedures. Changed criteria resulted from the health
maintenance organization (HMO) movement of the 1980s.
With this, health-care insurers of all types exercised increas-
ing control over the indications for these procedures. Shown
in Figure 1-8 are the rates per 1000 adult women for obstetri-
cal procedures also from 1979 to 2006. Episiotomy use plum-
meted, as did operative vaginal delivery rates. Cesarean deliveries
per 1000 women greatly increased. These rates changes are
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FIGURE 1-7 Age-adjusted rates of gynecological procedures in
the United States, 1979-2006. (Data from Oliphant, 2010.)

discussed more fully in Chapters 27, 29, and 30, which cover
these delivery routes.

There are only two federal programs dedicated solely to
health care of women and their infants, and every obste-
trician should know about these programs (Lu, 2012). The
first is the Title V Maternal and Child Health Services
Block Grant, which is the only federal program focused on
improving the health of mothers, children, and their fami-
lies. It was enacted by Congress in 1935 as part of the Social
Security Act. Title V provides for state-level block grants in
which states match with $3 every $4 in federal money. In
2009, states reported that 2.5 million primarily low-income
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FIGURE 1-8 Age-adjusted rates of obstetrical procedures in the
United States, 1979-2006. (Data from Oliphant, 2010.)

pregnant women and 35 million children were served by
these state block grants.

The second federal program dedicated to women’s health
care is the Title X Family Planning Program. This is the only
federal program focused on providing women with comprehen-
sive family planning and related preventative health services.
Title X was enacted in 1970, and in 2010, it served more than
5.2 million primarily low-income women.

Beginning with implementation of the 2003 United States
Standard Birth Certificate described earlier, the principal
source of payment for births was reported. In 2010, it was esti-
mated that Medicaid financed 48 percent of the births in the
United States (Markus, 2013). Importantly, Medicaid covered
a disproportionate number of complicated births. Specifically,
Medicaid paid for more than half of all hospital stays for pre-
term and low-birthweight infants and approximately 45 per-
cent of infant hospital stays due to birth defects.

So, what is the “bottom line” for obstetrical health care in the
United States for women and their infants? In 2008, the total
national hospital bill was almost $1.2 trillion (Wier, 2011). These
charges involved 39.9 million hospital stays but do not include
outpatient care, emergency care for patients not admitted to
the hospital, or physician fees. Medicare and Medicaid paid for
60 percent of the 2008 national hospital bill. Specifically,
Medicare covered 46.2 percent and Medicaid 13.8 percent. The
hospital bills for the mother’s pregnancy and delivery plus care
of the newborn exceeded $98 billion, representing 8 percent of
all hospital bills. This bill for women and their infants is more
than twice that of any other diagnosis across the entire spectrum
of American health care and attests to the impact of health care
for pregnant women in this country.

The Affordable Care Act

In the last edition of Williams Obstetrics, the Obama
Administration was poised to pass universal health insurance—
so-called Obamacare. This history-making legislation debuted
on March 23, 2010, with passage into law of 7he Patient
Protection and Affordable Care Act—PPACA. Although consti-
tutional challenges followed, the Supreme Court upheld most
aspects of the law in its ruling in 2012 of National Federation
of Independent Business v. Sebelius. Implementation of this com-
plex legislation began in 2010 and will continue over the cur-
rent decade (Fig. 1-9). Indeed, initially registration began with
a rocky start in late 2013.

As outlined by the Society for Maternal-Fetal Medicine,
the act will expand obstetrical care of indigent women
(Grande, 2013). The American College of Obstetricians and
Gynecologists (2013a) estimates that nearly 20 million unin-
sured women aged 18 to 64 years have less than optimal access
to prenatal care, family planning services, and breast and cervi-
cal cancer screening. Many of these women will have improved
access to these services because of the expanded Medicaid cov-
erage funded through the Act. The College encourages indi-
vidual states to expand their Medicaid coverage and improve
reimbursement rates.

One “fly in the ointment” of the Affordable Care Act is
funding. Although it has been declared “budget neutral,”
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January 1, 2013

December 15, 2012

States must indicate their
intention to develop a
state-run insurance exchange.

Federal subsidies begin for brand-name
prescriptions in the Medicare drug-coverage gap.

Two-year increase begins in Medicaid payments
for primary care (to current Medicare payment rate).

National Medicare pilot program for expanding
bundled payments begins.

January 1, 2018
Tax is imposed on
high-cost
insurance plans.

2011 2012 2013 2014

2015

2016 2017 2018 2019

February 15, 2013

States must indicate intention
to opt for federal—state or
federally run exchange.

October 1,2013
Insurance exchanges begin open enrollment.

Medicare and Medicaid Disproportionate
Share Hospital payments are reduced.

January 1, 2014

Insurance coverage through exchanges, federal premium subsidies
for the uninsured, and individual mandate are in effect.

Optional Medicaid expansion begins.

Insurance reforms commence, including essential health benefits,
guaranteed issue, and no annual limits on coverage.

Penalties on larger employers who don't offer coverage are instituted.

FIGURE 1-9 Timeline for implementation of provisions of the Patient Protection and Affordable Care Act. (From Oberlander, 2012,

with permission.)

the Congressional Budget Office has calculated that 30 mil-
lion Americans will remain uninsured. For these and a mul-
titude of fiscal reasons—and we certainly do not profess to be
economists—we, like Oberlander (2012) and others, remain
nervous concerning costs and adequate funding for “universal
health care.”

Rising Cesarean Delivery Rate

In 2009, the cesarean delivery rate climbed to the highest level
ever reported in the United States—32.9 percent (Centers for
Disease Control and Prevention, 2013). After that, it appears to
have stabilized. This rise in the total rate was a result of upward
trends in both the primary and the repeat cesarean delivery
rates. Indeed, more than 90 percent of women with a prior
cesarean delivery now undergo a repeat procedure. The forces
involved in these changes in cesarean delivery rates are multi-
factorial and complex. We cite a few examples:

1. The major indication for primary cesarean delivery is dysto-
cia, and there is evidence that this diagnosis has increased.
This is discussed in Chapter 23 (p. 455).

2. 'The sharp decline in vaginal births after cesarean (VBAC)
delivery is closely related to the uterine rupture risk associ-
ated labor with a prior uterine incision. This is discussed
throughout Chapter 31.

3. 'The controversial cesarean delivery on maternal request (CDMR)
contributes to the rise. This is defined as a cesarean delivery
at term for a singleton pregnancy on maternal request in
the absence of any medical or obstetrical indication (Reddy,
2006). This is discussed in Chapter 30 (p. 589).

4. Near-term and term pregnancy labor induction is common-
place, and failed inductions contribute to the cesarean deliv-
ery rate. This is discussed in Chapter 26 (p. 524).

It is not possible to precisely measure the contribution of
each of these components to the all-time-high cesarean delivery
rate. The American College of Obstetricians and Gynecologists
and the Maternal-Fetal Medicine Units Network have
addressed these in an attempt to curtail the rising rate. The
National Institute of Child Health and Human Development
convened a State-of-the-Science Conference in 2006 to pro-
vide an in-depth evaluation of the evidence regarding cesar-
ean delivery on maternal request. To date, there have been no
evidence-based guidelines. Recognizing that repeat operations
constitute a large percentage of cesarean deliveries, the National
Institutes of Health (2010) convened a consensus conference
entitled Vaginal Birth after Cesarean: New Insights. The findings
are discussed in detail in Chapter 31 (p. 609), but to summa-
rize, they supported a trial of labor for many selected women
with a prior cesarean hysterotomy scar and recommended that
this option be made more available. It is too eatly to conclude
if this recommendation has significantly altered the cesarean
delivery rate.

Genomic Technology

Recent breakthroughs in fetal testing and diagnosis are truly
stunning. In one recent issue of the New England Journal of
Medicine, there were three reports in which prenatal gene
microarray techniques were used for clinical management
(Dugoft, 2012). The advantages of these techniques are outlined
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in Chapters 13 and 14. Wapner and coworkers (2012) com-
pared microarray analysis of maternal blood with karyotyp-
ing for chromosomal anomalies. Reddy and associates (2012)
applied this technology to stillbirth evaluation and reported it
to be superior to karyotyping. The third report by Talkowski
and colleagues (2012) described whole-genome sequencing of
a fetus using maternal blood.

Added to these possibilities is the specter of made-to-order
embryos (Cohen, 2013). These are but a few examples that
illustrate the power of genomic technology to pursue fetal diag-
nosis and possible therapy. At this juncture, there are complex
obstacles to overcome, but with rapid advancement of these
technologies, success is almost assured.

Electronic Health Records

Rising costs, inconsistent quality, and patient safety issues are
significant challenges to the delivery of health care in the United
States. Electronic health records (EHR) have been identified
as a means of improving provider efficiency and effectiveness
(Jha, 2009). Methods to speed the adoption of health informa-
tion technology have received bipartisan support in Congress,
and the American Recovery and Reinvestment Act of 2009 has
made such a system a national priority. This was soon followed
by the Health Information Technology for Economic and Clinical
Health (HITECH) Act. Recent surveys indicate that approxi-
mately half of outpatient practices and hospitals in the United
States are now using EHR. This act also introduced the con-
cept of “meaningful use” EHRs by providers. Classen and Bates
(2011) appropriately note, however, that “meaningful use” does
not necessarily equate with “meaningful benefits.” According
to the American College of Obstetricians and Gynecologists
(2010), studies of effectiveness are critically needed to justify
the safe implementation of these costly electronic computerized
systems.

Health-Care Outcomes Research

Although per capita health-care expenditures in the United
States are the highest in the world, health-care outcomes fre-
quently lag behind those in nations spending far less. A major
factor in this disparity is thought to be expenditure over-
use, underuse, and misuse driven by rationale-based instead
of evidence-based health care. Buried within the 2400 pages
of the landmark health-care reform bill signed into law by
President Barack Obama are several provisions that touch on
clinical research (Kaiser, 2010). Two are aimed at determin-
ing which health-care interventions work best and identify-
ing financial conflicts of researchers. A third provision funds
acceleration of new drug development. Proponents hope these
research studies will improve the quality and lower the cost of
health care by identifying the best treatments. We applaud this
effort. Indeed, we are of the view that systematic prospective
measurement of health-care outcomes as related to treatments
prescribed should be an on-going requirement for the practice
of medicine.

Much publicity followed the report by the Institute of
Medicine entitled 7o Err Is Human (Kohn, 2000). This report
greatly increased interest in measuring health-care outcomes

and adverse events (Grobman, 2006). Even the United States
Congress has determined that reimbursements by Medicare
and Medicaid should be indexed to selected health-care out-
comes. Specifically, a wide, often dizzying spectrum of bench-
marks has been proposed to measure the quality and safety of
obstetrical care. In our view, the greatest impediment to deriv-
ing meaningful measures of obstetrical care is the continued use
of administrative and financial data—instead of clinical data—
to set benchmarks for outcomes.

Regulatory bodies typically evaluate hospital quality using
obstetrical outcomes derived from administrative (financial)
datasets not designed to measure clinical results. Accordingly,
the Maternal-Fetal Medicine Units Network of the National
Institute of Child Health and Human Development under-
took an unprecedented and unparalleled study of obstetrical
outcomes based on carefully collected clinical data (Bailit,
2013). The purpose was to establish risk-adjusted models for
five obstetrical outcomes and then determine if hospital per-
formance could be reliably measured so that hospitals could
be compared. Outcomes studied included postpartum hemor-
rhage, peripartum infection, severe perineal laceration, neo-
natal morbidity, and venous thromboembolism. This study
included 115,502 mother-infant pairs managed for 3 years
at 25 hospitals. Clinical data were abstracted from medical
records by specially trained research nurses using a prespeci-
fied manual of operations. The study clearly demonstrated that
differences between obstetrical outcomes at different hospitals,
when clinically adjusted for preexisting patient characteristics,
cannot be used to accurately compare obstetrical care among
hospitals.

So, what does this mean? It means that the widespread
current practice of ranking obstetrical care at different hospi-
tals based on single outcomes, such as third- or fourth-degree
perineal lacerations, is useless when accurate data are used.
Moreover, use of up to four obstetrical outcomes did not
improve the ability to rank hospitals. Actually, use of more than
one outcome greatly confused the ranking. A given hospital
might rank number one out of 25 hospitals for one obstetrical
outcome and 25 out of 25 for a second outcome. Thus, a given
hospital could be both very good and very bad depending on
the obstetrical outcome analyzed!

Medical Liability

Approximately 12 percent of obstetrician-gynecologists had
at least one malpractice claim each year from 1991 through
2005 (Jena, 2011). The American College of Obstetricians
and Gynecologists periodically surveys its fellows concern-
ing the effect of liability on their practice. The 2012 Survey
on Professional Liability is the 11th such survey since 1983
(Klagholz, 2012). 'The survey reflects experiences of more than
9000 members, and 58 percent of these fellows responded that
some aspect(s) of the liability environment had caused them to
alter their practice since the last survey. Undoubtedly not all of
these changes were positive. Those cited included an increased
cesarean delivery rate, fewer trials of labor after a prior cesarean
delivery, and a decreased number of high-risk patients and total
deliveries (Amon, 2014). Others have chosen to forego obstetrical



practice entirely. Some of these changes have been linked to
states with higher liability premiums (Zwecker, 2011).

Thus, by all accounts, there is still a “liability crisis,” and
the reasons for it are complex. Because it is largely driven by
money and politics, a consensus seems unlikely. Although some
interests are diametrically opposite, other factors contribute to
the complexity of the crisis. For example, each state has its own
laws and opinions of “tort reform.” Meanwhile, liability claims
remain a “hot button” in obstetrics because of their inherent
adversarial nature and the sometimes outlandish plaintiff ver-
dicts that contribute to increasing liability insurance premiums.
In some states, annual premiums for obstetricians approach
$300,000—expenses that at least partially are borne by the
patient and certainly by the entire health-care system. Liability
issues are daunting, and in 2008, all tort costs in the United
States totaled nearly $255 billion. This is an astounding 1.8
percent of the gross domestic product and averages $838 per
citizen (Towers Perrin, 2009). Annas (2013) has provided an
interesting review of two centuries of malpractice law history.
Interestingly, he compares medical malpractice litigation to the
white whale in Melville’s Moby-Dick—evil, ubiquitous, and
seemingly immoral!

The American College of Obstetricians and Gynecologists
has taken a lead in adopting a fair system for malpractice
litigation—or  maloccurrence litigation. The Committee on
Professional Liability has produced several related documents
that help fellows cope with the stresses of litigation, that pro-
vide advice for the obstetrician giving expert testimony, and
that outline recommendations for disclosure of any adverse
events (American College of Obstetricians and Gynecologists,
2013c,d,e).

National liability reform likely will come in some form
with the push for universal medical insurance coverage.
President Obama, in his 2009 address to the American Medical
Association, indicated that national malpractice liability reform
was negotiable. United States Congressman Michael Burgess—
an obstetrician-gynecologist—asked the president to reaffirm
this commitment. We applaud these efforts and wish for their
success.

Home Births

Following a slight decline from 1990 through 2004, according
to the National Center for Health Statistics, the percentage of
home births in the United States increased from 0.56 to 0.72
percent—almost 70 percent—through 2009 (MacDorman,
2012b). But, as is so often the case with data analysis, the “devil
is in the details.” Only 62 percent of these 24,970 home births
were attended by midwives—19 percent by certified nurse mid-
wives and 43 percent by so-called lay midwives with minimal
formal training. The remaining 38 percent of home births were
unplanned—that is, the result of accidental delivery at home
attended by a family member or emergency medical technician.
So is home birth a good idea? Those currently conducted in the
United States in which women are not attended by trained and
certified personnel cannot be considered acceptable. There have
been no randomized trials to test the safety of home deliveries
(Olsen, 2012). Proponents of home births cite success from
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laudatory observational data from European countries such as
England and The Netherlands (Van der Kooy, 2011). Data
from the United States, however, are less convincing and indi-
cate a higher incidence of perinatal morbidity and mortality
(Griinebaum, 2013, 2014; Wasden, 2014; Wax, 2010). These
findings have led Chervenak and coworkers (2013) to question
the ethics of participation in planned home births.

Family Planning Services

Politics and religion over the years have led to various govern-
mental interferences with the reproductive rights of women.
These intrusions have disparately affected indigent women and
adolescents. One example was the consideration by Congress in
1998 for the Title X Parental Notification Act. Reddy and col-
leagues (2002) estimated this bill would have dissuaded almost
half of adolescents younger than 17 years from seeking contra-
ceptive services and care for sexually transmitted disease.

Another example is the tug-of-war over emergency contra-
ception, and more specifically over the morning-after pill (Chap.
38, p. 714). Efforts begun in 2004 by the Bush Administration
to curtail Plan B for over-the-counter sales to women 17 years
and younger was decried appropriately by editorials in the
New England Journal of Medicine (Drazen, 2004; Steinbrook,
2004). This issue was not settled until April 2013 when a fed-
eral district court in New York ordered the Food and Drug
Administration to make emergency contraception available
for over-the-counter sales to all women regardless of age. The
decision was quickly applauded by the American College of
Obstetricians and Gynecologists (2013f). The decision was edi-
torialized as “science prevails” in a subsequent issue of Nature
(2013).

Perhaps the most egregious example of both federal and
state governmental intrusion into women’s reproductive
rights is the often poor availability of federally funded fam-
ily planning services for indigent women. This is despite
all reports of the overwhelming success of such programs.
According to the Guttmacher Institute, publicly funded fam-
ily planning services in 2010 prevented nearly 2.2 million
unintended pregnancies and 760,000 abortions in the United
States. They concluded that without such funding the abor-
tion rate would be nearly two-thirds higher for all women,
and nearly 70-percent higher for adolescents (Frost, 2013).
The American College of Obstetricians and Gynecologists
(2012) has recently reviewed these and other barriers to emer-
gency contraception access.

Abortion

It continues to be a preventable fact that up to a fifth of
pregnancies in this country are terminated by elective abor-
tion (see Table 1-1). According to the American College of
Obstetricians and Gynecologists (2011): “The most effective
way to reduce the number of abortions is to prevent unwanted
and unintended pregnancies.” Importantly, the negative atti-
tudes, beliefs, and policies toward family planning services and
sex education discussed above have helped to contribute to the
more than 800,000 abortions performed yearly in the United
States.
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The history of legislative regulation and federal court deci-
sions regarding abortions is considered in Chapter 18 (p. 363).
The Partial Birth Abortion Ban Act of 2003 has become law,
and in 2007, the Supreme Court ruled that the ban—officially
known as Gonzales v. Carbart—is constitutional. This again
caused editorialists in the New England Journal of Medicine to
decry the intrusion of government into medicine (Charo, 2007;
Drazen, 2007; Greene, 2007). More ominous are restrictive
state laws—many of which have been or will be ruled uncon-
stitutional—which according to some will drive Roe v. Wade
back to the Supreme Court.
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An understanding of female pelvic and lower abdominal wall
anatomy is essential for obstetrical practice. Although consis-
tent relationships between these structures are the norm, there
may be marked variation in individual women. This is espe-
cially true for major blood vessels and nerves.

ANTERIOR ABDOMINAL WALL

Skin, Subcutaneous Layer, and Fascia

The anterior abdominal wall confines abdominal viscera,
stretches to accommodate the expanding uterus, and provides
surgical access to the internal reproductive organs. Thus, a com-
prehensive knowledge of its layered structure is required to sur-
gically enter the peritoneal cavity.

Langer lines describe the orientation of dermal fibers within
the skin. In the anterior abdominal wall, they are arranged
transversely. As a result, vertical skin incisions sustain increased
lateral tension and thus, in general, develop wider scars. In con-
trast, low transverse incisions, such as the Pfannenstiel, follow
Langer lines and lead to superior cosmetic results.

The subcutaneous layer can be separated into a superfi-
cial, predominantly fatty layer—Camper fascia, and a deeper
membranous layer—Scarpa fascia. Camper fascia continues
onto the perineum to provide fatty substance to the mons
pubis and labia majora and then to blend with the fat of the
ischioanal fossa. Scarpa fascia continues inferiorly onto the

perineum as Colles fascia (p. 22). As a result, perineal infec-
tion or hemorrhage superficial to Colles fascia has the abil-
ity to extend upward to involve the superficial layers of the
abdominal wall.

Beneath the subcutaneous layer, the anterior abdominal wall
muscles consist of the midline rectus abdominis and pyramida-
lis muscles as well as the external oblique, internal oblique, and
transversus abdominis muscles, which extend across the entire
wall (Fig. 2-1). The fibrous aponeuroses of these three latter
muscles form the primary fascia of the anterior abdominal wall.
These fuse in the midline at the linea alba, which normally mea-
sures 10 to 15 mm wide below the umbilicus (Beer, 2009). An
abnormally wide separation may reflect diastasis recti or hernia.

These three aponeuroses also invest the rectus abdominis
muscle as the rectus sheath. The construction of this sheath
varies above and below a boundary, termed the arcuate line
(Fig. 2-2). Cephalad to this border, the aponeuroses invest the
rectus abdominis bellies on both dorsal and ventral surfaces.
Caudal to this line, all aponeuroses lie ventral or superficial to
the rectus abdominis muscle, and only the thin transversalis fas-
cia and peritoneum lie beneath the rectus (Loukas, 2008). This
transition of rectus sheath composition can be seen best with
a midline abdominal incision. Last, the paired small triangular
pyramidalis muscles originate from the pubic crest, insert into
the linea alba, and lie atop the rectus abdominis muscle but
beneath the anterior rectus sheath.

Blood Supply

The superficial epigastric, superficial circumflex iliac, and
superficial external pudendal arteries arise from the femoral
artery just below the inguinal ligament within the femoral tri-
angle. These vessels supply the skin and subcutaneous layers
of the anterior abdominal wall and mons pubis. Of surgical
importance, the superficial epigastric vessels, from their origin,
course diagonally toward the umbilicus. With a low transverse
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FIGURE 2-1 Anterior abdominal wall anatomy. (From Corton, 2012, with permission.)

skin incision, these vessels can usually be identified at a depth
halfway between the skin and the anterior rectus sheath, above
Scarpa fascia, and several centimeters from the midline.

In contrast, the inferior “deep” epigastric vessels and deep
circumflex iliac vessels are branches of the external iliac vessels.
They supply the muscles and fascia of the anterior abdominal
wall. Of surgical relevance, the inferior epigastric vessels ini-
tially course lateral to, then posterior to the rectus abdominis
muscles, which they supply. These vessels then pass ventral to
the posterior rectus sheath and course between the sheath and
the rectus muscles. Near the umbilicus, these vessels anasto-
mose with the superior epigastric artery and veins, which are
branches of the internal thoracic vessels. When a Maylard inci-
sion is used for cesarean delivery, the inferior epigastric artery
may be lacerated lateral to the rectus belly during muscle tran-
section. These vessels rarely may rupture following abdominal
trauma and create a rectus sheath hematoma (Tolcher, 2010).

On each side of the lower anterior abdominal wall, Hesselbach
triangle is the region bounded laterally by the inferior epigastric
vessels, inferiorly by the inguinal ligament, and medially by
the lateral border of the rectus muscle. Hernias that protrude
through the abdominal wall in Hesselbach triangle are termed

direct inguinal hernias. In contrast, indirect inguinal hernias do
so through the deep inguinal ring, which lies lateral to this tri-
angle, and then may exit out the superficial inguinal ring.

Innervation

The anterior abdominal wall is innervated by intercostal nerves
(T;.11), the subcostal nerve (T,), and the iliohypogastric and
the ilioinguinal nerves (L,). Of these, the intercostal and sub-
costal nerves are anterior rami of the thoracic spinal nerves and
run along the lateral and then anterior abdominal wall between
the transversus abdominis and internal oblique muscles. This
space is termed the transversus abdominis plane. Near the rec-
tus abdominis lateral borders, these nerve branches pierce the
posterior sheath, rectus muscle, and then anterior sheath to
reach the skin. Thus, these nerve branches may be severed dur-
ing a Pfannenstiel incision at the point in which the overlying
anterior rectus sheath is separated from the rectus muscle.

In contrast, the iliohypogastric and ilioinguinal nerves
originate from the anterior ramus of the first lumbar spinal
nerve. They emerge lateral to the psoas muscle and travel ret-
roperitoneally across the quadratus lumborum inferomedially
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FIGURE 2-2 Transverse sections of anterior abdominal wall above (A) and below (B) the arcuate line. (From Corton, 2012, with permission.)

toward the iliac crest. Near this crest, both nerves pierce the
transversus abdominis muscle and course ventrally. At a site
2 to 3 cm medial to the anterior superior iliac spine, the nerves
then pierce the internal oblique muscle and course superficial
to it toward the midline (Whiteside, 2003). The iliohypogastric
nerve perforates the external oblique aponeurosis near the lat-
eral rectus border to provide sensation to the skin over the
suprapubic area. The ilioinguinal nerve in its course medially
travels through the inguinal canal and exits through the superfi-
cial inguinal ring, which forms by splitting of external abdomi-
nal oblique aponeurosis fibers. This nerve supplies the skin of
the mons pubis, upper labia majora, and medial upper thigh.
The ilioinguinal and iliohypogastric nerves can be severed
during a low transverse incision or entrapped during closure,
especially if incisions extend beyond the lateral borders of the
rectus muscle (Rahn, 2010). These nerves carry sensory infor-
mation only, and injury leads to loss of sensation within the
areas supplied. Rarely, however, chronic pain may develop.
The T, dermatome approximates the level of the umbili-
cus. As discussed in Chapter 25 (p. 511), regional analgesia for
cesarean delivery or for puerperal sterilization ideally blocks T,
through L, levels. In addition, a transversus abdominis plane
block can provide broad blockade to the nerves that traverse this
plane and may be placed postcesarean to reduce analgesia require-
ments (Mishriky, 2012). There are also reports of rectus sheath

block or ilioinguinal-ilichypogastric nerve block to decrease post-
operative pain (Mei, 2011; Sviggum, 2012; Wolfson, 2012).

EXTERNAL GENERATIVE ORGANS

Vulva

Mons Pubis, Labia, and Clitoris

The pudenda—commonly designated the vulva—includes all
structures visible externally from the symphysis pubis to the
perineal body. This includes the mons pubis, labia majora and
minora, clitoris, hymen, vestibule, urethral opening, greater ves-
tibular or Bartholin glands, minor vestibular glands, and paraure-
thral glands (Fig. 2-3). The embryology of the external genitalia is
discussed in Chapter 7 (p. 144), and its innervations and vascular
support are described with the pudendal nerve (p. 24).

The mons pubis, also called the mons veneris, is a fat-filled
cushion overlying the symphysis pubis. After puberty, the mons
pubis skin is covered by curly hair that forms the escutcheon. In
women, hair is distributed in a triangle, whose base covers the
upper margin of the symphysis pubis and whose tip ends at the
clitoris. In men and some hirsute women, the escutcheon is not
so well circumscribed and extends onto the anterior abdominal
wall toward the umbilicus.
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FIGURE 2-3 Vulvar structures and subcutaneous layer of the anterior perineal triangle. Note the continuity of Colles and Scarpa fasciae.
Inset: Vestibule boundaries and openings onto the vestibule. (From Corton, 2012, with permission.)

Embryologically, the labia majora are homologous with the
male scrotum. Labia vary somewhat in appearance, principally
according to the amount of fat they contain. They are 7 to 8 cm
in length, 2 to 3 cm in depth, and 1 to 1.5 cm in thickness. They
are continuous directly with the mons pubis superiorly, and the
round ligaments terminate at their upper borders. Posteriorly,
the labia majora taper and merge into the area overlying the
perineal body to form the posterior commissure.

Hair covers the labia majora outer surface but is absent on
their inner surface. In addition, apocrine, eccrine, and seba-
ceous glands are abundant. Beneath the skin, there is a dense
connective tissue layer, which is nearly void of muscular ele-
ments but is rich in elastic fibers and adipose tissue. This mass
of fat provides bulk to the labia majora and is supplied with a
rich venous plexus. During pregnancy, this vasculature com-
monly develops varicosities, especially in parous women, from
increased venous pressure created by the enlarging uterus. They
appear as engorged tortuous veins or as small grapelike clusters,
but they are typically asymptomatic.

Each labium minus is a thin tissue fold that lies medial to
each labium majus. In males, its homologue forms the ventral
shaft of the penis. The labia minora extend superiorly, where
each divides into two lamellae. From each side, the lower lamel-
lac fuse to form the frenulum of the clitoris, and the upper
merge to form the prepuce. Inferiorly, the labia minora extend
to approach the midline as low ridges of tissue that join to
form the fourchette. The size of the labia minora varies greatly
among individuals, with lengths from 2 to 10 cm and widths
from 1 to 5 cm (Lloyd, 2005).

Structurally, the labia minora are composed of connec-
tive tissue with numerous vessels, elastin fibers, and very
few smooth muscle fibers. They are supplied with many
nerve endings and are extremely sensitive (Ginger, 2011a).
The epithelia of the labia minora vary with location. Thinly
keratinized stratified squamous epithelium covers the outer
surface of each labium. On their inner surface, the lateral
portion is covered by this same epithelium up to a demar-
cating line—Hart line. Medial to this line, each labium is
covered by squamous epithelium that is nonkeratinized.
The labia minora lack hair follicles, eccrine glands, and
apocrine glands. However, there are many sebaceous glands
(Wilkinson, 2011).

The clitoris is the principal female erogenous organ and is
the erectile homologue of the penis. It is located beneath the
prepuce, above the frenulum and urethra, and projects down-
ward and inward toward the vaginal opening. The clitoris rarely
exceeds 2 cm in length and is composed of a glans, a corpus
or body, and two crura (Verkauf, 1992). The glans is usually
less than 0.5 cm in diameter, is covered by stratified squamous
epithelium, and is richly innervated. The clitoral body contains
two corpora cavernosa. Extending from the clitoral body, each
corpus cavernosum diverges laterally to form a long, narrow
crus. Each crus lies along the inferior surface of its respective
ischiopubic ramus and deep to the ischiocavernosus muscle.
The clitoral blood supply stems from branches of the internal
pudendal artery. Specifically, the deep artery of the clitoris sup-
plies the clitoral body, whereas the dorsal artery of the clitoris
supplies the glans and prepuce.
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Vestibule

This is the functionally mature female structure derived from
the embryonic urogenital membrane. In adult women, it is an
almond-shaped area that is enclosed by Hart line laterally, the
external surface of the hymen medially, the clitoral frenulum
anteriorly, and the fourchette posteriorly. The vestibule usually is
perforated by six openings: the urethra, the vagina, two Bartholin
gland ducts, and at times, two ducts of the largest paraurethral
glands—the Skene glands. The posterior portion of the vestibule
between the fourchette and the vaginal opening is called the fossa
navicularis. It is usually observed only in nulliparas.

The bilateral Bartholin glands, also termed greater vestibular
glands, are major glands that measure 0.5 to 1 cm in diameter.
On their respective side, each lies inferior to the vascular ves-
tibular bulb and deep to the inferior end of the bulbocavernosus
muscle. The duct from each measures 1.5 to 2 cm long and opens
distal to the hymeneal ring—one at 5 and the other at 7 o’clock
on the vestibule. Following trauma or infection, either duct may
swell and obstruct to form a cyst or, if infected, an abscess. In
contrast, the minor vestibular glands are shallow glands lined by
simple mucin-secreting epithelium and open along Hart line.

The paraurethral glands are a collective arborization of
glands whose multiple small ducts open predominantly along
the entire inferior aspect of the urethra. The two largest are
called Skene glands, and their ducts typically lie distally and
near the urethral meatus. Clinically, inflammation and duct
obstruction of any of the paraurethral glands can lead to ure-
thral diverticulum formation.
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The lower two thirds of the urethra lie immediately above
the anterior vaginal wall. The urethral opening or meatus is in
the midline of the vestibule, 1 to 1.5 cm below the pubic arch,
and a short distance above the vaginal opening.

Vagina and Hymen

In adult women, the hymen is a membrane of varying thickness
that surrounds the vaginal opening more or less completely. It
is composed mainly of elastic and collagenous connective tissue,
and both outer and inner surfaces are covered by nonkeratinized
stratified squamous epithelium. The aperture of the intact
hymen ranges in diameter from pinpoint to one that admits
one or even two fingertips. Imperforate hymen is a rare mal-
formation in which the vaginal orifice is occluded completely,
causing retention of menstrual blood (Chap. 3, p. 38). As a rule,
the hymen is torn at several sites during first coitus. However,
identical tears may occur by other penetration, for example,
by tampons used during menstruation. The edges of the torn
tissue soon reepithelialize. In pregnant women, the hymeneal
epithelium is thick and rich in glycogen. Changes produced in
the hymen by childbirth are usually readily recognizable. For
example, over time, the hymen transforms into several nodules
of various sizes, termed hymeneal or myrtiform caruncles.
Proximal to the hymen, the vagina is a musculomembra-
nous tube that extends to the uterus and is interposed length-
wise between the bladder and the rectum (Fig. 2-4). Anteriorly,
the vagina is separated from the bladder and urethra by connec-
tive tissue—the vesicovaginal septum. Posteriorly, between the
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FIGURE 2-4 Vagina and surrounding anatomy. (From Corton, 2012, with permission.)



lower portion of the vagina and the rectum, there are similar
tissues that together form the rectovaginal septum. The upper
fourth of the vagina is separated from the rectum by the recto-
uterine pouch, also called the cul-de-sac or pouch of Douglas.

Normally, the anterior and posterior walls of the vaginal
lumen lie in contact, with only a slight space intervening at
the lateral margins. Vaginal length varies considerably, but
commonly, the anterior wall measures 6 to 8 cm, whereas the
posterior vaginal wall is 7 to 10 cm. The upper end of the vagi-
nal vault is subdivided into anterior, posterior, and two lateral
fornices by the cervix. These are of considerable clinical impor-
tance because the internal pelvic organs usually can be palpated
through the thin walls of these fornices. Moreover, the poste-
rior fornix provides surgical access to the peritoneal cavity.

At the midportion of the vagina, its lateral walls are attached
to the pelvis by visceral connective tissue. These lateral attach-
ments blend into investing fascia of the levator ani. In doing so,
they create the anterior and posterior lateral vaginal sulci. These
run the length of the vaginal sidewalls and give the vagina an
H shape when viewed in cross section.

The vaginal lining is composed of nonkeratinized stratified
squamous epithelium and underlying lamina propria. In pre-
menopausal women, this lining is thrown into numerous thin
transverse ridges, known as rugae, which line the anterior and
posterior vaginal walls along their length. Deep to this, there is
a muscular layer, which contains smooth muscle, collagen, and
elastin. Beneath this muscularis lies an adventitial layer consist-
ing of collagen and elastin (Weber, 1997).

There are no vaginal glands. Instead, the vagina is lubricated
by a transudate that originates from the vaginal subepithelial
capillary plexus and crosses the permeable epithelium (Kim,
2011). Due to increased vascularity during pregnancy, vaginal
secretions are notably increased. At times, this may be con-
fused with amnionic fluid leakage, and clinical differentiation
of these two is described in Chapter 22 (p. 448).
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After birth-related epithelial trauma and healing, fragments
of stratified epithelium occasionally are embedded beneath
the vaginal surface. Similar to its native tissue, this buried epi-
thelium continues to shed degenerated cells and keratin. As
a result, firm epidermal inclusion cysts, which are filled with
keratin debris, may form and are a common vaginal cyst.

The vagina has an abundant vascular supply. The proximal
portion is supplied by the cervical branch of the uterine artery
and by the vaginal artery. The latter may variably arise from
the uterine or inferior vesical or directly from the internal iliac
artery. The middle rectal artery contributes supply to the poste-
rior vaginal wall, whereas the distal walls receive contributions
from the internal pudendal artery. At each level, blood supply
from each side forms anastomoses on the anterior and posterior
vaginal walls with contralateral corresponding vessels.

An extensive venous plexus immediately surrounds the
vagina and follows the course of the arteries. Lymphatics from
the lower third, along with those of the vulva, drain primarily
into the inguinal lymph nodes. Those from the middle third
drain into the internal iliac nodes, and those from the upper
third drain into the external, internal, and common iliac nodes.

Perineum

This diamond-shaped area between the thighs has boundaries
that mirror those of the bony pelvic outlet: the pubic symphysis
anteriorly, ischiopubic rami and ischial tuberosities anterolater-
ally, sacrotuberous ligaments posterolaterally, and coccyx pos-
teriorly. An arbitrary line joining the ischial tuberosities divides
the perineum into an anterior triangle, also called the urogenital
triangle, and a posterior triangle, termed the anal triangle.

The perineal body is a fibromuscular mass found in the
midline at the junction between these anterior and poste-
rior triangles (Fig. 2-5). Also called the central tendon of the
perineum, the perineal body measures 2 cm tall and wide and
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FIGURE 2-5 Superficial space of the anterior triangle and posterior perineal triangle. Structures on the left side of the image can be
seen after removal of Colles fascia. Those on the right side are noted after removal of the superficial muscles of the anterior triangle.

(From Corton, 2012, with permission.)
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1.5 cm thick. It serves as the junction for several structures and
provides significant perineal support (Shafik, 2007; Woodman,
2002). Superficially, the bulbocavernosus, superficial transverse
perineal, and external anal sphincter muscles converge on the
central tendon. More deeply, the perineal membrane, por-
tions of the pubococcygeus muscle, and internal anal sphinc-
ter contribute (Larson, 2010). The perineal body is incised by
an episiotomy incision and is torn with second-, third-, and
fourth-degree lacerations.

Superficial Space of the Anterior Triangle

This triangle is bounded by the pubic rami superiorly, the
ischial tuberosities laterally, and the superficial transverse peri-
neal muscles posteriorly. It is divided into superficial and deep
spaces by the perineal membrane. This membranous partition
is a dense fibrous sheet that was previously known as the infe-
rior fascia of the urogenital diaphragm. The perineal membrane
attaches laterally to the ischiopubic rami, medially to the dis-
tal third of the urethra and vagina, posteriorly to the perineal
body, and anteriorly to the arcuate ligament of the pubis.

The superficial space of the anterior triangle is bounded
deeply by the perineal membrane and superficially by Colles
fascia. As noted earlier, Colles fascia is the continuation of
Scarpa fascia onto the perineum. On the perineum, Colles fas-
cia securely attaches laterally to the pubic rami and fascia lata of
the thigh, inferiorly to the superficial transverse perineal muscle
and inferior border of the perineal membrane, and medially to
the urethra, clitoris, and vagina. As such, the superficial space
of the anterior triangle is a relatively closed compartment, and
expanding infection or hematoma within it may bulge yet
remains contained.

This superficial pouch contains several important structures,
which include the Bartholin glands, vestibular bulbs, clitoral
body and crura, branches of the pudendal vessels and nerve,
and the ischiocavernosus, bulbocavernosus, and superficial
transverse perineal muscles. Of these muscles, the ischiocaver-
nosus muscles each attach on their respective side to the medial
aspect of the ischial tuberosity inferiorly and the ischiopubic
ramus laterally. Anteriorly, each attaches to a clitoral crus and
may help maintain clitoral erection by compressing the crus
to obstruct venous drainage. The bilateral bulbocavernosus
muscles overlie the vestibular bulbs and Bartholin glands. They
attach to the body of the clitoris anteriorly and the perineal
body posteriorly. The muscles constrict the vaginal lumen and
aid release of secretions from the Bartholin glands. They also
may contribute to clitoral erection by compressing the deep
dorsal vein of the clitoris. The bulbocavernosus and ischiocaver-
nosus muscles also pull the clitoris downward. Last, the superfi-
cial transverse perineal muscles are narrow strips that attach to
the ischial tuberosities laterally and the perineal body medially.
They may be attenuated or even absent, but when present, they
contribute to the perineal body (Corton, 2012).

Embryologically, the vestibular bulbs correspond to the
corpora spongiosa of the penis. These almond-shaped aggre-
gations of veins are 3 to 4 cm long, 1 to 2 cm wide, and 0.5
to 1 cm thick and lie beneath the bulbocavernosus muscle on
either side of the vestibule. The bulbs terminate inferiorly at
approximately the middle of the vaginal opening and extend

upward toward the clitoris. Their anterior extensions merge in
the midline, below the clitoral body. During childbirth, veins
in the vestibular bulbs may be lacerated or even rupture to cre-
ate a vulvar hematoma enclosed within the superficial space of
the anterior triangle.

Deep Space of the Anterior Triangle

This space lies deep to the perineal membrane and extends up
into the pelvis (Fig. 2-6) (Mirilas, 2004). In contrast to the
superficial perineal space, the deep space is continuous superi-
otly with the pelvic cavity (Corton, 2005). It contains portions
of urethra and vagina, certain portions of internal pudendal
artery branches, and the compressor urethrae and urethrovagi-
nal sphincter muscles, which comprise part of the striated uro-
genital sphincter complex.

Pelvic Diaphragm

Found deep to the anterior and posterior triangles, this
broad muscular sling provides substantial support to the pel-
vic viscera. The pelvic diaphragm is composed of the levator
ani and the coccygeus muscle. The levator ani is composed of
the pubococcygeus, puborectalis, and iliococcygeus muscles.
The pubococcygeus muscle is also termed the pubovisceral
muscle and is subdivided based on points of insertion and
function. These include the pubovaginalis, puboperinealis,
and puboanalis muscles, which insert into the vaginal, perineal
body, and anus, respectively (Kearney, 2004).

Vaginal birth conveys significant risk for damage to the
levator ani or to its innervation (Delancey, 2003; Weidner,
2006). Of these muscles, the pubovisceral muscle is more com-
monly damaged (Lien, 2004; Margulies, 2007). Evidence sup-
ports that these injuries may predispose women to greater risk
of pelvic organ prolapse or urinary incontinence (DeLancey,
2007a,b; Rortveit, 2003). For this reason, current research
efforts are aimed at minimizing these injuries.

Posterior Triangle

This triangle contains the ischioanal fossae, anal canal, and anal
sphincter complex, which consists of the internal anal sphinc-
ter, external anal sphincter, and puborectalis muscle. Branches
of the pudendal nerve and internal pudendal vessels are also
found within this triangle.

Ischioanal Fossae. Also known as ischiorectal fossae, these
two fat-filled wedge-shaped spaces are found on either side of
the anal canal and comprise the bulk of the posterior triangle
(Fig. 2-7). Each fossa has skin as its superficial base, whereas
its deep apex is formed by the junction of the levator ani and
obturator internus muscle. Other borders include: laterally, the
obturator internus muscle fascia and ischial tuberosity; infero-
medially, the anal canal and sphincter complex; superomedially,
the inferior fascia of the downwardly sloping levator ani; poste-
riorly, the gluteus maximus muscle and sacrotuberous ligament;
and anteriorly, the inferior border of the anterior triangle.

The fat found within each fossa provides support to sur-
rounding organs yet allows rectal distention during defecation
and vaginal stretching during delivery. Clinically, injury to ves-
sels in the posterior triangle can lead to hematoma formation
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FIGURE 2-6 Deep space of the anterior triangle of the perineum. Structures on the right side of the image can be seen after removal
of the perineal membrane. Also shown are structures that attach to the perineal body: bulbocavernosus, superficial transverse perineal,
external anal sphincter, and puboperinealis muscles as well as the perineal membrane. (From Corton, 2012, with permission.)

in the ischioanal fossa, and the potential for large accumulation
in these easily distensible spaces. Moreover, the two fossae com-
municate dorsally, behind the anal canal. This can be especially
important because an episiotomy infection or hematoma may
extend from one fossa into the other.

Anal Canal. This distal continuation of the rectum begins at
the level of levator ani attachment to the rectum and ends at
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the anal skin. Along this 4- to 5-cm length, the mucosa consists
of columnar epithelium in the uppermost portion, but at the
dentate or pectinate line, simple stratified squamous epithelium
begins and continues to the anal verge. Here, keratin and skin
adnexa join the squamous epithelium.

The anal canal has several lateral tissue layers. Inner layers
include the anal mucosa, the internal anal sphincter, and an
intersphincteric space that contains continuation of the rectum’s
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FIGURE 2-7 Anal canal and ischioanal fossa. (From Corton, 2012, with permission.)
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longitudinal smooth muscle layer. An outer layer contains the
puborectalis muscle as its cephalad component and the external
anal sphincter caudally.

Within the anal canal, three highly vascularized submucosal
arteriovenous plexuses termed anal cushions aid complete clo-
sure of the canal and fecal continence when apposed. Increasing
uterine size, excessive straining, and hard stool create increased
pressure that ultimately leads to degeneration and subsequent
laxity of the cushion’s supportive connective tissue base. These
cushions then protrude into and downward through the anal
canal. This leads to venous engorgement within the cushions—
now termed hemorrhoids. Venous stasis results in inflamma-
tion, erosion of the cushion’s epithelium, and then bleeding.

External hemorrhoids are those that arise distal to the pec-
tinate line. They are covered by stratified squamous epithelium
and receive sensory innervation from the inferior rectal nerve.
Accordingly, pain and a palpable mass are typical complaints.
Following resolution, a hemorrhoidal tag may remain and is
composed of redundant anal skin and fibrotic tissue. In con-
trast, internal hemorrhoids are those that form above the den-
tate line and are covered by insensitive anorectal mucosa. These
may prolapse or bleed but rarely become painful unless they
undergo thrombosis or necrosis.

Anal Sphincter Complex. Two sphincters surround the anal
canal to provide fecal continence—the external and internal
anal sphincters. Both lie proximate to the vagina, and one or
both may be torn during vaginal delivery. The internal anal
sphincter (IAS) is a distal continuation of the rectal circular
smooth muscle layer. It receives predominantly parasympathetic
fibers, which pass through the pelvic splanchnic nerves. Along
its length, this sphincter is supplied by the superior, middle,
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and inferior rectal arteries. The IAS contributes the bulk of anal
canal resting pressure for fecal continence and relaxes prior to
defecation. The IAS measures 3 to 4 cm in length, and ar its
distal margin, it overlaps the external sphincter for 1 to 2 cm
(DeLancey, 1997; Rociu, 2000). The distal site at which this
overlap ends, called the intersphincteric groove, is palpable on
digital examination.

In contrast, the external anal sphincter (EAS) is a striated
muscle ring that anteriorly attaches to the perineal body and
that posteriorly connects to the coccyx via the anococcygeal
ligament. The EAS maintains a constant resting contraction to
aid continence, provides additional squeeze pressure when con-
tinence is threatened, yet relaxes for defecation. Traditionally,
the EAS has been described as three parts, which include the
subcutaneous, superficial, and deep portions. However, many
consider the deep portion to be composed fully or in part by
the puborectalis muscle (Raizada, 2008). The external sphincter
receives blood supply from the inferior rectal artery, which is
a branch of the internal pudendal artery. Somatic motor fibers
from the inferior rectal branch of the pudendal nerve supply
innervation. Clinically, the IAS and EAS may be involved in
fourth-degree laceration during vaginal delivery, and reunion

of these rings is integral to defect repair (Chap. 27, p. 548).

Pudendal Nerve

This is formed from the anterior rami of S, 4 spinal nerves
(Fig. 2-8). It courses between the piriformis and coccygeus
muscles and exits through the greater sciatic foramen at a loca-
tion posterior to the sacrospinous ligament and just medial to
the ischial spine (Barber, 2002). Thus, when injecting local
anesthetic for a pudendal nerve block, the ischial spine serves
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FIGURE 2-8 Pudendal nerve and vessels. (From Corton, 2012, with permission.)



an identifiable landmark (Chap. 25, p. 508). The pudendal
nerve then runs beneath the sacrospinous ligament and above
the sacrotuberous ligament as it reenters the lesser sciatic fora-
men to course along the obturator internus muscle. Atop this
muscle, the nerve lies within the pudendal canal, also known
as Alcock canal, which is formed by splitting of the obturator
internus investing fascia (Shafik, 1999). In general, the puden-
dal nerve is relatively fixed as it courses behind the sacrospinous
ligament and within the pudendal canal. Accordingly, it may be
at risk of stretch injury during downward displacement of the
pelvic floor during childbirth (Lien, 2005).

The pudendal nerve leaves this canal to enter the perineum
and divides into three terminal branches. Of these, the dorsal
nerve of the clitoris runs between the ischiocavernosus muscle
and perineal membrane to supply the clitoral glans (Ginger,
2011b). The perineal nerve runs superficial to the perineal
membrane (Montoya, 2011). It divides into posterior labial
branches and muscular branches, which serve the labial skin
and the anterior perineal triangle muscles, respectively. The
inferior rectal branch runs through the ischioanal fossa to
supply the external anal sphincter, the anal mucosa, and the
perianal skin (Mahakkanukrauh, 2005). The major blood sup-
ply to the perineum is via the internal pudendal artery, and its
branches mirror the divisions of the pudendal nerve.

INTERNAL GENERATIVE ORGANS

Uterus

The nonpregnant uterus is situated in the pelvic cavity between
the bladder anteriorly and the rectum posteriorly. Almost the
entire posterior wall of the uterus is covered by serosa, that
is, visceral peritoneum (Fig. 2-9). The lower portion of this
peritoneum forms the anterior boundary of the rectouterine
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cul-de-sac, or pouch of Douglas. Only the upper portion of
the anterior wall of the uterus is so covered. The peritoneum in
this area reflects forward onto the bladder dome to create the
vesicouterine pouch. The lower portion of the anterior uterine
wall is united to the posterior wall of the bladder by a well-
defined loose connective tissue layer—the vesicouterine space.
Clinically, during cesarean delivery, the peritoneum of the vesi-
couterine pouch is sharply incised, and the vesicouterine space
is entered. Dissection caudally within this space lifts the blad-
der off the lower uterine segment for hysterotomy and delivery
(Chap. 30, p. 593).

The uterus is pear shaped and consists of two major but
unequal parts. There is an upper triangular portion—the body
or corpus, and a lower, cylindrical portion—the cervix, which
projects into the vagina. The isthmus is the union site of these
two. It is of special obstetrical significance because it forms the
lower uterine segment during pregnancy. At each superolateral
margin of the body is a uterine cornu, from which a fallopian
tube emerges. Also in this area are the origins of the round and
uteroovarian ligaments. Between the points of fallopian tube
insertion is the convex upper uterine segment termed the fundus.

The bulk of the uterine body, but not the cervix, is muscle.
The inner surfaces of the anterior and posterior walls lie almost
in contact, and the cavity between these walls forms a mere slit.
The nulligravid uterus measures 6 to 8 cm in length compared
with 9 to 10 cm in multiparous women. The uterus averages
60 g and typically weighs more in parous women (Langlois,
19705 Sheikhazadi, 2010). In nulligravidas, the fundus and cer-
vix are approximately equal in length, but in multiparas, the
cervix is only a little more than a third of the total length.

Pregnancy stimulates remarkable uterine growth due to
muscle fiber hypertrophy. The uterine fundus, a previously flat-
tened convexity between tubal insertions, now becomes dome
shaped. Moreover, the round ligaments appear to insert at the

Anterior

Lateral

Posterior

FIGURE 2-9 Anterior (A), right lateral (B), and posterior (€) views of the uterus of an adult woman. a = fallopian tube; b = round

ligament; ¢ = uteroovarian ligament; Ur = ureter.
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FIGURE 2-10 Uterus, adnexa, and associated anatomy. (From Corton, 2012, with permission.)

junction of the middle and upper thirds of the organ. The fallo-

pian tubes elongate, but the ovaries grossly appear unchanged.

Cervix

The cervical portion of the uterus is fusiform and open at each
end by small apertures—the internal and external cervical ora.
Proximally, the upper boundary of the cervix is the internal
os, which corresponds to the level at which the peritoneum is
reflected up onto the bladder. The upper cervical segment—the
portio supravaginalis, lies above the vagina’s attachment to the
cervix (Fig. 2-10). It is covered by peritoneum on its poste-
rior surface, the cardinal ligaments attach laterally, and it is
separated from the overlying bladder by loose connective tis-
sue. The lower cervical portion protrudes into the vagina as the
portio vaginalis. Before childbirth, the external cervical os is a
small, regular, oval opening. After labor, especially vaginal child-
birth, the orifice is converted into a transverse slit that is divided
such that there are the so-called anterior and posterior cervical
lips. If torn deeply during labor or delivery, the cervix may heal
in such a manner that it appears irregular, nodular, or stellate.

The portion of the cervix exterior to the external os is called
the ectocervix and is lined predominantly by nonkeratinized
stratified squamous epithelium. In contrast, the endocervical
canal is covered by a single layer of mucin-secreting columnar
epithelium, which creates deep cleftlike infoldings or “glands.”
Commonly during pregnancy, the endocervical epithelium
moves out and onto the ectocervix in a physiological process
termed eversion (Chap. 4, p. 48).

The cervical stroma is composed mainly of collagen, elastin,
and proteoglycans, but very little smooth muscle. Changes in

the amount, composition, and orientation of these components
lead to cervical ripening prior to labor onset. In early preg-
nancy, increased vascularity within the cervix stroma beneath
the epithelium creates an ectocervical blue tint that is charac-
teristic of Chadwick sign. Cervical edema leads to softening—
Goodell sign, whereas isthmic softening is Hegar sign.

Myometrium and Endometrium

Most of the uterus is composed of myometrium, which is
smooth muscle bundles united by connective tissue contain-
ing many elastic fibers. Interlacing myometrial fibers surround
myometrial vessels and contract to compress these. As shown
in Figure 2-11, this anatomy is integral to hemostasis at the
placental site during the third stage of labor.

The number of myometrial muscle fibers varies by location
(Schwalm, 1966). Levels progressively diminish caudally such
that, in the cervix, muscle makes up only 10 percent of the tis-
sue mass. In the uterine body inner wall, there is relatively more
muscle than in outer layers. And, in the anterior and posterior
walls, there is more muscle than in the lateral walls. During
pregnancy, the upper myometrium undergoes marked hyper-
trophy, but there is no significant change in cervical muscle
content.

The uterine cavity is lined with endometrium, which is com-
posed of an overlying epithelium, invaginating glands, and a
supportive, vascular stroma. As discussed in Chapter 5 (p. 84),
the endometrium varies greatly throughout the menstrual cycle
and during pregnancy. This layer is divided into a functionalis
layer, which is sloughed with menses, and a basalis layer, which
serves to regenerate the functionalis layer following each menses.
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Ligaments

There are several ligaments that extend from the uterine surface
toward the pelvic sidewalls and include the round, broad, cardi-
nal, and uterosacral ligaments (Figs. 2-9 and 2-12). The round
ligament corresponds embryologically to the male gubernacu-
lum testis (Acién, 2011). It originates somewhat below and
anterior to the origin of the fallopian tubes. Clinically, this
orientation can aid in fallopian tube identification during
puerperal sterilization. This is important if pelvic adhesions
limit tubal mobility and thus, limit fimbria visualization prior
to tubal ligation. Each round ligament extends laterally and
downward into the inguinal canal, through which it passes, to

terminate in the upper portion of the labium majus. Sampson
artery, a branch of the uterine artery, runs within this ligament.
In nonpregnant women, the round ligament varies from 3 to
5 mm in diameter and is composed of smooth muscle bundles
separated by fibrous tissue septa (Mahran, 1965). During preg-
nancy, these ligaments undergo considerable hypertrophy and
increase appreciably in both length and diameter.

The broad ligaments are two winglike structures that extend
from the lateral uterine margins to the pelvic sidewalls. With
vertical sectioning through this ligament proximate to the uterus,
a triangular shape can be seen, and the uterine vessels and ureter
are found at its base. The broad ligaments divide the pelvic cavity

into anterior and posterior compartments. Each broad ligament

FIGURE 2-11 Smooth muscle fibers of the myometrium compress ~ consists of a fold of peritoneum termed the anterior and pos-
traversing blood vessels when contracted. terior leaves. This peritoneum drapes over structures extending

from each cornu. Peritoneum that overlies the fallopian tube is

Ureter

Peritoneum (cut edge
Ovarian vessels ( ge)
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Lateral vaginal sulcus Adventitial layer of anterior vaginal wall

Rectum

FIGURE 2-12 Pelvic viscera and their connective tissue support. (From Corton, 2012, with permission.)
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termed the mesosalpinx, that around the round ligament is the
mesoteres, and that over the uteroovarian ligament is the mes-
ovarium. Peritoneum that extends beneath the fimbriated end
of the fallopian tube toward the pelvic wall forms the infundibu-
lopelvic ligament or suspensory ligament of the ovary. This con-
tains nerves and the ovarian vessels, and during pregnancy, these
vessels, especially the venous plexuses, are dramatically enlarged.
Specifically, the diameter of the ovarian vascular pedicle increases
from 0.9 cm to reach 2.6 cm at term (Hodgkinson, 1953).

The cardinal ligament—also called the transverse cervical
ligament or Mackenrodt ligament—is the thick base of the
broad ligament. Medially, it is united firmly to the uterus and
upper vagina.

Each uterosacral ligament originates with a posterolateral
attachment to the supravaginal portion of the cervix and inserts
into the fascia over the sacrum, with some variations (Ramanah,
2012; Umek, 2004). These ligaments are composed of connec-
tive tissue, small bundles of vessels and nerves, and some smooth
muscle. Covered by peritoneum, these ligaments form the lat-
eral boundaries of the pouch of Douglas.

The term parametrium is used to describe the connec-
tive tissues adjacent and lateral to the uterus within the broad
ligament. Paracervical tissues are those adjacent to the cervix,
whereas paracolpium is that tissue lateral to the vaginal walls.

Blood Supply

During pregnancy, there is marked hypertrophy of the uterine
vasculature, which is supplied principally from the uterine and
ovarian arteries (see Fig. 2-9). The uterine artery, a main branch
of the internal iliac artery—previously called the hypogastric
artery—enters the base of the broad ligament and makes its
way medially to the side of the uterus. Approximately 2 cm
lateral to the cervix, the uterine artery crosses over the ureter.
This proximity is of great surgical significance as the ureter may
be injured or ligated during hysterectomy when the vessels are
clamped and ligated.

Once the uterine artery has reached the supravaginal por-
tion of the cervix, it divides. The smaller cervicovaginal artery
supplies blood to the lower cervix and upper vagina. The
main branch turns abruptly upward and extends as a highly
convoluted vessel that traverses along the lateral margin of the
uterus. A branch of considerable size extends into the upper
portion of the cervix, whereas numerous other branches pen-
etrate the body of the uterus to form the arcuate arteries. These
encircle the organ by coursing within the myometrium just
beneath the serosal surface. These vessels from each side anas-
tomose at the uterine midline. From the arcuate arteries, radial
branches originate at right angles, traverse inward through the
myometrium, enter the endometrium, and branch there to
become basal arteries or coiled spiral arteries. The spiral arteries
supply the functionalis layer. These vessels respond—especially
by vasoconstriction and dilatation—to a number of hormones
and thus serve an important role in menstruation. Also called
the straight arteries, the basal arteries extend only into the basa-
lis layer and are not responsive to hormonal influences.

Just before the main uterine artery vessel reaches the fallo-
pian tube, it divides into three terminal branches. The ovarian

branch of the uterine artery forms an anastomosis with the ter-
minal branch of the ovarian artery; the tubal branch makes its
way through the mesosalpinx and supplies part of the fallopian
tube; and the fundal branch penetrates the uppermost uterus.

In addition to the uterine artery, the uterus receives blood
supply from the ovarian artery. This artery is a direct branch of
the aorta and enters the broad ligament through the infundibu-
lopelvic ligament. At the ovarian hilum, it divides into smaller
branches that enter the ovary. As the ovarian artery runs along
the hilum, it also sends several branches through the mesosal-
pinx to supply the fallopian tubes. Its main stem, however, tra-
verses the entire length of the broad ligament and makes its way
to the uterine cornu. Here, it forms an anastomosis with the
ovarian branch of the uterine artery. This dual uterine blood
supply creates a vascular reserve to prevent uterine ischemia if
ligation of the uterine or internal iliac artery is performed to
control postpartum hemorrhage.

Uterine veins accompany their respective arteries. As such,
the arcuate veins unite to form the uterine vein, which empties
into the internal iliac vein and then the common iliac vein.
Some of the blood from the upper uterus, the ovary, and the
upper part of the broad ligament is collected by several veins.
Within the broad ligament, these veins form the large pampi-
niform plexus that terminates in the ovarian vein. From here,
the right ovarian vein empties into the vena cava, whereas the
left ovarian vein empties into the left renal vein.

Blood supply to the pelvis is predominantly supplied from
branches of the internal iliac artery. These branches are orga-
nized into anterior and posterior divisions, and subsequent
branches are highly variable between individuals (Fig. 2-13).
The anterior division provides blood supply to the pelvic organs
and perineum and includes the inferior gluteal, internal puden-
dal, middle rectal, vaginal, uterine, and obturator arteries, as
well as the umbilical artery and its continuation as the supe-
rior vesical artery. The posterior division branches extend to
the buttock and thigh and include the superior gluteal, lateral
sacral, and iliolumbar arteries. For this reason, during internal
iliac artery ligation, many advocate ligation distal to the pos-
terior division to avoid compromised blood flow to the areas
supplied by this division (Bleich, 2007).

Lymphatics

The endometrium is abundantly supplied with lymphatic ves-
sels that are confined largely to the basalis layer. The lymphatics
of the underlying myometrium are increased in number toward
the serosal surface and form an abundant lymphatic plexus just
beneath it. Lymphatics from the cervix terminate mainly in the
internal iliac nodes, which are situated near the bifurcation of
the common iliac vessels. The lymphatics from the uterine cor-
pus are distributed to two groups of nodes. One set of vessels
drains into the internal iliac nodes. The other set, after joining
certain lymphatics from the ovarian region, terminates in the
paraaortic lymph nodes.

Innervation

As a brief review, the peripheral nervous system is divided in
a somatic division, which innervates skeletal muscle, and an
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FIGURE 2-13 Pelvic arteries. (From Corton, 2012, with permission.)

autonomic division, which innervates smooth muscle, cardiac
muscle, and glands. Pelvic visceral innervation is predomi-
nantly autonomic. The autonomic portion is further divided in
sympathetic and parasympathetic components.

Sympathetic innervation to pelvic viscera begins with the
superior hypogastric plexus, also termed the presacral nerve
(Fig. 2-14). Beginning below the aortic bifurcation and extend-
ing downward retroperitoneally, this plexus is formed by sym-
pathetic fibers arising from spinal levels T, through L,. At the
level of the sacral promontory, this superior hypogastric plexus
divides into a right and a left hypogastric nerve, which run
downward along the pelvis side walls (Agar, 2012; Moszkowicz,
2011).

In contrast, parasympathetic innervation to the pelvic vis-
cera derives from neurons at spinal levels S, through S;. Their
axons exit as part of the anterior rami of the spinal nerves for
those levels. These combine on each side to form the pelvic
splanchnic nerves, also termed nervi erigentes.

Blending of the two hypogastric nerves (sympathetic) and the
two pelvic splanchnic nerves (parasympathetic) gives rise to the
inferior hypogastric plexus, also termed the pelvic plexus. This ret-
roperitoneal plaque of nerves lies at the S; and S level (Spackman,
2007). From here, fibers of this plexus accompany internal iliac
artery branches to their respective pelvic viscera. Thus, the inferior
hypogastric plexus divides into three plexuses. The vesical plexus
innervates the bladder and the middle rectal travels to the rectum,

whereas the uterovaginal plexus, also termed Frankenhiuser
plexus, reaches the proximal fallopian tubes, uterus, and upper
vagina. Extensions of the inferior hypogastric plexus also reach
the perineum along the vagina and urethra to innervate the
clitoris and vestibular bulbs (Montoya, 2011). Of these, the
uterovaginal plexus is composed of variably sized ganglia, but
particularly of a large ganglionic plate that is situated on either
side of the cervix, proximate to the uterosacral and cardinal
ligaments (Ramanah, 2012).

Most afferent sensory fibers from the uterus ascend through
the inferior hypogastric plexus and enter the spinal cord via
T, through T), and L, spinal nerves. These transmit the pain-
ful stimuli of contractions to the central nervous system. The
sensory nerves from the cervix and upper part of the birth
canal pass through the pelvic splanchnic nerves to the second,
third, and fourth sacral nerves. Those from the lower portion
of the birth canal pass primarily through the pudendal nerve.
As described earlier (p. 24), anesthetic blocks used in labor and
delivery target this innervation.

Ovaries

Compared with each other, as well as between women, the ova-
ries differ considerably in size. During childbearing years, they
measure 2.5 to 5 cm in length, 1.5 to 3 cm in breadth, and 0.6 to
1.5 cm in thickness. Their position also varies, but they usually lie
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FIGURE 2-14 Pelvic innervation. (From Corton, 2012, with permission.)

in the upper part of the pelvic cavity and rest in a slight depression
on the lateral wall of the pelvis. This ovarian fossa of Waldeyer is
between the divergent external and internal iliac vessels.

The uteroovarian ligament originates from the lateral and
upper posterior portion of the uterus, just beneath the tubal
insertion level, and extends to the uterine pole of the ovary.
Usually, this ligament is a few centimeters long and 3 to 4 mm
in diameter. It is made up of muscle and connective tissue and
is covered by peritoneum—the mesovarium. As described on
page 28, blood supply traverses to and from the ovary through
this double-layered mesovarium to enter the ovarian hilum.

The ovary consists of a cortex and medulla. In young
women, the outermost portion of the cortex is smooth, has a
dull white surface, and is designated the tunica albuginea. On
its surface, there is a single layer of cuboidal epithelium, the
germinal epithelium of Waldeyer. Beneath this epithelium, the
cortex contains oocytes and developing follicles. The medulla
is the central portion, which is composed of loose connective
tissue. There are a large number of arteries and veins in the
medulla and a small number of smooth muscle fibers.

The ovaries are supplied with both sympathetic and para-
sympathetic nerves. The sympathetic nerves are derived

primarily from the ovarian plexus that accompanies the
ovarian vessels and originates in the renal plexus. Others are
derived from the plexus that surrounds the ovarian branch of
the uterine artery. Parasympathetic input is from the vagus
nerve. Sensory afferents follow the ovarian artery and enter at
T, spinal cord level.

Fallopian Tubes

Also called oviducts, these serpentine tubes extend 8 to 14 cm
from the uterine cornua and are anatomically classified along
their length as an interstitial portion, isthmus, ampulla, and
infundibulum (Fig. 2-15). Most proximal, the interstitial por-
tion is embodied within the uterine muscular wall. Next, the
narrow 2- to 3-mm isthmus adjoins the uterus and widens
gradually into the 5- to 8-mm, more lateral ampulla. Last, the
infundibulum is the funnel-shaped fimbriated distal extremity
of the tube, which opens into the abdominal cavity. The latter
three extrauterine portions are covered by the mesosalpinx at
the superior margin of the broad ligament.

In cross section, the extrauterine fallopian tube contains a
mesosalpinx, myosalpinx, and endosalpinx. The outer of these,



FIGURE 2-15 The fallopian tube of an adult woman with cross-sectioned illustrations
of the gross structure in several portions: (A) isthmus, (B) ampulla, and (€) infundibu-
lum. Below these are photographs of corresponding histological sections. (Photographs

contributed by Dr. Kelley S. Carrick.)

the mesosalpinx, is a single-cell mesothelial layer functioning
as visceral peritoneum. In the myosalpinx, smooth muscle is
arranged in an inner circular and an outer longitudinal layer. In
the distal tube, the two layers are less distinct and are replaced
near the fimbriated extremity by sparse interlacing muscular
fibers. The tubal musculature undergoes rhythmic contractions
constantly, the rate of which varies with cyclical ovarian hor-
monal changes.

The tubal mucosa or endosalpinx is a single columnar epithe-
lium composed of ciliated and secretory cells resting on a sparse
lamina propria. It is in close contact with the underlying myo-
salpinx. The ciliated cells are most abundant at the fimbriated
extremity, but elsewhere, they are found in discrete patches.
There also are differences in the proportions of these two cell
types in the different ovarian cycle phases. The mucosa is
arranged in longitudinal folds that become progressively more
complex toward the fimbria. In the ampulla, the lumen is occu-
pied almost completely by the arborescent mucosa. The current
produced by the tubal cilia is such that the direction of flow is
toward the uterine cavity. Tubal peristalsis created by cilia and
muscular layer contraction is believed to be an important factor
in ovum transport (Croxatto, 2002).

The tubes are supplied richly with elastic tissue, blood ves-
sels, and lymphatics. Sympathetic innervation of the tubes is
extensive, in contrast to their parasympathetic innervation. This
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nerve supply derives partly from the ovar-
ian plexus and partly from the uterovagi-
nal plexus. Sensory afferent fibers ascend
to T4 spinal cord levels.

MUSCULOSKELETAL PELVIC
ANATOMY

Pelvic Bones

The pelvis is composed of four bones—
the sacrum, coccyx, and two innominate
bones. Each innominate bone is formed
by the fusion of three bones—the ilium,
ischium, and pubis (Fig. 2-16). Both
innominate bones are joined to the sacrum
at the sacroiliac synchondroses and to one
another at the symphysis pubis.

The pelvis is conceptually divided into
false and true components. The false pelvis
lies above the linea terminalis, and the true
pelvis is below this anatomical boundary
(Fig. 2-17). The false pelvis is bounded
posteriorly by the lumbar vertebra and
laterally by the iliac fossa. In front, the
boundary is formed by the lower portion
of the anterior abdominal wall.

The true pelvis is the portion impor-
tant in childbearing and can be described
as an obliquely truncated, bent cylinder
with its greatest height posteriorly. The
linea terminalis serves as the superior
border, whereas the pelvic outlet is the inferior margin. The
posterior boundary is the anterior surface of the sacrum, and
the lateral limits are formed by the inner surface of the ischial
bones and the sacrosciatic notches and ligaments. In front,
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FIGURE 2-16 Sagittal view of the pelvic bones.
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FIGURE 2-17 Anteroposterior view of a normal female pelvis.
Anteroposterior (AP) and transverse (T) diameters of the pelvic
inlet are illustrated.

the true pelvis is bounded by the pubic bones, by the ascend-
ing superior rami of the ischial bones, and by the obturator
foramina.

The sidewalls of the true pelvis of an adult woman converge
somewhat. Extending from the middle of the posterior margin
of each ischium are the ischial spines. These are of great obstet-
rical importance because the distance between them usually
represents the shortest diameter of the true pelvis. They also
serve as valuable landmarks in assessing the level to which the
presenting part of the fetus has descended into the true pelvis
(Chap. 22, p. 449). Last, as described earlier, these aid puden-
dal nerve block placement.

The sacrum forms the posterior wall of the true pelvis. Its
upper anterior margin corresponds to the promontory that may
be felt during bimanual pelvic examination in women with a
small pelvis. It can provide a landmark for clinical pelvimetry.
Normally, the sacrum has a marked vertical and a less pro-
nounced horizontal concavity, which in abnormal pelves may
undergo important variations. A straight line drawn from the
promontory to the tip of the sacrum usually measures 10 cm,
whereas the distance along the concavity averages 12 cm.

Pelvic Joints

Anteriorly, the pelvic bones are joined together by the symphysis
pubis. This structure consists of fibrocartilage and the superior
and inferior pubic ligaments. The latter ligament is frequently
designated the arcuate ligament of the pubis. Posteriorly, the
pelvic bones are joined by articulations between the sacrum and
the iliac portion of the innominate bones to form the sacroiliac
joints.

These joints in general have a limited degree of mobility.
However, during pregnancy, there is remarkable relaxation of
these joints at term, caused by upward gliding of the sacroiliac
joint (Borell, 1957). The displacement, which is greatest in the
dorsal lithotomy position, may increase the diameter of the out-
let by 1.5 to 2.0 cm. This is the main justification for placing
a woman in this position for a vaginal delivery. But this pelvic

outlet diameter increase occurs only if the sacrum is allowed
to rotate posteriorly. Thus, it will not occur if the sacrum is
forced anteriorly by the weight of the maternal pelvis against
the delivery table or bed (Russell, 1969, 1982). Sacroiliac joint
mobility is also the likely reason that the McRoberts maneu-
ver often is successful in releasing an obstructed shoulder in
a case of shoulder dystocia (Chap. 27, p. 541). These changes
have also been attributed to the success of the modified squat-
ting position to hasten second-stage labor (Gardosi, 1989). The
squatting position may increase the interspinous diameter and
the pelvic outlet diameter (Russell, 1969, 1982). These latter
observations are unconfirmed, but this position is assumed for
birth in many societies.

Planes and Diameters of the Pelvis

The pelvis is described as having four imaginary planes:

1. The plane of the pelvic inlet—the superior strait.

2. 'The plane of the pelvic outlet—the inferior strait.

3. 'The plane of the midpelvis—the least pelvic dimensions.

4. The plane of greatest pelvic dimension—of no obstetrical
significance.

Pelvic Inlet

Also called the superior strait, the pelvic inlet is also the supe-
rior plane of the true pelvis. As noted earlier, it is bounded
posteriorly by the promontory and alae of the sacrum, later-
ally by the linea terminalis, and anteriorly by the horizontal
pubic rami and the symphysis pubis. During labor, fetal head
engagement is defined by the fetal head’s biparietal diameter
passing through this plane. To aid this passage, the inlet of
the female pelvis—compared with the male pelvis—typically
is more nearly round than ovoid. Caldwell (1934) identified a
nearly round or gynecoid pelvic inlet in approximately half of
white women.

Four diameters of the pelvic inlet are usually described:
anteroposterior, transverse, and two oblique diameters. Of
these, distinct anteroposterior diameters have been described
using specific landmarks. Most cephalad, the anteroposterior
diameter, termed the true conjugate, extends from the upper-
most margin of the symphysis pubis to the sacral promontory.
The clinically important obstetrical conjugate is the shortest
distance between the sacral promontory and the symphysis
pubis. Normally, this measures 10 cm or more, but unfortu-
nately, it cannot be measured directly with examining fingers.
Thus, for clinical purposes, the obstetrical conjugate is esti-
mated indirectly by subtracting 1.5 to 2 cm from the diagonal
conjugate, which is determined by measuring the distance from
the lowest margin of the symphysis to the sacral promontory
(Fig. 2-18).

The transverse diameter is constructed at right angles to
the obstetrical conjugate and represents the greatest distance
between the linea terminalis on either side. It usually intersects
the obstetrical conjugate at a point approximately 5 cm in front
of the promontory and measures approximately 13 cm. Each of
the two oblique diameters extends from one sacroiliac synchon-
drosis to the contralateral iliopubic eminence. Each eminence



is a minor elevation that marks the union site of the ilium and
pubis. These oblique diameters average less than 13 cm.

Midpelvis and Pelvic Outlet

The midpelvis is measured at the level of the ischial spines,
also called the midplane or plane of least pelvic dimensions
(Fig. 2-19). During labor, the degree of fetal head descent into
the true pelvis may be described by station, and the midpelvis
and ischial spines serve to mark zero station. The interspinous
diameter is 10 cm or slightly greater, is usually the smallest
pelvic diameter, and, in cases of obstructed labor, is particularly

Obstetrical

FIGURE 2-19 Adult female pelvis demonstrating the interspinous
diameter of the midpelvis. The anteroposterior and transverse
diameters of the pelvic inlet are also shown.
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FIGURE 2-18 Vaginal examination to
determine the diagonal conjugate.

P = sacral promontory; S = symphysis
pubis.

important. The anteroposterior diameter through the level of
the ischial spines normally measures at least 11.5 cm.

The pelvic outlet consists of two approximately triangular
areas whose boundaries mirror those of the perineal triangle
described earlier (p. 21). They have a common base, which is
a line drawn between the two ischial tuberosities. The apex of
the posterior triangle is the tip of the sacrum, and the lateral
boundaries are the sacrotuberous ligaments and the ischial
tuberosities. The anterior triangle is formed by the descend-
ing inferior rami of the pubic bones. These rami unite at an
angle of 90 to 100 degrees to form a rounded arch under
which the fetal head must pass. Clinically, three diameters of
the pelvic outlet usually are described—the anteroposterior,
transverse, and posterior sagittal. Unless there is significant
pelvic bony disease, the pelvic outlet seldom obstructs vagi-
nal delivery.

Pelvic Shapes
The Caldwell-Moloy (1933, 1934) anatomical classification of

the pelvis is based on shape, and its concepts aid an understand-
ing of labor mechanisms. Specifically, the greatest transverse
diameter of the inlet and its division into anterior and posterior
segments are used to classify the pelvis as gynecoid, anthropoid,
android, or platypelloid. The posterior segment determines the
type of pelvis, whereas the anterior segment determines the ten-
dency. These are both determined because many pelves are not
pure but are mixed types. For example, a gynecoid pelvis with
an android tendency means that the posterior pelvis is gynecoid
and the anterior pelvis is android shaped.

From viewing the four basic types in Figure 2-20, the
configuration of the gynecoid pelvis would intuitively seem
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Intermediates
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FIGURE 2-20 The four parent pelvic types of the Caldwell-Moloy classification. A line passing through the widest transverse diameter

divides the inlets into posterior (P) and anterior (A) segments.

suited for delivery of most fetuses. Indeed, Caldwell (1939)
reported that the gynecoid pelvis was found in almost half
of women.
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Integral to successful reproduction is a normally functioning
genital tract, both anatomically and physiologically. A number of
developmental abnormalities can lead to infertility, subfertility,
spontaneous abortion, or midpregnancy and preterm delivery.
To care for affected women, it is imperative that the clinician
have a working knowledge of genitourinary system development.

GENITOURINARY TRACT DEVELOPMENT

Embryologically in females, the external genitalia, gonads, and
miillerian ducts each derive from different primordia and in
close association with the urinary tract and hindgut. Abnormal
embryogenesis of these is thought to be multifactorial and can

lead to sporadic anomalies. Normal genitourinary development
is summarized in Figure 3-1 and also discussed in Chapter 7

(p. 144).

Embryology of the Urinary System

Between the 3rd and 5th gestational weeks, an elevation of
intermediate mesoderm on each side of the fetus—the urogeni-
tal ridge—begins development into the urogenital tract. This
further divides into the gonadal or genital ridge, which will
become the ovary, and into the nephrogenic cord, which is
subsequently described. The miillerian ducts become the fallo-
pian tubes, uterus, and upper vagina and derive from coelomic
epithelium covering the nephrogenic cord. It is because of this
separate gonadal and miillerian derivation that women with
miillerian defects typically have functionally normal ovaries and
are phenotypic females.

The urinary tract develops from the mesonephros or
wolffian ducts situated within each nephrogenic cord and con-
nects the mesonephric kidney to the cloaca (Fig. 3-1A). Recall
that evolution of the renal system passes sequentially through
the pronephric and mesonephric stages to reach the permanent
metanephric system. Between the 4th and 5th weeks, each
mesonephric duct gives rise to a ureteric bud, which grows
cephalad toward its respective mesonephros (Fig. 3-1B). As
each bud lengthens, it induces differentiation of the meta-
nephros, which will become the final kidney (Fig. 3-1C). Each
mesonephros degenerates near the end of the first trimester,
and without testosterone, the mesonephric ducts regress as well.

The cloaca begins as a common opening for the embry-
onic urinary, genital, and alimentary tracts. By the 7th week it
becomes divided by the urorectal septum to create the rectum
and the urogenital sinus (Fig. 3-1D). The urogenital sinus is
considered in three parts: (1) the cephalad or vesicle portion,
which will form the urinary bladder; (2) the middle or pelvic
portion, which creates the female urethra; and (3) the caudal or
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FIGURE 3-1 Embryonic development of the female genitourinary tract (A-F). (From Bradshaw, 2012, with permission.)

phallic part, which will give rise to the distal vagina and to the
greater vestibular (Bartholin) and paraurethral (Skene) glands.

Embryology of the Genital Tract

Development of the genital tract begins as the miillerian
ducts, also termed paramesonephric ducts, form lateral to
each mesonephros. These ducts extend downward and then
turn medially to meet and fuse together in the midline. The
uterus is formed by this union of the two miillerian ducts
at approximately the 10th week (Fig. 3-1E). Fusion begins
in the middle and then extends caudally and cephalad. With
cellular proliferation at the upper portion, a thick wedge of
tissue creates the characteristic piriform uterine shape. At the
same time, dissolution of cells at the lower pole forms the first
uterine cavity (Fig. 3-1F). As the upper wedge-shaped septum
is slowly reabsorbed, the final uterine cavity is usually shaped
by the 20th week. If the two miillerian ducts fail to fuse, then
there are separate uterine horns. In contrast, resorption failure
of the common tissue between them results in various degrees
of persistent uterine septum.

As the distal end of the fused miillerian ducts contacts the
urogenital sinus, this induces endodermal outgrowths termed
the sinovaginal bulbs. These bulbs proliferate and fuse to form
the vaginal plate, which later resorbs to form the vaginal lumen.
This vaginal canalization is generally completed by the 20th

week. However, the lumen remains separated from the urogen-
ital sinus by the hymeneal membrane. This membrane further
degenerates to leave only the hymeneal ring.

The close association of the mesonephric (wolffian) and
paramesonephric (miillerian) ducts explains why there are com-
monly simultaneous abnormalities involving these structures. In
an older study, Kenney and colleagues (1984) showed that up
to half of females with uterovaginal malformations have associ-
ated urinary tract defects. Anomalies most frequently associated
with renal defects are unicornuate uterus, uterine didelphys,
and agenesis syndromes, whereas arcuate and bicornuate are
less commonly linked (Reichman, 2010). When these are
identified, the urinary system can be evaluated with magnetic
resonance (MR) imaging, sonography, or intravenous pyelog-
raphy (Hall-Craggs, 2013). Finally, in these cases, ovaries are
functionally normal but have a higher incidence of anatomical
maldescent into the pelvis (Allen, 2012; Dabirashrafi, 1994).

MESONEPHRIC REMNANTS

As discussed, the mesonephric ducts usually degenerate, how-
ever, persistent remnants may become clinically apparent.
Mesonephric or wolffian vestiges can persist as Gartner duct
cysts. These are typically located in the proximal anterolateral
vaginal wall but may be found at other sites along the vaginal
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length. They can be further characterized by magnetic reso-
nance (MR) imaging. Most are asymptomatic and benign, and
although they may measure up to 7 cm in diameter, they usu-
ally do not require surgical excision. An infected cyst occasion-
ally requires marsupialization.

Intraabdominal wolflian remnants in the female include
a few blind tubules in the mesovarium—the epodphoron—
as well as similar ones adjacent to the uterus—collectively
the paroéphoron (Moore, 2013). The epodphoron or paros-
phoron may develop into clinically identifiable cysts and
are included in the differential diagnosis of an adnexal mass

(Chap. 63, p. 1226).

BLADDER AND PERINEAL ABNORMALITIES

Very early during embryo formation, a bilaminar cloacal mem-
brane lies at the caudal end of the germinal disc and forms
the infraumbilical abdominal wall. Normally, an ingrowth of
mesoderm between the ectodermal and endodermal layers of
the cloacal membrane leads to formation of the lower abdomi-
nal musculature and pelvic bones. Without reinforcement, the
cloacal membrane may prematurely rupture, and depending on
the extent of the infraumbilical defect, cloacal exstrophy, bladder
exstrophy, or epispadias may result. Of these, cloacal exstrophy is
rare and includes the triad of omphalocele, bladder exstrophy,
and imperforate anus.

Bladder exstrophy is characterized by an exposed bladder
lying outside the abdomen. Associated findings commonly
include a widened symphysis pubis, caused by outward innom-
inate bone rotation, and abnormal external genitalia. For exam-
ple, the urethra and vagina are typically short, and the vaginal
orifice is frequently stenotic and displaced anteriorly. The clito-
ris is duplicated or bifid, and the labia, mons pubis, and clitoris
are divergent. At the same time, however, the uterus, fallopian
tubes, and ovaries are typically normal except for occasional
miillerian duct fusion defects.

Pregnancy with bladder exstrophy is associated with
greater risk for antepartum pyelonephritis, urinary retention,
ureteral obstruction, pelvic organ prolapse, and breech pre-
sentation. Due to the extensive adhesions from prior repair
and altered anatomy typically encountered, some recommend
planned cesarean delivery at a tertiary center (Deans, 2012;
Greenwell, 2003).

Epispadias without bladder exstrophy includes anoma-
lies that include a widened, patulous urethra; absent or bifid
clitoris; nonfused labial folds; and flattened mons pubis.
Vertebral abnormalities and pubic symphysis diathesis are
also common.

Clitoral anomalies are unusual. One is clitoral duplication
or bifid clitoris, which is rare and usually develops in associa-
tion with bladder exstrophy or epispadias. With female phallic
urethra, the urethra opens at the clitoral tip. Last, clitoromegaly
noted at birth is suggestive of fetal exposure to excessive andro-
gens (Chap. 7, p. 148). In some preterm neonates, the clitoris
may appear large, but then regresses as the infant grows. Other
causes of newborn clitoromegaly include breech presentation
with vulvar swelling, chronic severe vulvovaginitis, and neuro-
fibromatosis (Dershwitz, 1984; Greer, 1981).

DEFECTS OF THE HYMEN

Hymeneal anomalies include imperforate, microperforate, crib-
riform (sievelike), navicular (boatshaped), and septate hymens.
They result from failure of the inferior end of the vaginal
plate—the hymeneal membrane—to canalize. Their incidences
approximate one in 1000 to 2000 females (American College
of Obstetricians and Gynecologists, 2013). During the neona-
tal period, significant amounts of mucus can be secreted due
to maternal estrogen stimulation. With an imperforate hymen,
secretions collect to form a bulging, translucent yellow-gray
mass, termed hydro- or mucocolpos, at the vaginal introitus.
Most are asymptomatic and resolve as mucus is reabsorbed and
estrogen levels decrease, but occasionally they must be differ-
entiated from a hymeneal cyst (Breech, 2009; Nazir, 20006).
Problems with imperforate hymen are uncommon in neonates,
and most become apparent during adolescence with classic
findings of amenorrhea, cyclic abdominal pain, and a bulging
bluish introital membrane.

MULLERIAN ABNORMALITIES

There are four principal deformities that arise from defec-
tive miillerian duct embryological steps: (1) agenesis of both
ducts, either focally or along the entire duct length; (2) uni-
lateral maturation of one miillerian duct with incomplete
or absent development of the opposite side; (3) absent or
faulty midline fusion of the ducts; or (4) defective canali-
zation. Various classifications of these have been proposed,
and shown in Table 3-1 is the one used by the American
Fertility Society as derived by Buttram and Gibbons (1979).

TABLE 3-1. Classification of Millerian Anomalies

I. Segmental millerian hypoplasia or agenesis
a. Vaginal
b. Cervical
. Uterine fundal
d. Tubal

e. Combined anomalies

Il. Unicornuate uterus
a. Communicating rudimentary horn
b. Noncommunicating horn
¢. No endometrial cavity
d. No rudimentary horn

lll. Uterine didelphys

IV. Bicornuate uterus
a. Complete—division to internal os
b. Partial

V. Septate uterus
a. Complete—septum to internal os
b. Partial

VI. Arcuate

VII. Diethylstilbestrol related

Adapted from the American Fertility Society, 1988.



It separates anomalies into groups with similar clinical char-
acteristics, prognosis for pregnancy, and treatment. It also
includes one for abnormalities associated with fetal exposure
to diethylstilbestrol (DES).

Initially, miillerian anomalies may be suspected by symp-
toms or clinical findings. First, these defects are frequently
identified during pelvic examination. Sonography is initially
done to search for associated lesions. However, MR imaging
is often required to more fully delineate anatomy, especially
with obstructive lesions requiring surgery. Amenorrhea may
be an initial complaint for those with agenesis of a miillerian
component. For those with complete agenesis, karyotyping is
typically indicated to exclude XY disorders of sex development,
which were formerly termed male pseudohermaphroditism
(Hughes, 2006). Last, pelvic pain due to occult blood accu-
mulation may arise from functioning endometrium with outlet
obstruction.

Miillerian Agenesis

Class I segmental defects can be caused by miillerian hypoplasia
or agenesis as shown in Figure 3-2. These developmental defects
can affect the vagina, cervix, uterus, or fallopian tubes and may
be isolated or may coexist with other miillerian defects.

I. Hypoplasia/agenesis

mzv = ( le ’z:%“*a

A.Vaginal B. Cervical

C. Fundal D. Tubal

Ill. Didelphys

B. Partial

A. Complete

E. Combined

VI. Arcuate

Congenital Genitourinary Abnormalities

Vaginal Abnormalities

In addition to vaginal agenesis, there are two types of congenital
septa. One is a longitudinal septum, which arises from a fusion
or resorption defect. The other, a transverse septum, results
either from incomplete canalization or from vertical fusion fail-
ure between the down-growing miillerian duct system and the
up-growing urogenital sinus. All of these defects may be isolated
or associated with other miillerian anomalies. One example is the
Mayer-Rokitansky-Kiister-Hauser (MRKH) syndrome, in which
upper vaginal agenesis is typically associated with hypoplasia or
uterine agenesis. This syndrome may also display abnormalities
of the renal, skeletal, and auditory systems. This triad is known
by the acronym MURCS-miillerian duct aplasia, renal aplasia,
and cervicothoracic somite dysplasia (Duncan, 1979).

The obstetrical significance of vaginal anomalies depends
greatly on the degree of obstruction. For example, complete
vaginal agenesis, unless corrected operatively, precludes preg-
nancy by vaginal intercourse. With MRKH syndrome, a func-
tional vagina can be created, but childbearing is impossible. In
these women, however, ova can be retrieved for in vitro fertil-
ization (IVF) in a surrogate mother.

With longitudinal septa, most are complete. When partial,
they are high in the vagina. Septa are typically associated with

1. Unicornuate

C. No cavity D. No horn

IV. Bicornuate

A. Complete B. Partial

VII. DES related

FIGURE 3-2 C(lassification of mullerian anomalies. (Redrawn from American Fertility Society, 1988.)
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other miillerian anomalies (Haddad, 1997). A complete longi-
tudinal vaginal septum usually does not cause dystocia because
the vaginal side through which the fetus descends dilates sat-
isfactorily. An incomplete or partially obstructed longitudinal
septum, however, may interfere with descent.

A transverse septum causes an obstruction of variable
thickness, and it may develop at any depth within the vagina.
Occasionally, the upper vagina is separated from the rest of
the canal by a septum with a small opening. Gibson (2003)
reported this in association with miscarriage and described
dilatation of the septal opening to permit evacuation of prod-
ucts. In labor, such strictures may be mistaken for the upper
limit of the vaginal vault, and the septal opening is misidenti-
fied as an undilated cervical os. If encountered during labor,
and after the external os has dilated completely, the head
impinges on the septum and causes it to bulge downward.
If the septum does not yield, slight pressure on its opening
usually leads to further dilatation, but occasionally cruciate
incisions are required to permit delivery (Blanton, 2003). If
there is a thick transverse septum, however, cesarean delivery
may be necessary.

Cervical Abnormalities

Developmental abnormalities of the cervix include partial
or complete agenesis, duplication, and longitudinal septa.
Uncorrected complete agenesis is incompatible with pregnancy,
and IVF with gestational surrogacy is an option. Surgical cor-
rection by uterovaginal anastomosis has resulted in successful
pregnancy (Deffarges, 2001; Fedele, 2008). There are signifi-
cant complications with this corrective surgery, and the need
for clear preoperative anatomy delineation has been empha-
sized by Rock (2010) and Roberts (2011) and their colleagues.
For this reason, they recommend hysterectomy for complete
cervical agenesis and reserve reconstruction attempts for care-
fully selected patients with cervical dysgenesis.

Uterine Abnormalities

From a large variety, a few of the more common congenital
uterine malformations are shown in Table 3-1. Accurate popu-
lation prevalences of these are difficult to assess because the
best diagnostic techniques are invasive. The reported popu-
lation prevalence ranges from 0.4 to 5 percent, and rates in
women with recurrent miscarriage are significantly higher
(Acién, 1997; Byrne, 2000; Chan, 2011b). In a review of 22
studies with more than 573,000 women who were screened for
these malformations, Nahum (1998) reported the distribution
of uterine anomalies as follows: bicornuate, 39 percent; septate,
34 perceng; didelphic, 11 percent; arcuate, 7 percent; unicornu-
ate, 5 percent; and hypo- or aplastic, 4 percent.

Miillerian anomalies may be discovered at routine pelvic
examinations, cesarean delivery, during laparoscopy for tubal
sterilization, or during infertility evaluation. Depending on
clinical presentation, diagnostic tools may include hystero-
salpingography, sonography, MR imaging, laparoscopy, and
hysteroscopy. Each has limitations, and these may be used in
combination to completely define anatomy. In women under-

going fertility evaluation, hysterosalpingography (HSG) is
commonly selected for uterine cavity and tubal patency assess-
ment. That said, HSG poorly defines the external uterine con-
tour and can delineate only patent cavities. It is contraindicated
during pregnancy.

In most clinical settings, sonography is initially performed.
Transabdominal views may help to maximize the viewing
field, but transvaginal sonography (TVS) provides better
image resolution. For this indication, the pooled accuracy for
TVS is 90 to 92 percent (Pellerito, 1992). Saline infusion
sonography (SIS) improves delineation of the endometrium
and internal uterine morphology, but only with a patent
endometrial cavity. Also, SIS is contraindicated in pregnancy.
Three-dimensional (3-D) sonography is more accurate than
2-D sonography because it provides uterine images from vir-
tually any angle. Thus, coronal images can be constructed,
and these are essential in evaluating both internal and external
uterine contours (Olpin, 2009). Both 2-D and 3-D sonog-
raphy are suitable for pregnancy. In gynecological patients,
these are ideally completed during the luteal phase when
the secretory endometrium provides contrast from increased
thickness and echogenicity (Caliskan, 2010).

Several investigators have reported very good concordance
between 3-D TVS and MR imaging of miillerian anomalies,
although MR imaging is currently preferred for imaging such
defects (Bermejo, 2010; Ghi, 2009). MR imaging provides
clear delineation of both the internal and external uterine
anatomy and has a reported accuracy of up to 100 percent in
the evaluation of miillerian anomalies (Fedele, 1989; Pellerito,
1992). Moreover, complex anomalies and commonly associ-
ated secondary diagnoses such as renal or skeletal anomalies
can be concurrently evaluated. Precautions with MR imaging
in pregnancy are discussed in Chapter 46 (p. 934).

In some women undergoing an infertility evaluation, hyster-
oscopy and laparoscopy may be selected to assess for miillerian
anomalies; screen for endometriosis, which is often coexistent;
and exclude other tubal or uterine cavity pathologies (Puscheck,
2008; Saravelos, 2008). However, hysteroscopy is contraindi-
cated in pregnancy.

Unicornuate Uterus (Class I1)

With this anomaly, the underdeveloped or rudimentary horn
may be absent. If present, it may or may not be communicat-
ing and may or may not contain an endometrium-lined cavity
(see Fig. 3-2). General population estimates cite that a unicornu-
ate uterus develops in 1 in 4000 women (Reichman, 2009). It
may be detected during fertility evaluation by HSG. Although
this study can define the primary cavity contour, noncommuni-
cating or noncavitary rudimentary horns may not fill with dye.
Conventional sonography may be difficult for less-experienced
sonographers as the smaller size and lateral deviation of an isolated
unicornuate uterus or a rudimentary horn may not be appreciated.
If suspected, 3-D sonography increases diagnostic accuracy, but
MR imaging is often preferred (Fig. 3-3). Importantly, 40 per-
cent of affected women will have renal anomalies, and evaluation
for these is indicated (Fedele, 1996a).

This miillerian anomaly carries significant obstetrical risks,
including first- and second-trimester miscarriage, malpresenta-
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FIGURE 3-3 Three-dimensional transvaginal sonographic images. A. A nongravid septate uterus characteristically has a flat external fun-
dal contour but a deep cleft that separates the hyperechoic endometrial cavities. B. This gravid unicornuate uterus illustrates the classic
“banana” configuration. (A & B modified from Moschos, 2012, with permission.) €. A nongravid arcuate uterus characteristically has a flat
external fundal contour and a shallow indentation into the hyperechoic endometrial cavity. (Modified from Werner, 2012, with permission.)

tion, fetal-growth restriction, fetal demise, prematurely rup-
tured membranes, and preterm delivery (Chan, 2011a; Hua,
2011; Reichman, 2009). Abnormal uterine blood flow, cer-
vical incompetence, and diminished cavity size and muscle
mass of the hemiuterus are postulated to underlie these risks
(Donderwinkel, 1992).

Rudimentary horns also increase the risk of an ectopic
pregnancy within the remnant, which may be disastrous. This
risk includes noncommunicating cavitary rudiments because
of transperitoneal sperm migration (Nahum, 2004). In a
report of 70 such pregnancies, Rolen and associates (1966)
found that the rudimentary uterine horn ruptured prior to
20 weeks in most. Nahum (2002) reviewed the literature from
1900 to 1999 and identified 588 rudimentary horn pregnan-
cies. Half had uterine rupture, and 80 percent did so before
the third trimester. Of the total 588, neonatal survival was
only 6 percent.

Imaging allows an earlier diagnosis of rudimentary horn
pregnancy so that it can be treated either medically or surgically
before rupture (Edelman, 2003; Khati, 2012; Worley, 2008).
If diagnosed in a nonpregnant woman, most recommend pro-
phylactic excision of a horn that has a cavity (Fedele, 2005;
Rackow, 2007).

Uterine Didelphys (Class Il1)

This interesting miillerian anomaly arises from a complete lack
of fusion that results in two entirely separate hemiuteri, cervi-
ces, and usually two vaginas (see Fig. 3-2). Most women have
a double vagina or a longitudinal vaginal septum (Heinonen,
1984). Uterine didelphys may be isolated or part of a triad
that has an obstructed hemivagina and ipsilateral renal agenesis
(OHVIRA), also known as Herlyn-Werner-Wunderlich syn-
drome (Smith, 2007; Tong, 2013). Didelphys derives from the
Greek di—two + delphus—uterus. The term was once used to
refer to all marsupials, but now only to one genus that includes
the American possum—Didelphys virginiana—one of several
mammalian species in which the female has a double uterus,
cervix, and vagina.

These anomalies may be suspected on pelvic examination
by identification of a longitudinal vaginal septum and two cer-

vices. During HSG for fertility evaluation, contrast shows two
separate endocervical canals. These open into separate noncom-
municating fusiform endometrial cavities that each ends with
a solitary fallopian tube. In women without fertility issues,
sonography is a logical initial imaging tool, and separate diver-
gent uterine horns with a large intervening fundal cleft are seen.
Endometrial cavities are uniformly separate. MR imaging may
be valuable in cases without classic findings.

Adverse obstetrical outcomes associated with uterine didel-
phys are similar but less frequent than those seen with uni-
cornuate uterus. Increased risks include miscarriage, preterm
birth, and malpresentation (Chan, 2011a; Grimbizis, 2001;
Hua, 2011). Metroplasty for either uterine didelphys or bicor-
nuate uterus involves resection of intervening myometrium
and fundal recombination. These are uncommon surgeries and
chosen for highly selected patients with otherwise unexplained
miscarriages. Unfortunately, there is no evidence-based support
to confirm efficacy of such surgical repair.

Bicornuate Uterus (Class IV)

This relatively common anomaly forms as lack of fundal fusion
results in two hemiuteri, with only one cervix and vagina (see
Fig. 3-2). As with uterine didelphys, a coexistent longitudinal
vaginal septum is not uncommon. Radiological discrimina-
tion of bicornuate uterus from the septate uterus can be chal-
lenging. However, it is important because septate uterus can
be treated with hysteroscopic septal resection. Widely diverg-
ing horns seen on HSG may suggest a bicornuate uterus. An
intercornual angle greater than 105 degrees suggests bicornu-
ate uterus, whereas one less than 75 degrees indicates a septate
uterus. However, MR imaging is necessary to define fundal
contour. With this, an intrafundal downward cleft measur-
ing 1 cm or more is indicative of bicornuate uterus, whereas
a cleft depth less than 1 cm indicates a septate uterus. Use
of 3-D sonography also allows internal and external uterine
assessment.

There are increased risks for adverse obstetrical outcomes
with bicornuate uterus that include miscarriage, preterm birth,
and malpresentation. As discussed earlier, surgical correction by
metroplasty is reserved for highly selected patients.
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Septate Uterus (Class V)

This anomaly is caused when a resorption defect leads to
a persistent complete or partial longitudinal uterine cavity
septum (see Fig. 3-2). In rare cases, a complete vaginocer-
vicouterine septum is found (Darwish, 2009). Many septate
uteri are identified during evaluation of infertility or recur-
rent pregnancy loss. Although an abnormality may be identi-
fied with HSG, MR imaging or 3-D sonography is typically
required to differentiate this from a bicornuate uterus (see
Fig. 3-3).

Septate anomalies are associated with diminished fertility
as well as increased risks for adverse pregnancy outcomes that
include miscarriage, preterm delivery, and malpresentation.
The poorly vascularized uterine septum likely causes abnor-
mal implantation or defective early embryo development and
miscarriage (Fedele, 1996b). Hysteroscopic septal resection
has been shown to improve pregnancy rates and outcomes
(Grimbizis, 2001; Mollo, 2009; Pabugcu, 2004). From
their metaanalysis, Nouri and colleagues (2010) reported a
60-percent pregnancy rate and 45-percent live birth rate in
those so treated.

Arcuate Uterus (Class VI)

‘This malformation is a mild deviation from the normally devel-
oped uterus (see Fig. 3-3). Although some studies report no
increased adverse associated outcomes, others have found exces-
sive second-trimester losses, preterm labor, and malpresenta-

tion (Chan, 2011a; Mucowski, 2010; Woelfer, 2001).

Treatment with Cerclage

Some women with uterine anomalies and repetitive pregnancy
losses may benefit from transvaginal or transabdominal cervical
cerclage (Golan, 1992; Groom, 2004). Some women with par-
tial cervical atresia or hypoplasia may also benefit (Hampton,
1990; Ludmir, 1991; Mackey, 2001). Candidacy for cerclage
is determined by the same criteria used for women without

such defects, which is discussed in Chapter 18 (p. 361).

Diethylstilbestrol Reproductive Tract
Abnormalities (Class Vi)

During the 1960s, a synthetic nonsteroidal estrogen—
diethylstilbestrol (DES)—was used to treat pregnant women for
threatened abortion, preterm labor, preeclampsia, and diabetes.
The treatment was remarkably ineffective. In addition, it was
later discovered that women exposed as fetuses had increased
risks of developing a number of specific reproductive-tract
anomalies. These included vaginal clear cell adenocarcinoma,
cervical intraepithelial neoplasia, small-cell cervical carcinoma,
and vaginal adenosis. A fourth of affected women had identi-
fiable structural variations in the cervix and vagina to include
transverse septa, circumferential ridges, and cervical collars. Even
more anomalies were smaller uterine cavities, shortened upper
uterine segments, T-shaped and other irregular cavities, and fal-
lopian tube abnormalities (see Fig. 3-2) (Barranger, 2002).
These women also had fertility issues that included impaired
conception rates and higher rates of miscarriage, ectopic preg-
nancy, and preterm delivery, especially in those with structural

abnormalities (Goldberg, 1999; Palmer, 2001). Now, more
than 50 years after DES use was proscribed, most affected
women are past childbearing age, but higher rates of earlier
menopause and breast cancer have been reported in exposed
women (Hatch, 2006; Hoover, 2011).

Fallopian Tube Abnormalities

The fallopian tubes develop from the unpaired distal ends of
the miillerian ducts. Congenital anomalies include accessory
ostia, complete or segmental tubal agenesis, and several embry-
onic cystic remnants (Woodruff, 1969). The most common is
a small, benign cyst attached by a pedicle to the distal end of
the fallopian tube—the hydatid of Morgagni (Zheng, 2009).
In other cases, benign paratubal cysts may be of mesonephric
or mesothelial origin. Last, in utero exposure to DES has been
associated with various tubal abnormalities. Of these, short,
tortuous tubes or ones with shriveled fimbria and small ostia

have been linked to infertility (DeCherney, 1981).

UTERINE FLEXION

Anteflexion

This is defined by anterior flexion of the uterine fundus rela-
tive to the cervix in the sagittal plane. Mild or moderate flex-
ion is typically without clinical consequence, but congenital
or acquired extremes may lead to pregnancy complications.
Exaggerated degrees of anteflexion usually pose no problem in
early pregnancy. Later, however, particularly when the abdom-
inal wall is lax such as with diastasis recti or ventral hernia, the
uterus may fall forward. This may be so extreme that the fun-
dus lies below the lower margin of the symphysis. Sometimes
this abnormal uterine position prevents proper transmission of
labor contractions, but this is usually overcome by reposition-
ing and application of an abdominal binder.

Retroflexion

This is posterior uterine fundal flexion in the sagittal plane. A
growing retroflexed uterus will occasionally become incarcer-
ated in the hollow of the sacrum. Symptoms include abdominal
discomfort, pelvic pressure, and voiding dysfunction that may
include urinary frequency or retention. On bimanual pelvic
examination, the cervix will be anterior and behind the sym-
physis pubis, whereas the uterus is appreciated as a mass wedged
in the pelvis. Sonography or MR imaging may be necessary to
confirm the clinical diagnosis (Gardner, 2013; Grossenburg,
2011; van Beekhuizen, 2003).

The incarcerated uterus must be repositioned to its normal
anatomical position. After bladder catheterization, the uterus
can usually be pushed out of the pelvis when the woman is
placed in the knee-chest position. Often, this is best accom-
plished by digital pressure applied through the rectum.
Conscious sedation, spinal analgesia, or general anesthesia may
be necessary. Following repositioning, the catheter is left in
place until bladder tone returns. Insertion of a soft pessary for
a few weeks usually prevents reincarceration. Lettieri and col-
leagues (1994) described seven cases of uterine incarceration
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FIGURE 3-4 Anterior sacculation of a pregnant uterus. Note the markedly attenuated
anterior uterine wall and atypical location of the true uterine fundus.

not amenable to these simple procedures. In two women, lapa-
roscopy was used at 14 weeks to reposition the uterus using
the round ligaments for traction. Alternatively, in two case
series, colonoscopy was used to dislodge an incarcerated uterus

(Dierickx, 2011; Seubert, 1999).

Sacculation

Persistent entrapment of the pregnant uterus in the pelvis may
lead to extensive lower uterine segment dilatation to accom-
modate the fetus. An example of anterior sacculation is shown in
Figure 3-4. In these extreme cases, sonography and MR imag-
ing are typically required to define anatomy (Gottschalk, 2008;
Lee, 2008). Cesarean delivery is necessary when there is marked
sacculation, and Spearing (1978) stressed the importance of
identifying the distorted anatomy. An elongated vagina passing
above the level of a fetal head that is deeply placed into the pel-
vis suggests a sacculation or an abdominal pregnancy. The Foley
catheter is frequently palpated above the level of the umbili-
cus! Spearing (1978) recommended extending the abdominal
incision above the umbilicus and delivering the entire uterus
from the abdomen before hysterotomy. This will restore correct
anatomical relationships and prevent inadvertent incisions into
and through the vagina and bladder. Unfortunately, this may
not always be possible (Singh, 2007).

Friedman and associates (1986) described a rare case of pos-
terior sacculation following aggressive treatment for intrauter-
ine adhesions. Finally, uterine retroversion and a true uterine
diverticulum have been mistaken for uterine sacculations (Hill,

1993; Rajiah, 2009).

Uterine Torsion

It is common during pregnancy for the uterus to rotate to the
right side. Rarely, uterine rotation exceeds 180 degrees to cause
torsion. Most cases of torsion result from uterine leiomyomas,

Congenital Genitourinary Abnormalities

miillerian anomalies, fetal malpresenta-
tion, pelvic adhesions, and laxity of the
abdominal wall or uterine ligaments.
Jensen (1992) reviewed 212 cases and
reported that associated symptoms may

Anterior wall
sacculation
include obstructed labor, intestinal or
urinary complaints, abdominal pain,
uterine hypertonus, vaginal bleeding,
and hypotension. Both maternal and
fetal complications were more common
with early gestation and with greater
degrees of torsion.

Most cases of uterine torsion are
found at the time of cesarean delivery.
In some women, torsion can be con-
firmed preoperatively with MR imag-
ing, which shows a twisted vagina
that appears X-shaped rather than its
normal H-shape (Nicholson, 1995).
As with uterine incarceration, dur-
ing cesarean delivery, a severely dis-
placed uterus should be repositioned
anatomically before hysterotomy. In
some cases, an inability to reposition may require that a poste-
rior hysterotomy incision be done (Albayrak, 2011; De Ioris,
2010; Picone, 20006).
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The anatomical, physiological, and biochemical adaptations to
pregnancy are profound. Many of these remarkable changes
begin soon after fertilization and continue throughout gesta-
tion, and most occur in response to physiological stimuli pro-
vided by the fetus and placenta. Equally astounding is that the
woman who was pregnant is returned almost completely to her
prepregnancy state after delivery and lactation. Many of these
physiological adaptations could be perceived as abnormal in the
nonpregnant woman. For example, cardiovascular changes dur-
ing pregnancy normally include substantive increases in blood
volume and cardiac output, which may mimic thyrotoxicosis.
On the other hand, these same adaptations may lead to ven-
tricular failure during pregnancy if there is underlying heart dis-
ease. Thus, physiological adaptations of normal pregnancy can

be misinterpreted as pathological but can also unmask or worsen
preexisting disease.

During normal pregnancy, virtually every organ system
undergoes anatomical and functional changes that can alter
appreciably criteria for disease diagnosis and treatment. Thus,
the understanding of these pregnancy adaptations remains a
major goal of obstetrics, and without such knowledge, it is
almost impossible to understand the disease processes that can
threaten women during pregnancy.

REPRODUCTIVE TRACT

Uterus

In the nonpregnant woman, the uterus weighs approximately
70 g and is almost solid, except for a cavity of 10 mL or less.
During pregnancy, the uterus is transformed into a relatively
thin-walled muscular organ of sufficient capacity to accommo-
date the fetus, placenta, and amnionic fluid. The total volume
of the contents at term averages approximately 5 L but may be
20 L or more. By the end of pregnancy, the uterus has achieved
a capacity that is 500 to 1000 times greater than in the non-
pregnant state. The corresponding increase in uterine weight is
such that, by term, the organ weighs nearly 1100 g.

During pregnancy, uterine enlargement involves stretching
and marked hypertrophy of muscle cells, whereas the produc-
tion of new myocytes is limited. Accompanying the increase
in myocyte size is an accumulation of fibrous tissue, particu-
larly in the external muscle layer, together with a considerable
increase in elastic tissue content. This network adds strength to
the uterine wall.

Although the walls of the corpus become considerably
thicker during the first few months of pregnancy, they then
begin to thin gradually. By term, the myometrium is only 1 to
2 cm thick. In these later months, the uterus is changed into a
muscular sac with thin, soft, readily indentable walls through
which the fetus usually can be palpated.



Uterine hypertrophy early in pregnancy probably is stim-
ulated by the action of estrogen and perhaps progesterone.
The hypertrophy of early pregnancy does not occur entirely
in response to mechanical distention by the products of con-
ception, because similar uterine changes are observed with
ectopic pregnancy (Chap. 19, p. 379). But after approxi-
mately 12 weeks, the uterine size increase is related pre-
dominantly to pressure exerted by the expanding products
of conception.

Uterine enlargement is most marked in the fundus. In the
early pregnancy months, the fallopian tubes and the ovarian
and round ligaments attach only slightly below the apex of the
fundus. In later months, they are located slightly above the
middle of the uterus. The position of the placenta also influ-
ences the extent of uterine hypertrophy. The portion of the
uterus surrounding the placental site enlarges more rapidly than
does the rest.

Myocyte Arrangement

The uterine musculature during pregnancy is arranged in three
strata. The first is an outer hoodlike layer, which arches over
the fundus and extends into the various ligaments. The middle
layer is composed of a dense network of muscle fibers perfo-
rated in all directions by blood vessels. Last is an internal layer,
with sphincter-like fibers around the fallopian tube orifices and
internal cervical os.

Most of the uterine wall is formed by the middle layer. Each
cell in this layer has a double curve so that the interlacing of
any two gives approximately the form of a figure eight. This
arrangement is crucial because when the cells contract after
delivery, they constrict penetrating blood vessels and thus act
as ligatures (Fig. 2-11, p. 27).

Uterine Size, Shape, and Position

For the first few weeks, the uterus maintains its original piri-
form or pear shape. But, as pregnancy advances, the corpus
and fundus become more globular and almost spherical by
12 weeks™ gestation. Subsequently, the organ increases more
rapidly in length than in width and assumes an ovoid shape. By
the end of 12 weeks, the uterus has become too large to remain
entirely within the pelvis. As the uterus enlarges, it contacts
the anterior abdominal wall, displaces the intestines laterally
and superiorly, and ultimately reaches almost to the liver. With
uterine ascent from the pelvis, it usually rotates to the right.
This dextrorotation likely is caused by the rectosigmoid on the
left side of the pelvis. As the uterus rises, tension is exerted on
the broad and round ligaments.

With the pregnant woman standing, the longitudinal axis
of the uterus corresponds to an extension of the pelvic inlet
axis. The abdominal wall supports the uterus and, unless it is
quite relaxed, maintains this relation between the long axis of
the uterus and the axis of the pelvic inlet. When the pregnant
woman is supine, the uterus falls back to rest on the vertebral
column and the adjacent great vessels.

Uterine Contractility

Beginning in early pregnancy, the uterus undergoes irregular
contractions that are normally painless. During the second tri-
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mester, these contractions may be detected by bimanual exami-
nation. Because attention was first called to this phenomenon
in 1872 by J. Braxton Hicks, the contractions have been known
by his name. Such contractions appear unpredictably and spo-
radically and are usually nonrhythmic. Their intensity varies
between approximately 5 and 25 mm Hg (Alvarez, 1950).
Unitil the last several weeks of pregnancy, these Braxton Hicks
contractions are infrequent, but their number increases during
the last week or two. At this time, the uterus may contract as
often as every 10 to 20 minutes and with some degree of rhyth-
micity. Correspondingly, studies of uterine electrical activity
have shown low and uncoordinated patterns early in gestation,
which become progressively more intense and synchronized by
term (Garfield, 2005). Late in pregnancy, these contractions
may cause some discomfort and account for so-called false labor

(Chap. 21, p. 409).

Uteroplacental Blood Flow

The delivery of most substances essential for fetal and placen-
tal growth, metabolism, and waste removal is dependent on
adequate perfusion of the placental intervillous space (Chap. 5,
p. 96). Accurate estimation of actual uteroplacental blood
flow is technically challenging. Placental perfusion is depen-
dent on total uterine blood flow, and simultaneous measure-
ment of uterine, ovarian, and collateral vessels is currently
not possible, even using magnetic resonance angiography
(Pates, 2010). Using indirect measures, such as clearance rates
of androstenedione and xenon-133, uteroplacental blood
flow was found to increase progressively during pregnancy.
Estimates range from 450 to 650 mL/min near term (Edman,
1981; Kauppila, 1980). These estimates are remarkably similar
to those obtained with invasive methods—500 to 750 mL/min
(Assali, 1953; Browne, 1953; Metcalfe, 1955). Putting this
remarkable rate of blood flow in context, one recalls that the
blood flow in the entire circulation of a nonpregnant woman
is approximately 5000 mL/min.

The results of studies conducted in rats by Page and col-
leagues (2002) show that the uterine veins also significantly
adapt during pregnancy. Specifically, their remodeling includes
reduced elastin content and adrenergic nerve density. This cre-
ates increased venous caliber and distensibility. Logically, such
changes are necessary to accommodate the massively increased
uteroplacental blood flow.

Studying the effects of labor on uteroplacental blood flow,
Assali and coworkers (1968) placed electromagnetic flow probes
directly on a uterine artery in sheep and dogs at term. They
found that uterine contractions, either spontaneous or induced,
caused a decrease in uterine blood flow that was approximately
proportional to the contraction intensity. They also showed that
a tetanic contraction caused a precipitous fall in uterine blood
flow. Harbert and associates (1969) made a similar observation
in pregnant monkeys. In humans, uterine contractions appear
to affect fetal circulation much less (Brar, 1988).

Uteroplacental Blood Flow Regulation. Maternal-placental
blood flow progressively increases during gestation principally
by means of vasodilation. Palmer and associates (1992) showed
that uterine artery diameter doubled by 20 weeks and that
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concomitant mean Doppler velocimetry was increased eightfold.
Recall that blood flow within a vessel increases in proportion to
the fourth power of the radius. Thus, slight diameter increases
in the uterine artery produces a tremendous blood flow capac-
ity increase (Guyton, 1981). As reviewed by Mandala and Osol
(2011), the vessels that supply the uterine corpus widen and
elongate while preserving contractile function. In contrast, the
spiral arteries, which directly supply the placenta, widen but
completely lose contractility. This presumably results from endo-
vascular trophoblast invasion that destroys the intramural mus-
cular elements (Chap. 5, p. 93).

The vasodilation during pregnancy is at least in part the con-
sequence of estrogen stimulation. For example, 17B-estradiol
has been shown to promote uterine artery vasodilation and
reduce uterine vascular resistance (Sprague, 2009). Jauniaux
and colleagues (1994) found that estradiol and progesterone,
as well as relaxin, contribute to the downstream fall in vascular
resistance in women with advancing gestational age.

The downstream fall in vascular resistance leads to an accel-
eration of flow velocity and shear stress in upstream vessels. In
turn, shear stress leads to circumferential vessel growth, and
nitric oxide—a potent vasodilator—appears to play a key role
regulating this process (p. 61). Indeed, endothelial shear stress,
estrogen, placental growth factor (PIGF), and vascular endo-
thelial growth factor (VEGF)—a promoter of angiogenesis—all
augment endothelial nitric oxide synthase (eNOS) and nitric
oxide production (Grummer, 2009; Mandala, 2011). As an
important aside, VEGF and PIGF signaling is attenuated in
response to excess placental secretion of their soluble recep-
tor—soluble FMS-like tyrosine kinase 1 (sFlt-1). As detailed in
Chapter 40 (p. 735), increased maternal sFlt-1 levels inactivate
and decrease circulating PIGF and VEGF concentrations and
have been shown to be an important factor in preeclampsia
pathogenesis.

Normal pregnancy is also characterized by vascular refracto-
riness to the pressor effects of infused angiotensin II and nor-
epinephrine (p. 61). This insensitivity also serves to increase
uteroplacental blood flow (Rosenfeld, 1981, 2012). Recent
studies also suggest that relaxin may help mediate uterine
artery compliance (Vodstrcil, 2012). Moreover, Rosenfeld and
associates (2005, 2008) have discovered that large-conductance
potassium channels expressed in uterine vascular smooth muscle
also contribute to uteroplacental blood flow regulation through
several mediators, including estrogen and nitric oxide. In con-
trast, uterine blood flow and placental perfusion in sheep signif-
icantly decline following nicotine and catecholamine infusions
(Rosenfeld, 1976, 1977; Xiao, 2007). The placental perfusion
decrease likely results from greater uteroplacental vascular bed
sensitivity to epinephrine and norepinephrine compared with
that of the systemic vasculature.

Cervix

As early as 1 month after conception, the cervix begins to
undergo pronounced softening and cyanosis. These changes
result from increased vascularity and edema of the entire cer-
vix, together with hypertrophy and hyperplasia of the cervical

FIGURE 4-1 Cervical eversion of pregnancy as viewed through
a colposcope. The eversion represents columnar epithelium on
the portio of the cervix. (Photograph contributed by Dr. Claudia
Werner.)

glands (Straach, 2005). Although the cervix contains a small
amount of smooth muscle, its major component is connec-
tive tissue. Rearrangement of this collagen-rich connective
tissue is necessary to permit functions as diverse as mainte-
nance of a pregnancy to term, dilatation to aid delivery, and
repair following parturition so that a successful pregnancy can
be repeated (Timmons, 2007; Word, 2007). As detailed in
Chapter 21 (p. 410), the cervical ripening process involves
connective tissue remodeling that decreases collagen and pro-
teoglycan concentrations and increases water content com-
pared with the nonpregnant cervix. This process appears to
be regulated in part by localized estrogen and progesterone
metabolism (Andersson, 2008).

As shown in Figure 4-1, the cervical glands undergo marked
proliferation, and by the end of pregnancy, they occupy up to
one half of the entire cervical mass. This contrasts with their
rather small fraction in the nonpregnant state. These normal
pregnancy-induced changes represent an extension, or eversion,
of the proliferating columnar endocervical glands. This tissue
tends to be red and velvety and bleeds even with minor trauma,
such as with Pap smear sampling.

The endocervical mucosal cells produce copious tenacious
mucus that obstruct the cervical canal soon after conception. As
discussed on page 56, this mucus is rich in immunoglobulins and
cytokines and may act as an immunological barrier to protect
the uterine contents against infection (Hein, 2005). At the onset
of labor, if not before, this mucus plug is expelled, resulting in a
bloody show. Moreover, the cervical mucus consistency changes
during pregnancy. Specifically, in most pregnant women, as a
result of progesterone, when cervical mucus is spread and dried
on a glass slide, it is characterized by poor crystallization, or
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FIGURE 4-2 Cervical mucus arborization or ferning. (Photograph
contributed by Dr. James C. Glenn.)

beading. In some women, an arborization of crystals, or ferning, is
observed as a result of amnionic fluid leakage (Fig. 4-2).

During pregnancy, basal cells near the squamocolumnar
junction are likely to be prominent in size, shape, and stain-
ing qualities. These changes are considered to be estrogen
induced. In addition, pregnancy is associated with both endo-
cervical gland hyperplasia and hypersecretory appearance—the
Arias-Stella reaction—which makes the differentiation of these
and atypical glandular cells on Pap smear particularly difficult
(Connolly, 2005).

Pelvic Organ Prolapse

As a result of apical prolapse, the cervix, and occasionally a
portion of the uterine body, may protrude variably from the
vulva during early pregnancy. With further growth, the uterus
usually rises above the pelvis and may draw the cervix up with
it. If the uterus persists in its prolapsed position, symptoms of
incarceration may develop at 10 to 14 weeks. As a prevention
measure, the uterus can be replaced early in pregnancy and held
in position with a suitable pessary.

In contrast, attenuation of fascial support between the
vagina and the bladder can lead to prolapse of the bladder
into the vagina, that is, a cystocele. Urinary stasis with a cys-
tocele predisposes to infection. Pregnancy may also worsen
associated wurinary stress incontinence because urethral clos-
ing pressures do not increase sufficiently to compensate for
the progressively increased bladder pressure (losif, 1981).
Attenuation of rectovaginal fascia results in a rectocele. A
large defect may fill with feces that occasionally can be evacu-
ated only manually. During labor, a cystocele or rectocele can
block fetal descent unless they are emptied and pushed out of
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the way. In rare instances, an enterocele of considerable size
may complicate pregnancy. If symptomatic, the protrusion
should be replaced, and the woman kept in a recumbent posi-
tion. If the mass interferes with delivery, it should be pushed
up or held out of the way.

Ovaries

Ovulation ceases during pregnancy, and maturation of new
follicles is suspended. The single corpus luteum found in preg-
nant women functions maximally during the first 6 to 7 weeks
of pregnancy—4 to 5 weeks postovulation—and thereafter
contributes relatively little to progesterone production. These
observations have been confirmed by surgical removal of
the corpus luteum before 7 weeks—5 weeks postovulation.
Removal results in a rapid fall in maternal serum progester-
one levels and spontaneous abortion (Csapo, 1973). After this
time, however, corpus luteum excision ordinarily does not
cause abortion, and even bilateral oophorectomy at 16 weeks
does not cause pregnancy loss (Villaseca, 2005). Interestingly
in such cases, follicle-stimulating hormone (FSH) levels do
not reach perimenopausal levels until approximately 5 weeks
postpartum.

An extrauterine decidual reaction on and beneath the surface
of the ovaries is common in pregnancy and is usually observed
at cesarean delivery. These elevated patches of tissue bleed eas-
ily and may, on first glance, resemble freshly torn adhesions.
Similar decidual reactions are seen on the uterine serosa and
other pelvic, or even extrapelvic, abdominal organs (Bloom,
2010). These areas arise from subcoelomic mesenchyme as a
result of progesterone stimulation and histologically appear
similar to progestin-stimulated intrauterine endometrial stroma
described in Chapter 5 (p. 86)(Russell, 2009).

‘The enormous caliber of the ovarian veins viewed at cesarean
delivery is startling. Hodgkinson (1953) found that the diam-
eter of the ovarian vascular pedicle increased during pregnancy
from 0.9 cm to approximately 2.6 ¢cm at term. Again, recall
that flow in a tubular structure increases exponentially as the
diameter enlarges.

Relaxin

As discussed in Chapter 5 (p. 105), this protein hormone
is secreted by the corpus luteum as well as the decidua and
the placenta in a pattern similar to that of human chorionic
gonadotropin (hCG). It is also expressed in a variety of non-
reproductive tissues, including brain, heart, and kidney. It is
mentioned here because its secretion by the corpus luteum
appears to play a key role in facilitating many maternal physi-
ological adaptations (Conrad, 2013). One of its biological
actions appears to be remodeling of reproductive-tract connec-
tive tissue to accommodate parturition (Park, 2005). Relaxin
also appears important in the initiation of augmented renal
hemodynamics, decreased serum osmolality, and increased
uterine artery compliance associated with normal pregnancy
(Conrad, 2011a,b). Despite its name, serum relaxin levels
do not contribute to increasing peripheral joint laxity during
pregnancy (Marnach, 2003).
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Theca-Lutein Cysts

These benign ovarian lesions result from exaggerated physi-
ological follicle stimulation—termed hAyperreactio luteinalis.
These usually bilateral cystic ovaries are moderately to mas-
sively enlarged. The reaction is usually associated with mark-
edly elevated serum levels of hCG. Thus not surprisingly,
theca-lutein cysts are found frequently with gestational tro-
phoblastic disease (Chap. 20, p. 398). They are also more
likely found with a large placenta such as with diabetes, anti-D
alloimmunization, and multifetal gestations (Tanaka, 2001).
Theca-lutein cysts have also been reported in chronic renal
failure as a result of reduced hCG clearance and in hyperthy-
roidism as a result of the structural homology between hCG
and thyroid-stimulating hormone (Coccia, 2003; Gherman,
2003). However, they also are encountered in women with
otherwise uncomplicated pregnancies and are thought to result
from an exaggerated response of the ovaries to normal levels of
circulating hCG (Langer, 2007).

Although usually asymptomatic, hemorrhage into the cysts
may cause abdominal pain (Amoah, 2011). Maternal viriliza-
tion may be seen in up to 30 percent of women, however,
virilization of the fetus has not yet been described (Karlovd,
2011). Maternal findings including temporal balding, hirsut-
ism, and clitoromegaly are associated with massively elevated
levels of androstenedione and testosterone. The diagno-
sis typically is based on sonographic findings of bilateral
enlarged ovaries containing multiple cysts in the appropriate
clinical settings. The condition is self-limited, and resolution
follows delivery. Their management was reviewed by Phelan
and Conway (2011) and is discussed further in Chapter 63
(p. 1228).

Fallopian Tubes

Fallopian tube musculature undergoes little hypertrophy dur-
ing pregnancy. However, the epithelium of the tubal mucosa
becomes somewhat flattened. Decidual cells may develop in the
stroma of the endosalpinx, but a continuous decidual mem-
brane is not formed. Rarely, the increasing size of the gravid
uterus, especially in the presence of paratubal or ovarian cysts,
may result in fallopian tube torsion (Batukan, 2007).

Vagina and Perineum

During pregnancy, increased vascularity and hyperemia
develop in the skin and muscles of the perineum and vulva,
with softening of the underlying abundant connective tissue.
Also, Bartholin gland duct cysts of 1-cm size are common
(Berger, 2012). Increased vascularity prominently affects the
vagina and results in the violet color characteristic of Chadwick
sign. The vaginal walls undergo striking changes in preparation
for the distention that accompanies labor and delivery. These
changes include a considerable increase in mucosal thickness,
loosening of the connective tissue, and smooth muscle cell
hypertrophy. The papillae of the vaginal epithelium undergo
hypertrophy to create a fine, hobnailed appearance. Studies in
pregnant mice have shown that vaginal distention results in

increased elastic fiber degradation and an increase in the pro-
teins necessary for new elastic fiber synthesis. In the absence of
this synthesis, rapid progression of vaginal wall prolapse ensues
(Rahn, 2008a,b).

The considerably increased volume of cervical secretions
within the vagina during pregnancy consists of a somewhat
thick, white discharge. The pH is acidic, varying from 3.5 to
6. This results from increased production of lactic acid from
glycogen in the vaginal epithelium by the action of Lactobacillus
acidophilus. As discussed in Chapter 65 (p. 1276), pregnancy
is associated with a 10- to 20-fold increase in the prevalence of
vulvovaginal candidiasis (Farage, 2011).

BREASTS

In the early weeks of pregnancy, women often experience breast
tenderness and paresthesias. After the second month, the breasts
increase in size, and delicate veins become visible just beneath
the skin. The nipples become considerably larger, more deeply
pigmented, and more erectile. After the first few months, a
thick, yellowish fluid——colostrum—can often be expressed from
the nipples by gentle massage. During the same months, the
areolae become broader and more deeply pigmented. Scattered
through the areolae are a number of small elevations, the glands
of Montgomery, which are hypertrophic sebaceous glands. If the
increase in breast size is extensive, striations similar to those
observed in the abdomen may develop. Rarely, breast enlarge-
ment may become so pathologically extensive—referred to as
gigantomastia as shown in Figure 4-3—that it requires post-
partum surgical intervention (Antevski, 2011; Pasrija, 2006;
Shoma, 2011; Vidaeff, 2003).

For most normal pregnancies, prepregnancy breast size and
volume of milk production do not correlate (Hytten, 1995).
Histological and functional changes of the breasts induced by
pregnancy and lactation are further discussed in Chapter 36

(p. 672).

FIGURE 4-3 Gigantomastia in a woman near term. (Photograph
contributed by Dr. Patricia Santiago-Munoz.)



SKIN

There are several changes in the skin during pregnancy. These
sometimes are noticeable and may provoke anxiety in some
women. Skin changes are common, and Rathore and cowork-
ers (2011) conducted a detailed dermatological examination
of 2000 randomly selected asymptomatic women attending a
prenatal clinic in India. They found at least one physiological
cutaneous change in 87 percent of the women.

Abdominal wall

Beginning after midpregnancy, reddish, slightly depressed
streaks commonly develop in the abdominal skin and some-
times in the skin over the breasts and thighs. These are called
striae gravidarum or stretch marks. In multiparous women,
in addition to the reddish striae of the present pregnancy,
glistening, silvery lines that represent the cicatrices of previ-
ous striae frequently are seen. In a study of 110 primipa-
rous patients, Osman and colleagues (2007) reported that
48 percent developed striae gravidarum on their abdomen;
25 percent on their breasts; and 25 percent on their thighs.
The strongest associated risk factors were weight gain during
pregnancy, younger maternal age, and family history. The
etiology of striae gravidarum is unknown, and there are no
definitive treatments (Soltanipoor, 2012).

Occasionally, the muscles of the abdominal walls do not
withstand the tension to which they are subjected. As a result,
rectus muscles separate in the midline, creating diastasis recti of
varying extent. If severe, a considerable portion of the anterior
uterine wall is covered by only a layer of skin, attenuated fascia,
and peritoneum to form a ventral hernia.

Hyperpigmentation

This develops in up to 90 percent of women. It is usually more
accentuated in those with a darker complexion (Muallem,
2006). The midline of the anterior abdominal wall skin—
linea alba—takes on dark brown-black pigmentation to form
the linea nigra. Occasionally, irregular brownish patches of
varying size appear on the face and neck, giving rise to chlo-
asma or melasma gravidarum—the so-called mask of pregnancy.
Pigmentation of the areolae and genital skin may also be accen-
tuated. These pigmentary changes usually disappear, or at least
regress considerably, after delivery. Oral contraceptives may
cause similar pigmentation (Sheth, 2011).

Little is known of the etiology of these pigmentary changes.
However, levels of melanocyte-stimulating hormone, a polypep-
tide similar to corticotropin, are elevated remarkably through-
out pregnancy. Estrogen and progesterone also are reported to
have melanocyte-stimulating effects.

Vascular Changes

Angiomas, called vascular spiders, develop in approximately two
thirds of white women and approximately 10 percent of black
women. Particularly common on the face, neck, upper chest,
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and arms, these are minute, red skin elevations, with radicles
branching out from a central lesion. The condition is often des-
ignated as nevus, angioma, or telangiectasis. Palmar erythema
is encountered during pregnancy in approximately two thirds
of white women and one third of black women. These two
conditions are of no clinical significance and disappear in most
women shortly after pregnancy. They are most likely the conse-
quence of hyperestrogenemia.

In addition to these discrete lesions, increased cutaneous
blood flow in pregnancy serves to dissipate excess heat gener-
ated by increased metabolism.

METABOLIC CHANGES

In response to the increased demands of the rapidly growing
fetus and placenta, the pregnant woman undergoes metabolic
changes that are numerous and intense. Certainly no other
physiological event induces such profound metabolic altera-
tions. By the third trimester, maternal basal metabolic rate is
increased by 10 to 20 percent compared with that of the non-
pregnant state. This is increased by an additional 10 percent
in women with a twin gestation (Shinagawa, 2005). Viewed
another way, an analysis by the World Health Organization
(2004) estimates that the additional total pregnancy energy
demands associated with normal pregnancy are approximately
77,000 keal or 85 kcal/day, 285 kcal/day, and 475 kcal/day
during the first, second, and third trimester, respectively
(Table 4-1). In addition to the corresponding increased
caloric requirements, Lof (2011) found that the increased
energy demands were also compensated for, in part, by nor-
mal pregnant women gravitating to less physically demanding
activities.

Weight Gain

Most of the normal increase in weight during pregnancy is
attributable to the uterus and its contents, the breasts, and
increases in blood volume and extravascular extracellular
fluid. A smaller fraction results from metabolic alterations that
increase accumulation of cellular water, fat, and protein—so-
called maternal reserves. Hytten (1991) reported that the aver-
age weight gain during pregnancy is approximately 12.5 kg or
27.5 Ib (Table 4-2). Maternal aspects of weight gain are con-
sidered in greater detail in Chapter 9 (p. 177).

Water Metabolism

Increased water retention is a normal physiological alteration
of pregnancy. It is mediated, at least in part, by a fall in plasma
osmolality of approximately 10 mOsm/kg induced by a reset-
ting of osmotic thresholds for thirst and vasopressin secretion
(Heenan, 2003; Lindheimer, 1995). As shown in Figure 4-4,
this phenomenon is functioning by early pregnancy.

At term, the water content of the fetus, placenta, and amni-
onic fluid approximates 3.5 L. Another 3.0 L accumulates from
increases in maternal blood volume and in the size of the uterus
and breasts. Thus, the minimum amount of extra water that the
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TABLE 4-1. Additional Energy Demands During Normal Pregnancy?

Rates of Tissue Deposition

1st Trimester 2nd Trimester 3rd Trimester

Total Deposition

g/d
Weight gain 17
Protein deposition 0
Fat deposition 5.2

g/d g/d g/280d
60 54 12,000

1.3 51 597
18.9 16.9 3741

Energy Cost of Pregnancy Estimated from Basal Metabolic Rate and Energy Deposition

1st Trimester 2nd Trimester 3rd Trimester 10tal Energy Cost

Protein deposition 0
Fat deposition 202
Efficiency of energy utilization® 20
Basal metabolic rate 199
Total energy cost of pregnancy 421

30 121 14.1 3370
732 654 144.8 34,600
76 77 15.9 3800
397 993 147.8 35,130
1235 1845 322.6 77,100

‘Assumes an average gestational weight gain of 12 kgq.
PEfficiency of food energy utilization for protein and fat deposition estimated as 0.90.

Adapted from the World Health Organization, 2004.

average woman accrues during normal pregnancy is approxi-
mately 6.5 L. Clearly demonstrable pitting edema of the ankles
and legs is seen in most pregnant women, especially at the end
of the day. This fluid accumulation, which may amount to a
liter or so, is caused by increased venous pressure below the
level of the uterus as a consequence of partial vena cava occlu-
sion. A decrease in interstitial colloid osmotic pressure induced
by normal pregnancy also favors edema late in pregnancy
(@ian, 1985).

Longitudinal studies of body composition have shown a
progressive increase in total body water and fat mass during

TABLE 4-2. Weight Gain Based on Pregnancy-Related

Components
Cumulative Increase in Weight (g)
Tissues and 10 20 30 40
Fluids Weeks Weeks Weeks Weeks
Fetus 5 300 1500 3400
Placenta 20 170 430 650
Amnionic fluid 30 350 750 800
Uterus 140 320 600 970
Breasts 45 180 360 405
Blood 100 600 1300 1450
Extravascular 0 30 80 1480
fluid
Maternal stores 310 2050 3480 3345
(fat)
Total 650 4000 8500 12,500

Modified from Hytten, 1991.

pregnancy. Both initial maternal weight and weight gained
during pregnancy are highly associated with birchweight. It is
unclear, however, what role maternal fat or water have in fetal
growth. Studies in well-nourished women suggest that mater-
nal body water, rather than fat, contributes more significantly
to infant birthweight (Lederman, 1999; Mardones-Santander,
1998).

300
296
292
288 A

284

P osm (MOsmol/kg)
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FIGURE 4-4 Mean values (black line) + standard deviations (blue
lines) for plasma osmolality (Pu,) measured at weekly intervals
in nine women from preconception to 16 weeks. LMP = Iast men-
strual period; MP = menstrual period. (Redrawn from Davison,
1981, with permission.)



Protein Metabolism

The products of conception, the uterus, and maternal blood
are relatively rich in protein rather than fat or carbohydrate.
At term, the fetus and placenta together weigh about 4 kg and
contain approximately 500 g of protein, or about half of the
total pregnancy increase (Hytten, 1971). The remaining 500 g
is added to the uterus as contractile protein, to the breasts pri-
marily in the glands, and to maternal blood as hemoglobin and
plasma proteins.

Amino acid concentrations are higher in the fetal than in the
maternal compartment (Cetin, 2005; van den Akker, 2009).
This increased concentration is largely regulated by the placenta.
The placenta not only concentrates amino acids into the fetal cir-
culation, but also is involved in protein synthesis, oxidation, and
transamination of some nonessential amino acids (Galan, 2009).

Mojtahedi and associates (2002) measured nitrogen balance
across pregnancy in 12 healthy women. It increased with gesta-
tional age and thus suggested a more efficient use of dietary pro-
tein. They also found that urinary excretion of 3-methylhistidine
did not change, indicating that maternal muscle breakdown is
not required to meet metabolic demands. Further support that
pregnancy is associated with nitrogen conservation comes from
Kalhan and coworkers (2003), who found that the turnover
rate of nonessential serine decreases across gestation. The daily
requirements for dietary protein intake during pregnancy are

discussed in Chapter 9 (p. 179).

Carbohydrate Metabolism

Normal pregnancy is characterized by mild fasting hypoglycemia,
postprandial hyperglycemia, and hyperinsulinemia (Fig. 4-5).
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FIGURE 4-5 Diurnal changes in plasma glucose and insulin in
normal late pregnancy. (Redrawn from Phelps, 1981.)
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This increased basal level of plasma insulin in normal pregnancy
is associated with several unique responses to glucose ingestion.
For example, after an oral glucose meal, gravid women demon-
strate prolonged hyperglycemia and hyperinsulinemia as well as
a greater suppression of glucagon (Phelps, 1981). This cannot be
explained by an increased metabolism of insulin because its half-
life during pregnancy is not changed (Lind, 1977). Instead, this
response is consistent with a pregnancy-induced state of periph-
eral insulin resistance, the purpose of which is likely to ensure
a sustained postprandial supply of glucose to the fetus. Indeed,
insulin sensitivity in late normal pregnancy is 45 to 70 percent
lower than that of nonpregnant women (Butte, 2000; Freemark,
2006).

The mechanism(s) responsible for insulin resistance is not
completely understood. Progesterone and estrogen may act,
directly or indirectly, to mediate this insensitivity. Plasma lev-
els of placental lactogen increase with gestation, and this pro-
tein hormone is characterized by growth hormone-like action.
Higher levels may increase lipolysis and liberation of free fatty
acids (Freinkel, 1980). The increased concentration of circulat-
ing free fatty acids also may aid increased tissue resistance to
insulin (Freemark, 2006).

The pregnant woman changes rapidly from a postprandial
state characterized by elevated and sustained glucose levels to
a fasting state characterized by decreased plasma glucose and
some amino acids. Simultaneously, plasma concentrations of
free fatty acids, triglycerides, and cholesterol are higher. Freinkel
and colleagues (1985) have referred to this pregnancy-induced
switch in fuels from glucose to lipids as accelerated starvation.
Certainly, when fasting is prolonged in the pregnant woman,
these alterations are exaggerated and ketonemia rapidly appears.

Fat Metabolism

The concentrations of lipids, lipoproteins, and apolipoproteins
in plasma increase appreciably during pregnancy (Appendix,
p. 1291). Increased insulin resistance and estrogen stimulation
during pregnancy are responsible for the maternal hyperlipid-
emia. As reviewed by Ghio and associates (2011), increased
lipid synthesis and food intake contribute to maternal fat accu-
mulation during the first two trimesters. In the third trimester,
however, fat storage declines or ceases. This is a consequence
of enhanced lipolytic activity, and decreased lipoprotein lipase
activity reduces circulating triglyceride uptake into adipose tis-
sue. This transition to a catabolic state favors maternal use of
lipids as an energy source and spares glucose and amino acids
for the fetus.

Maternal hyperlipidemia is one of the most consistent and
striking changes of lipid metabolism during late pregnancy.
Triacylglycerol and cholesterol levels in very-low-density lipo-
proteins (VLDLs), low-density lipoproteins (LDLs), and high-
density lipoproteins (HDLs) are increased during the third
trimester compared with those in nonpregnant women. During
the third trimester, average total serum cholesterol, LDL-
C, HDL-C, and triglyceride levels are approximately 267 +
30 mg/dL, 136 % 33 mg/dL, 81 £ 17 mg/dL, and 245 + 73 mg/
dL, respectively (Lippi, 2007). After delivery, the concentra-
tions of these lipids, as well as lipoproteins and apolipoproteins,

53



54

Maternal Anatomy and Physiology

decrease. Lactation speeds the change in levels of many of these
(Darmady, 1982).

Hyperlipidemia is theoretically a concern because it is associ-
ated with endothelial dysfunction. From their studies, however,
Saarelainen and coworkers (2006) found that endothelium-
dependent vasodilation responses actually improve across
pregnancy. This was partly because increased HDL-cholesterol
concentrations likely inhibit LDL oxidation and thus protect
the endothelium. Their findings suggest that the increased car-
diovascular disease risk in multiparous women may be related
to factors other than maternal hypercholesterolemia.

Leptin

In nonpregnant humans, this peptide hormone is primar-
ily secreted by adipose tissue. It plays a key role in body fat
and energy expenditure regulation. Leptin deficiency is associ-
ated with anovulation and infertility, however, pregnancy in
a woman with a leptin-receptor mutation has been reported
(Maguire, 2012; Nizard, 2012).

Maternal serum leptin levels increase and peak during the
second trimester and plateau until term in concentrations
two to four times higher than those in nonpregnant women.
This increase is only partially due to pregnancy weight gain,
because leptin also is produced in significant amounts by
the placenta (Maymd, 2011). Moreover, and as discussed
in Chapter 5 (p. 106), placental weight is significantly cor-
related with leptin levels measured in umbilical cord blood
(Pighetti, 2003).

Hauguel-de Mouzon and associates (2006) have hypoth-
esized that increased leptin production may be critical for the
regulation of increased maternal energy demands. As discussed
in Chapter 48 (p. 961), leptin and adiponectin—a cytokine
involved with energy homeostasis and lipid metabolism—may
also help to regulate fetal growth (Henson, 2006; Karakosta,
2010; Nakano, 2012). As reviewed by Miehle and colleagues
(2012), abnormally elevated leptin levels have been associated
with preeclampsia (Chap. 40, p. 729) and gestational diabetes
(Chap. 57, p. 1130).

Ghrelin

This peptide is secreted principally by the stomach in response
to hunger. It cooperates with other neuroendocrine factors,
such as leptin, in energy homeostasis modulation. It is also
expressed in the placenta and likely has a role in fetal growth
and cell proliferation (Chap. 5, p. 105). Maternal serum ghre-
lin levels increase and peak at midpregnancy and then decrease
until term (Fuglsang, 2008). This is explicable in that ghrelin
levels are known to be decreased in other insulin-resistant states
such as metabolic syndrome and gestational diabetes mellitus
(Baykus, 2012; Riedl, 2007). Muccioli and coworkers (2011)
have provided an excellent review of the many functions of
ghrelin in the regulation of reproductive function.

Electrolyte and Mineral Metabolism

During normal pregnancy, nearly 1000 mEq of sodium and
300 mEq of potassium are retained (Lindheimer, 1987). Although
the glomerular filtration of sodium and potassium is increased,

the excretion of these electrolytes is unchanged during pregnancy
as a result of enhanced tubular resorption (Brown, 1986, 1988).
And although there are increased total accumulations of sodium
and potassium, their serum concentrations are decreased slightly
because of expanded plasma volume (Appendix, p. 1289). Still,
these levels remain very near the normal range for nonpregnant
women (Kametas, 2003a).

Total serum calcium levels, which include both ionized and
nonionized calcium, decline during pregnancy. This reduction
follows lowered plasma albumin concentrations and, in turn,
a consequent decrease in the amount of circulating protein-
bound nonionized calcium. Serum ionized calcium levels, how-
ever, remain unchanged (Power, 1999). The developing fetus
imposes a significant demand on maternal calcium homeosta-
sis. For example, the fetal skeleton accretes approximately 30 g
of calcium by term, 80 percent of which is deposited during
the third trimester. This demand is largely met by a doubling
of maternal intestinal calcium absorption mediated, in part, by
1,25-dihydroxyvitamin D; (Kovacs, 2006). In addition, dietary
intake of sufficient calcium is necessary to prevent excess deple-
tion from the mother (Table 9-6, p. 179). This is especially
important for pregnant adolescents, in whom bones are still
developing (Repke, 1994).

Serum magnesium levels also decline during pregnancy.
Bardicef and colleagues (1995) concluded that pregnancy is
actually a state of extracellular magnesium depletion. Compared
with nonpregnant women, they found that both total and ion-
ized magnesium concentrations were significantly lower dur-
ing normal pregnancy. Serum phosphate levels lie within the
nonpregnant range (Kametas, 2003a). The renal threshold for
inorganic phosphate excretion is elevated in pregnancy due to
increased calcitonin levels (Weiss, 1998).

lodine requirements increase during normal pregnancy for
several reasons (Leung, 2011; Zimmermann, 2012). First,
maternal thyroxine (T,) production increases to maintain
maternal euthyroidism and to transfer thyroid hormone to the
fetus early in gestation before the fetal thyroid is functioning
(Chap. 58, p. 1147). Second, fetal thyroid hormone produc-
tion increases during the second half of pregnancy. This con-
tributes to increased maternal iodine requirements because
iodide readily crosses the placenta. Third, the primary route
of iodine excretion is through the kidney. Beginning in early
pregnancy, the iodide glomerular filtration rate increases by 30
to 50 percent. Thus, because of increased thyroid hormone pro-
duction, the iodine requirement of the fetus, and greater renal
clearance, dietary iodine requirements are higher during normal
gestation. Moreover, Burns and associates (2011) have reported
that the placenta has the ability to store iodine. Whether pla-
cental iodine functions to protects the fetus from inadequate
maternal dietary iodine, however, is currently unknown. Iodine
deficiency is discussed later in this chapter (p. 69) as well as in
Chapter 58 (p. 1155).

With respect to most other minerals, pregnancy induces
lictle change in their metabolism other than their retention
in amounts equivalent to those needed for growth (Chap. 7,
p- 134 and Chap. 9, p. 179). An important exception is the
considerably increased requirement for iron, which is discussed
subsequently.



HEMATOLOGICAL CHANGES

Blood Volume

The well-known hypervolemia associated with normal preg-
nancy averages 40 to 45 percent above the nonpregnant blood
volume after 32 to 34 weeks (Pritchard, 1965; Zeeman, 2009).
In individual women, expansion varies considerably. In some
there is only a modest increase, whereas in others the blood
volume nearly doubles. A fetus is not essential for this because
increased blood volume develops in some women with hyda-
tidiform mole.

Pregnancy-induced hypervolemia has several important
functions. First, it meets the metabolic demands of the enlarged
uterus and its greatly hypertrophied vascular system. Second,
it provides abundant nutrients and elements to support the
rapidly growing placenta and fetus. Increased intravascular vol-
ume also protects the mother, and in turn the fetus, against
the deleterious effects of impaired venous return in the supine
and erect positions. Last, it safeguards the mother against the
adverse effects of parturition-associated blood loss.

Maternal blood volume begins to increase during the first
trimester. By 12 menstrual weeks, plasma volume expands by
approximately 15 percent compared with that of prepregnancy
(Bernstein, 2001). As shown in Figure 4-6, maternal blood vol-
ume expands most rapidly during the second trimester. It then
rises at a much slower rate during the third trimester to plateau
during the last several weeks of pregnancy.

Blood volume expansion results from an increase in both
plasma and erythrocytes. Although more plasma than eryth-
rocytes is usually added to the maternal circulation, the
increase in erythrocyte volume is considerable and averages
450 mL (Pritchard, 1960). Moderate erythroid hyperplasia
is present in the bone marrow, and the reticulocyte count
is elevated slightly during normal pregnancy. As discussed
in Chapter 56 (p. 1101), these changes are almost certainly
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related to an elevated maternal plasma erythropoietin level.
This peaks early during the third trimester and corresponds
to maximal erythrocyte production (Clapp, 2003; Harstad,
1992).

Hemoglobin Concentration and Hematocrit

Because of great plasma augmentation, hemoglobin concen-
tration and hematocrit decrease slightly during pregnancy
(Appendix, p. 1287). As a result, whole blood viscosity decreases
(Huisman, 1987). Hemoglobin concentration at term averages
12.5 g/dL, and in approximately 5 percent of women, it is below
11.0 g/dL (Fig. 56-1, p. 1102). Thus, a hemoglobin concentra-
tion below 11.0 g/dL, especially late in pregnancy, should be
considered abnormal and usually due to iron deficiency rather
than pregnancy hypervolemia.

Iron Metabolism

Storage Iron

The total iron content of normal adult women ranges from 2.0
to 2.5 g, or approximately half that found normally in men.
Most of this is incorporated in hemoglobin or myoglobin, and
thus, iron stores of normal young women are only approxi-
mately 300 mg (Pritchard, 1964).

Iron Requirements

Of the approximate 1000 mg of iron required for normal
pregnancy, about 300 mg are actively transferred to the fetus
and placenta, and another 200 mg are lost through various
normal excretion routes, primarily the gastrointestinal tract.
These are obligatory losses and accrue even when the mother
is iron deficient. The average increase in the total circulating
erythrocyte volume—about 450 mL—requires another 500
mg. Recall that each 1 mL of erythrocytes contains 1.1 mg
of iron. Because most iron is used during the
latter half of pregnancy, the iron requirement
becomes large after midpregnancy and averages
6 to 7 mg/day (Pritchard, 1970). In most
women, this amount is usually not available from
iron stores. Thus, without supplemental iron,
the optimal increase in maternal erythrocyte
volume will not develop, and the hemoglobin
concentration and hematocrit will fall apprecia-
bly as plasma volume increases. At the same time,
fetal red cell production is not impaired because
the placenta transfers iron even if the mother has
severe iron deficiency anemia. In severe cases, we
have documented maternal hemoglobin values of
3 g/dL, and at the same time, fetuses had hemo-
globin concentrations of 16 g/dL. The complex
mechanisms of placental iron transport and regu-

10 20 30 40
Weeks of gestation

FIGURE 4-6 Changes in total blood volume and its components (plasma and
red cell volumes) during pregnancy and postpartum. (Redrawn from Peck, 1979,

with permission.)

Delivery 6 weeks
postpartum

lation have recently been reviewed by Gambling
(2011) and Lipiriski (2013) and all of their
coworkers.

It follows that the amount of dietary iron,
together with that mobilized from stores, will be
insufficient to meet the average demands imposed
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by pregnancy. If the nonanemic pregnant woman is not given
supplemental iron, then serum iron and ferritin concentrations
decline after midpregnancy. The early pregnancy increases in
serum iron and ferritin are likely due to minimal early iron
demands combined with the positive iron balance from amen-

orrhea (Kaneshige, 1981).

The Puerperium

Generally, not all the maternal iron added in the form of hemo-
globin is lost with normal delivery. During vaginal delivery and
the first postpartum days, only approximately half of the added
erythrocytes are lost from most women. These normal losses are
from the placental implantation site, episiotomy or lacerations,
and lochia. On average, maternal erythrocytes corresponding
to approximately 500 to 600 mL of predelivery whole blood
are lost with vaginal delivery of a single fetus (Pritchard, 1965;
Ueland, 1976). The average blood loss associated with cesarean

delivery or with the vaginal delivery of twins is approximately
1000 mL (Fig. 41-1, p. 781).

Immunological Functions

Pregnancy is thought to be associated with suppression of
various humoral and cell-mediated immunological func-
tions to accommodate the “foreign” semiallogeneic fetal graft
(Redman, 2014; Thellin, 2003). This is discussed further in
Chapter 5 (p. 97). In reality, pregnancy is both a proinflam-
matory and antiinflammatory condition, depending upon the
stage of gestation. Indeed, Mor and colleagues (2010, 2011)
have proposed that pregnancy can be divided into three dis-
tinct immunological phases. First, early pregnancy is pro-
inflammatory. During implantation and placentation, the
blastocyst must break through the uterine cavity epithelial
lining to invade endometrial tissue. Trophoblast must then
replace the endothelium and vascular smooth muscle of the
maternal blood vessels to secure an adequate blood supply
for the placenta (Chap. 5, p. 90). All these activities create
a veritable “battleground” of invading cells, dying cells, and
repairing cells. And, an inflammatory environment is required
to secure cellular debris removal and adequate repair of the
uterine epithelium. In contrast, midpregnancy is antiinflam-
matory. During this period of rapid fetal growth and develop-
ment, the predominant immunological feature is induction of
an antiinflammatory state. Last, parturition is characterized by
an influx of immune cells into the myometrium to promote
recrudescence of an inflammatory process.

An important antinflammatory component of pregnancy
appears to involve suppression of T-helper (Th) 1 and T-cytotoxic
(Tc) 1 cells, which decreases secretion of interleukin-2 (IL-
2), interferon-y, and tumor necrosis factor-B (TNE-B). There
is also evidence that a suppressed Thl response is requisite for
pregnancy continuation. It also may explain pregnancy-related
remission of some autoimmune disorders such as rheumatoid
arthritis, multiple sclerosis, and Hashimoto thyroiditis—which
are Thl-mediated diseases (Kumru, 2005). As discussed in
Chapter 40 (p. 733), failure of Thl immune suppression may
be related to preeclampsia development (Jonsson, 2000).

In contrast to suppression of Thl cells, there is upregula-
tion of Th2 cells to increase secretion of 1L-4, IL-6, and IL-13
(Michimata, 2003). In cervical mucus, peak levels of immu-
noglobulins A and G (IgA and IgG) are significantly higher
during pregnancy. Similarly, the amount of interleukin-1f
found in cervical and vaginal mucus during the first trimester is
approximately tenfold greater than that in nonpregnant women
(Anderson, 2013).

Leukocytes

Beginning in the second trimester and continuing throughout
pregnancy, some polymorphonuclear leukocyte chemotaxis and
adherence functions are depressed (Krause, 1987). Although
incompletely understood, this activity suppression may be
partly related to the finding that relaxin impairs neutrophil
activation (Masini, 2004). It is possible that these depressed
leukocyte functions also account in part for the improvement
of some autoimmune disorders.

As shown in the Appendix (p. 1287), leukocyte count
ranges during pregnancy are higher than nonpregnant values,
and the upper values approach 15,000/pL. During labor and
the early puerperium, values may become markedly elevated,
attaining levels of 25,000/uL or even more. However, values
average 14,000 to 16,000/pL (Taylor, 1981). The cause for
this marked increase is not known, but the same response
occurs during and after strenuous exercise. It probably repre-
sents the reappearance of leukocytes previously shunted out of
active circulation.

In addition to normal variations in the leukocyte count, the
distribution of cell types is altered significantly during preg-
nancy. Specifically, during the third trimester, the percent-
ages of granulocytes and CD8 T lymphocytes are significantly
increased, along with a concomitant reduction in the percent-
ages of CD4 T lymphocytes and monocytes. Moreover, cir-
culating leukocytes undergo significant phenotypic changes
including, for example, the upregulation of certain adhesion
molecules (Luppi, 2002).

Inflammatory Markers

Many tests performed to diagnose inflammation cannot be
used reliably during pregnancy. For example, leukocyte alka-
line phosphatase levels are used to evaluate myeloproliferative
disorders and are increased beginning early in pregnancy. The
concentration of C-reactive protein, an acute-phase serum reac-
tant, rises rapidly in response to tissue trauma or inflamma-
tion. Anderson (2013), Watts (1991), and all their associates
measured C-reactive protein levels across pregnancy and found
that median values were higher than for nonpregnant women.
In the latter study, levels were also found to be elevated further
during labor. Of nonlaboring women, 95 percent had levels
of 1.5 mg/dL or less, and gestational age did not affect serum
levels. Another marker of inflammation, the erythrocyte sedi-
mentation rate (ESR), is increased in normal pregnancy because
of elevated plasma globulins and fibrinogen (Hytten, 1971).
Complement factors C3 and C4 also are significantly elevated
during the second and third trimesters (Gallery, 1981; Richani,
2005). Last, levels of procalcitonin, a normal precursor of cal-
citonin, increase at the end of the third trimester and through



the first few postpartum days (p. 70). Procalcitonin levels are
elevated in severe bacterial infections but remain low in viral
infections and nonspecific inflammatory disease. Based on their
longitudinal study, Paccolat and colleagues (2011) concluded
that a threshold of 0.25 ug/L can be used during the third tri-
mester and peripartum to exclude infection.

Coagulation and Fibrinolysis

During normal pregnancy, both coagulation and fibrinolysis
are augmented but remain balanced to maintain hemostasis
(Appendix, p. 1288). They are even more enhanced in multife-
tal gestation (Morikawa, 2006). Evidence of activation includes
increased concentrations of all clotting factors except factors XI
and XIII (Table 4-3). The clotting time of whole blood, how-
ever, does not differ significantly in normal pregnant women.
Considering the substantive physiological increase in plasma
volume in normal pregnancy, such increased concentrations
represent a markedly augmented production of these proco-
agulants (Kenny, 2014). In a longitudinal study of 20 healthy
nulligravid women, for example, McLean and coworkers
(2012) demonstrated progressive increases in the level and rate
of thrombin generation throughout gestation. These returned
to preconceptional levels by 1 year after pregnancy.

In normal nonpregnant women, plasma fibrinogen (factor I)
averages 300 mg/dL and ranges from 200 to 400 mg/dL. During
normal pregnancy, fibrinogen concentration increases approxi-
mately 50 percent. In late pregnancy, it averages 450 mg/dL,
with a range from 300 to 600 mg/dL. The percentage of high-
molecular-weight fibrinogen is unchanged (Manten, 2004).
This contributes greatly to the striking increase in the eryzh-
rocyte sedimentation rate as discussed previously. Some of the
pregnancy-induced changes in the levels of coagulation factors
can be duplicated by the administration of estrogen plus pro-
gestin contraceptive tablets to nonpregnant women.

The end product of the coagulation cascade is fibrin for-
mation, and the main function of the fibrinolytic system is to

TABLE 4-3. Changes in Measures of Hemostasis During
Normal Pregnancy

Parameter Nonpregnant Term Pregnant
Activated PTT (sec) 31.6 £ 4.9 31.9+29
Fibrinogen (mg/dL) 256 + 58 473 + 72°
Factor VII (%) 99.3+ 19.4 181.4 + 48.0°
Factor X (%) 97.7+15.4 144.5 + 20.1°
Plasminogen (%) 105.5 + 14.1 136.2 + 19.5°
tPA (ng/mL) 57+3.6 50+15
Antithrombin 11l (%) 989+ 13.2 975+ 333
Protein C (%) 772+ 12.0 62.9 +20.5°
Total protein S (%) 75.6 £ 14.0 49.9 + 10.2°

°p < .05.

Data shown as mean + standard deviation.

PTT = partial thromboplastin time; tPA = tissue plasmino-
gen activator.

Data from Uchikova, 2005.
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remove excess fibrin. Tissue plasminogen activator (tPA) con-
verts plasminogen into plasmin, which causes fibrinolysis and
produces fibrin-degradation products such as p-dimers. Studies
of the fibrinolytic system in pregnancy have produced conflict-
ing results, but most evidence suggests that fibrinolytic activity is
actually reduced in normal pregnancy (Kenny, 2014). For exam-
ple, tPA activity gradually decreases during normal pregnancy.
Moreover, plasminogen activator inhibitor type 1 (PAI-1)
and type 2 (PAI-2), which inhibit tPA and regulate fibrin deg-
radation by plasmin, increase during normal pregnancy (Hui,
2012; Robb, 2009). As reviewed by Holmes and Wallace
(2005), these changes—which may indicate that the fibrinolytic
system is impaired—are countered by increased levels of plas-
minogen and decreased levels of another plasmin inhibitor, o,
antiplasmin. Such changes serve to ensure hemostatic balance
during normal pregnancy.

Platelets

Normal pregnancy also involves platelet changes. In a study of
almost 7000 healthy women at term, Boehlen and colleagues
(2000) found that the average platelet count was decreased slightly
during pregnancy to 213,000/ul. compared with 250,000/uL
in nonpregnant control women. Thrombocytopenia defined as
below the 2.5th percentile corresponded to a platelet count of
116,000/uL. Decreased platelet concentrations are partially due
to hemodilutional effects. There likely also is increased platelet
consumption, leading to a greater proportion of younger and
therefore larger platelets (Valera, 2010). Further supporting this
concept, Hayashi and associates (2002) found that beginning in
midpregnancy, production of thromboxane A,, which induces
platelet aggregation, progressively increases. Because of splenic
enlargement, there may also be an element of “hypersplenism”
(Kenny, 2014).

Regulatory Proteins

There are several natural inhibitors of coagulation, including
proteins C and S and antithrombin. Inherited or acquired
deficiencies of these and other natural regulatory proteins—
collectively referred to as thrombophilias—account for many
thromboembolic episodes during pregnancy. They are dis-
cussed in detail in Chapter 52 (p. 1029).

Activated protein C, along with the cofactors protein S and
factor V, functions as an anticoagulant by neutralizing the pro-
coagulants factor Va and factor VIIla (Fig. 521, p. 1030).
During pregnancy, resistance to activated protein C increases
progressively and is related to a concomitant decrease in free
protein S and increase in factor VIII levels. Between the first
and third trimesters, activated protein C levels decrease from
2.4 to 1.9 U/mL, and free protein S concentrations decline
from 0.4 to 0.16 U/mL (Walker, 1997). Oral contraceptives
also decrease free protein S levels. Levels of antithrombin remain
relatively constant throughout gestation and the early puerpe-
rium (Delorme, 1992).

Spleen

By the end of normal pregnancy, the spleen enlarges by up to
50 percent compared with that in the first trimester (Maymon,
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2007). Moreover, in a study of 77 recently delivered gravidas,
Gayer and coworkers (2012) found that splenic size was
68-percent larger compared with that of nonpregnant controls.
The cause of this splenomegaly is unknown, but it might follow
the increased blood volume and/or the hemodynamic changes of
pregnancy, which are subsequently discussed. Sonographically,
the echogenic appearance of the spleen remains homogeneous
throughout gestation.

CARDIOVASCULAR SYSTEM

During pregnancy and the puerperium, the heart and circula-
tion undergo remarkable physiological adaptations. Changes
in cardiac function become apparent during the first 8 weeks
of pregnancy (Hibbard, 2014). Cardiac output is increased
as early as the fifth week and reflects a reduced systemic vas-
cular resistance and an increased heart rate. Compared with
prepregnancy measurements, brachial systolic blood pressure,
diastolic blood pressure, and central systolic blood pressure
are all significantly lower 6 to 7 weeks from the last menstrual
period (Mahendru, 2012). The resting pulse rate increases
approximately 10 beats/min during pregnancy. Between
weeks 10 and 20, plasma volume expansion begins, and pre-
load is increased.

Ventricular performance during pregnancy is influenced by
both the decrease in systemic vascular resistance and changes in
pulsatile arterial flow. Multiple factors contribute to this overall
altered hemodynamic function, which allows the physiological
demands of the fetus to be met while maintaining maternal car-
diovascular integrity (Hibbard, 2014). These changes during the
last half of pregnancy are graphically summarized in Figure 4-7.
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FIGURE 4-7 Effect of maternal posture on hemodynamics.
PP = postpartum. (Redrawn from Ueland, 1975.)

FIGURE 4-8 Change in cardiac radiographic outline that occurs
in pregnancy. The blue lines represent the relations between
the heart and thorax in the nonpregnant woman, and the black
lines represent the conditions existing in pregnancy. These are
based on radiographic findings in 33 women. (Redrawn from
Klafen, 1927.)

The important effects of maternal posture on hemodynamics are
also illustrated.

Heart

As the diaphragm becomes progressively elevated, the heart
is displaced to the left and upward and is rotated on its long
axis. As a result, the apex is moved somewhat laterally from its
usual position and produces a larger cardiac silhouette in chest
radiographs (Fig. 4-8). Furthermore, pregnant women nor-
mally have some degree of benign pericardial effusion, which
may increase the cardiac silhouette (Enein, 1987). Variability
of these factors makes it difficult to precisely identify mod-
erate degrees of cardiomegaly by simple radiographic studies.
Normal pregnancy induces no characteristic electrocardio-
graphic changes other than slight left-axis deviation due to the
altered heart position.

Many of the normal cardiac sounds are modified during
pregnancy. Cutforth and MacDonald (1966) used phonocar-
diography and documented: (1) an exaggerated splitting of the
first heart sound and increased loudness of both components,
(2) no definite changes in the aortic and pulmonary elements
of the second sound, and (3) a loud, easily heard third sound
(Fig. 49-2, p. 975). In 90 percent of pregnant women, they also
heard a systolic murmur that was intensified during inspiration
in some or expiration in others and that disappeared shortly
after delivery. A soft diastolic murmur was noted transiently in
20 percent, and continuous murmurs arising from the breast
vasculature in 10 percent.

Structurally, the increasing plasma volume seen during
normal pregnancy is reflected by enlarging cardiac end-systolic
and end-diastolic dimensions. At the same time, however,
there is no change in septal thickness or in ejection fraction.
This is because the dimensional changes are accompanied by



substantive ventricular remodeling, which is characterized by
eccentric left-ventricular mass expansion averaging 30 to 35
percent near term. In the nonpregnant state, the heart is capa-
ble of remodeling in response to stimuli such as hypertension
and exercise. Such cardiac plasticity likely is a continuum that
encompasses physiological growth, such as that in exercise, as
well as pathological hypertrophy—such as with hypertension
(Hill, 2008).

And although it is widely held that there is physiological
hypertrophy of cardiac myocytes as a result of pregnancy, this
has never been absolutely proven. Hibbard and colleagues
(2014) concluded that any increased mass does not meet crite-
ria for hypertrophy.

Certainly for clinical purposes, ventricular function dur-
ing pregnancy is normal, as estimated by the Braunwald ven-
tricular function graph depicted in Figure 4-9. For the given
filling pressures, there is appropriate cardiac output so that
cardiac function during pregnancy is eudynamic. Despite
these findings, it remains controversial whether myocardial
function per se is normal, enhanced, or depressed. In non-
pregnant subjects with a normal heart who sustain a high-out-
put state, the left ventricle undergoes longitudinal remodeling,
and echocardiographic functional indices of its deformation
provide normal values. In pregnancy, there instead appears to
be spherical remodeling, and these calculated indices that mea-
sure longitudinal deformation are depressed (Savu, 2012).
Thus, these normal indices are likely inaccurate when used
to assess function in pregnant women because they do not
account for the spherical eccentric hypertrophy characteristic
of normal pregnancy.

Cardiac Output

During normal pregnancy, mean arterial pressure

and vascular resistance decrease, while blood vol- 9
ume and basal metabolic rate increase. As a result,
cardiac output az rest, when measured in the lateral
recumbent position, increases significantly beginning
in early pregnancy (Duvekot, 1993; Mabie, 1994).
It continues to increase and remains elevated during
the remainder of pregnancy (Fig. 4-10).

During late pregnancy in a supine woman, the
large uterus rather consistently compresses venous
return from the lower body. It also may compress
the aorta (Bieniarz, 1968). In response, cardiac fill-
ing may be reduced and cardiac output diminished.
Specifically, Bamber and Dresner (2003) found car-
diac output at term to increase 1.2 L/min—almost
20 percent—when a woman was moved from her 9
back onto her left side. Moreover, in the supine
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FIGURE 4-9 Relationship between left ventricular stroke work
index (LVSWI), cardiac output, and pulmonary capillary wedge
pressure (PCWP) in 10 normal pregnant women in the third
trimester. (Data from Clark, 1989.)

In multifetal pregnancies, compared with singletons, mater-
nal cardiac output is augmented further by almost another 20
percent because of a greater stroke volume (15 percent) and
heart rate (3.5 percent). Left atrial diameter and left ventricular
end-diastolic diameter are also increased due to augmented pre-
load (Kametas, 2003b). The increased heart rate and inotropic

pregnant woman, uterine blood flow estimated by
Doppler velocimetry decreases by a third (Jeffreys,
2006). Of note, Simpson and James (2005) found
that fetal oxygen saturation is approximately 10
percent higher if a laboring woman is in a lateral
recumbent position compared with supine. Upon
standing, cardiac output falls to the same degree as
in the nonpregnant woman (Easterling, 1988).

9.3
8.9
5
Nonpregnant 20-24 28-32 38-40 Early Late 2nd- Immediately
stage postpartum
Weeks’ gestation Labor

FIGURE 4-10 Cardiac output during three stages of gestation, labor, and
immediately postpartum compared with values of nonpregnant women.
All values were determined with women in the lateral recumbent position.
(Adapted from Ueland, 1975.)
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TABLE 4-4. Central Hemodynamic Changes in 10 Normal Nulliparous Women Near

Term and Postpartum

Mean arterial pressure (mm Hg)

Pulmonary capillary wedge pressure (mm Hg)
Central venous pressure (mm Hg)

Heart rate (beats/min)

Cardiac output (L/min)

Systemic vascular resistance (dyn/sec/cm™)
Pulmonary vascular resistance (dyn/sec/cm™)
Serum colloid osmotic pressure (mm Hg)
COP-PCWP gradient (mm Hq)

Left ventricular stroke work index (g/m/m?)

Pregnant® Postpartum
(35-38 wk) (11-13 wk) Change®
90+ 6 86+ 8 NSC
8+2 6£2 NSC
4+3 4+3 NSC
83+ 10 71+£10 +17%
6.2£1.0 43+£09 +43%
1210 £ 266 1530 £ 520 —21%
78 £ 22 119 £ 47 —34%
18.0£ 1.5 208+ 1.0 —14%
10527 145£ 25 —28%
48 £ 6 41+ 8 NSC

*Measured in lateral recumbent position.

bChanges significant unless NSC = no significant change.
COP = colloid osmotic pressure; PCWP = pulmonary capillary wedge pressure.

Adapted from Clark, 1989.

contractility imply that cardiovascular reserve is reduced in
multifetal gestations.

During the first stage of labor, cardiac output increases
moderately. During the second stage, with vigorous expulsive
efforts, it is appreciably greater (see Fig. 4-10). The pregnancy-
induced increase is lost after delivery, at times dependent on

blood loss.

Hemodynamic Function in Late Pregnancy

To further elucidate the net changes of normal pregnancy-
induced cardiovascular changes, Clark and associates (1989)
conducted invasive studies to measure hemodynamic func-
tion late in pregnancy (Table 4-4). Right heart catheter-
ization was performed in 10 healthy nulliparous women at
35 to 38 weceks, and again at 11 to 13 weeks postpartum.
Late pregnancy was associated with the expected increases
in heart rate, stroke volume, and cardiac output. Systemic
vascular and pulmonary vascular resistance both decreased
significantly, as did colloid osmotic pressure. Pulmonary
capillary wedge pressure and central venous pressure did not
change appreciably between late pregnancy and the puerpe-
rium. Thus, as shown earlier in Figure 4-9, although cardiac
output is increased, left ventricular function as measured by
stroke work index remains similar to the nonpregnant nor-
mal range. Put another way, normal pregnancy is not a con-
tinuous “high-output” state.

Circulation and Blood Pressure

Changes in posture affect arterial blood pressure. Brachial
artery pressure when sitting is lower than that when in the
lateral recumbent supine position (Bamber, 2003). Arterial
pressure usually decreases to a nadir at 24 to 26 weeks and
rises thereafter. Diastolic pressure decreases more than systolic
(Fig. 4-11).

Antecubital venous pressure remains unchanged during preg-
nancy. In the supine position, however, femoral venous pressure
rises steadily, from approximately 8 mm Hg early in pregnancy
to 24 mm Hg at term. Wright and coworkers (1950) demon-
strated that venous blood flow in the legs is retarded during preg-
nancy except when the lateral recumbent position is assumed.
This tendency toward blood stagnation in the lower extremities
during latter pregnancy is attributable to occlusion of the pelvic
veins and inferior vena cava by the enlarged uterus. The elevated
venous pressure returns to normal when the pregnant woman
lies on her side and immediately after delivery (McLennan,
1943). These alterations contribute to the dependent edema
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FIGURE 4-11 Sequential changes (+SEM) in blood pressure
throughout pregnancy in 69 women in supine (blue lines) and

left lateral recumbent positions (red lines). PP = postpartum.
(Adapted from Wilson, 1980.)



frequently experienced and to the development of varicose veins
in the legs and vulva, as well as hemorrhoids. These changes also
predispose to deep-vein thrombosis (Chap. 52, p. 1035).

Supine Hypotension

In approximately 10 percent of women, supine compression
of the great vessels by the uterus causes significant arterial
hypotension, sometimes referred to as the supine hypotensive
syndrome (Kinsella, 1994). Also when supine, uterine arterial
pressure—and thus blood flow—is significantly lower than that
in the brachial artery. As discussed in Chapter 24 (p. 494),
this may directly affect fetal heart rate patterns (Tamds, 2007).
These changes are also seen with hemorrhage or with spinal

analgesia (Chap. 25, p. 511).

Renin, Angiotensin Il, and Plasma Volume

The renin-angiotensin-aldosterone axis is intimately involved
in blood pressure control via sodium and water balance. All
components of this system are increased in normal pregnancy
(Bentley-Lewis, 2005). Renin is produced by both the maternal
kidney and the placenta, and increased renin substrate (angioten-
sinogen) is produced by both maternal and fetal liver. Elevated
angiotensinogen levels result, in part, from increased estrogen
production during normal pregnancy and are important in first-
trimester blood pressure maintenance (August, 1995).

Gant and associates (1973) studied vascular reactivity to
angiotensin II throughout pregnancy. Nulliparas who remained
normotensive became and stayed refractory to the pressor effects
of infused angiotensin II. Conversely, those who ultimately
became hypertensive developed, but then lost, this refractori-
ness. Follow-up studies by Gant (1974) and Cunningham
(1975) and their colleagues indicated that increased refractori-
ness to angiotensin II stemmed from individual vessel refractori-
ness. Said another way, the abnormally increased sensitivity was
an alteration in vessel wall refractoriness rather than the conse-
quence of altered blood volume or renin-angiotensin secretion.

The vascular responsiveness to angiotensin II may be
progesterone related. Normally, pregnant women lose their
acquired vascular refractoriness to angiotensin II within 15
to 30 minutes after the placenta is delivered. Moreover,
large amounts of intramuscular progesterone given dur-
ing late labor delay this diminishing refractoriness. And
although exogenous progesterone does not restore angio-
tensin II refractoriness to women with gestational hyperten-
sion, this can be done with infusion of its major metabolite,
50-dihydroprogesterone.

Cardiac Natriuretic Peptides

At least two species of these—arrial natriuretic peptide (ANP)
and B-type natriuretic peptide (BNP)—are secreted by cardio-
myocytes in response to chamber-wall stretching. These pep-
tides regulate blood volume by provoking natriuresis, diuresis,
and vascular smooth-muscle relaxation (Clerico, 2004). In
nonpregnant and pregnant patients, levels of BNP and of
amino-terminal pro-brain natriuretic peptide (Nt pro-BNP)
may be useful in screening for depressed left ventricular systolic
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function and determining chronic heart failure prognosis
(Jarolim, 2006; Tanous, 2010).

During normal pregnancy, plasma ANP and BNP levels
are maintained in the nonpregnant range despite increased
plasma volume (Lowe, 1992; Yurteri-Kaplan, 2012). In one
study, Resnik and coworkers (2005) found median BNP levels
to be stable across pregnancy with values < 20 pg/mL. BNP
levels are increased in severe preeclampsia, and Tihtonen and
colleagues (2007) concluded that this was caused by cardiac
strain from increased afterload. It would appear that ANP-
induced physiological adaptations participate in extracellular
fluid volume expansion and in the increased plasma aldoste-
rone concentrations characteristic of normal pregnancy.

A third species, C-type natriuretic peptide (CNP), is predomi-
nantly secreted by noncardiac tissues. Among its diverse bio-
logical functions, this peptide appears to be a major regulator
of fetal bone growth. Walther and Stepan (2004) have provided
a detailed review of its function during pregnancy.

Prostaglandins

Increased prostaglandin production during pregnancy is
thought to have a central role in control of vascular tone, blood
pressure, and sodium balance. Renal medullary prostaglandin
E, synthesis is increased markedly during late pregnancy and
is presumed to be natriuretic. Prostacyclin (PGI,), the princi-
pal prostaglandin of endothelium, also is increased during late
pregnancy and regulates blood pressure and platelet function.
It also has been implicated in the angiotensin resistance char-
acteristic of normal pregnancy (Friedman, 1988). The ratio of
PGI, to thromboxane in maternal urine and blood has been
considered important in preeclampsia pathogenesis (Chap. 40,
p- 735). The molecular mechanisms regulating prostacyclin
pathways during pregnancy have recently been reviewed by

Majed and Khalil (2012).

Endothelin

There are several endothelins generated in pregnancy.
Endothelin-1 is a potent vasoconstrictor produced in endo-
thelial and vascular smooth muscle cells and regulates local
vasomotor tone (Feletou, 2006; George, 2011). Its produc-
tion is stimulated by angiotensin I, arginine vasopressin, and
thrombin. Endothelins, in turn, stimulate secretion of ANP,
aldosterone, and catecholamines. As discussed in Chapter 21
(p. 427), there are endothelin receptors in pregnant and non-
pregnant myometrium. Endothelins also have been identified
in the amnion, amnionic fluid, decidua, and placenta (Kubota,
1992; Margarit, 2005). Vascular sensitivity to endothelin-1
is not altered during normal pregnancy. Ajne and associates
(2005) postulated that vasodilating factors counterbalance
the endothelin-1 vasoconstrictor effects and reduce peripheral
vascular resistance.

Nitric Oxide

This potent vasodilator is released by endothelial cells and may
have important implications for modifying vascular resistance
during pregnancy. Moreover, nitric oxide is one of the most
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important mediators of placental vascular tone and develop-
ment (Krause, 2011; Kulandavelu, 2013). As discussed in
Chapter 40 (p. 735), abnormal nitric oxide synthesis has been
linked to preeclampsia development (Baksu, 2005; Teran,
2000).

RESPIRATORY TRACT

As shown in Figure 4-12, the diaphragm rises about 4 ¢cm
during pregnancy. The subcostal angle widens appreciably as
the transverse diameter of the thoracic cage lengthens approxi-
mately 2 cm. The thoracic circumference increases about 6 cm,
but not sufficiently to prevent reduced residual lung volumes
created by the elevated diaphragm. Even so, diaphragmatic
excursion is greater in pregnant than in nonpregnant women.

Pulmonary Function

The physiological changes in lung function during pregnancy
are illustrated in Figure 4-13. Functional residual capacity
(FRC) decreases by approximately 20 to 30 percent or 400
to 700 mL during pregnancy. This capacity is composed of
expiratory reserve volume—which decreases 15 to 20 percent
or 200 to 300 mL—and residual volume—which decreases 20
to 125 percent or 200 to 400 mL. FRC and residual volume
decline due to diaphragm elevation, and significant reductions

FIGURE 4-12 Chest wall measure-
ments in nonpregnant (A) and
pregnant women (B). With
pregnancy, the subcostal angle
increases, as does the anteropos-
terior and transverse diameters

of the chest wall and chest wall
circumference. These changes com-
pensate for the 4-cm elevation of
the diaphragm so that total lung
capacity is not significantly reduced.
(Redrawn from Hegewald, 2011, A
with permission.)

are observed by the sixth month with a progressive decline
across pregnancy. [nspiratory capacity, the maximum volume
that can be inhaled from FRC, increases by 5 to 10 percent
or 200 to 250 mL during pregnancy. Total lung capacity—the
combination of FRC and inspiratory capacity—is unchanged
or decreases by less than 5 percent at term (Hegewald, 2011).

The respiratory rate is essentially unchanged, but tidal
volume and resting minute ventilation increase significantly as
pregnancy advances. In a study of 51 healthy pregnant women,
Kolarzyk and coworkers (2005) reported significantly greater
mean tidal volumes—0.66 to 0.8 L/min—and resting min-
ute ventilations—10.7 to 14.1 L/min—compared with those
of nonpregnant women. The increased minute ventilation is
caused by several factors. These include enhanced respiratory
drive primarily due to the stimulatory action of progesterone,
low expiratory reserve volume, and compensated respiratory
alkalosis, which is discussed in more detail subsequently (Wise,
2006).

Regarding pulmonary function, Grindheim and associates
(2012) found in 75 healthy pregnant women that peak expira-
tory flow rates increase progressively as gestation advances. Lung
compliance is unaffected by pregnancy. Airway conductance is
increased and ftotal pulmonary resistance reduced, possibly as a
result of progesterone. The maximum breathing capacity and
forced or timed vital capacity are not altered appreciably. It is
unclear whether the critical c/osing volume—the lung volume
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FIGURE 4-13 Changes in lung volumes with pregnancy. The most significant changes are reduction in functional residual capacity (FRC)
and its subcomponents, expiratory reserve volume (ERV) and residual volume (RV), as well as increases in inspiratory capacity (IC) and

tidal volume (VT). (Redrawn from Hegewald, 2011, with permission.)

at which airways in the dependent parts of the lung begin to
close during expiration—is higher in pregnancy (Hegewald,
2011). The increased oxygen requirements and perhaps the
increased critical closing volume imposed by pregnancy make
respiratory diseases more serious.

McAuliffe and associates (2002) compared pulmonary func-
tion in 140 women with a singleton pregnancy with that in
68 women with twins. They found no significant differences
between the two groups.

Oxygen Delivery

The amount of oxygen delivered into the lungs by the increased
tidal volume clearly exceeds oxygen requirements imposed by
pregnancy. Moreover, the total hemoglobin mass, and in turn,
total oxygen-carrying capacity, increases appreciably during
normal pregnancy, as does cardiac output. Consequently, the
maternal arteriovenous oxygen difference is decreased. Oxygen
consumption increases approximately 20 percent during preg-
nancy, and it is approximately 10 percent higher in multifetal
gestations. During labor, oxygen consumption increases 40 to
60 percent (Bobrowski, 2010).

Acid-Base Equilibrium
An increased awareness of a desire to breathe is common even
early in pregnancy (Milne, 1978). This may be interpreted as
dyspnea, which may suggest pulmonary or cardiac abnormali-
ties when none exist. This physiological dyspnea, which should
not interfere with normal physical activity, is thought to result
from increased tidal volume that lowers the blood Pco, slightly
and paradoxically causes dyspnea. The increased respiratory
effort during pregnancy, and in turn the reduction in Pco,,
is likely induced in large part by progesterone and to a lesser
degree by estrogen. Progesterone appears to act centrally, where
it lowers the threshold and increases the sensitivity of the che-
moreflex response to CO, (Jensen, 2005).

To compensate for the resulting respiratory alkalosis, plasma
bicarbonate levels normally decrease from 26 to approximately

22 mmol/L. Although blood pH is increased only minimally,
it does shift the oxygen dissociation curve to the left. This
shift increases the affinity of maternal hemoglobin for oxy-
gen—the Bohr effect—thereby decreasing the oxygen-releasing
capacity of maternal blood. This is offset because the slight pH
increase also stimulates an increase in 2,3-diphosphoglycerate
in maternal erythrocytes. This shifts the curve back to the right
(Tsai, 1982). Thus, reduced Pco, from maternal hyperventila-
tion aids carbon dioxide (waste) transfer from the fetus to the
mother while also aiding oxygen release to the fetus.

URINARY SYSTEM

Kidney

Several remarkable changes are observed in the urinary system as
a result of pregnancy (Table 4-5). Kidney size increases approx-
imately 1.5 cm (Bailey, 1971). Both the glomerular filtration
rate (GFR) and renal plasma flow increase early in pregnancy.
The GFR increases as much as 25 percent by the second week
after conception and 50 percent by the beginning of the second
trimester. This hyperfiltration appears to result from two prin-
cipal factors. First, hypervolemia-induced hemodilution low-
ers the protein concentration and oncotic pressure of plasma
entering the glomerular microcirculation. Second, renal plasma
flow increases by approximately 80 percent before the end of
the first trimester (Conrad, 2014; Cornelis, 2011). As shown
in Figure 4-14, elevated GFR persists until term, even though
renal plasma flow decreases during late pregnancy. Primarily as
a consequence of this elevated GFR, approximately 60 percent
of women report urinary frequency during pregnancy (Sandhu,
2009).

During the puerperium, a marked GFR persists during
the first postpartum day principally from the reduced glo-
merular capillary oncotic pressure. A reversal of the gestational
hypervolemia and hemodilution, still evident on the first

postpartum day, eventuates by the second week postpartum
(Hladunewich, 2004).
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TABLE 4-5. Renal Changes in Normal Pregnancy
Parameter Alteration
Kidney size

Dilatation
IVP (more marked on right)

Renal function
flow increase ~50%

Maintenance of
acid-base

Decreased bicarbonate threshold;
progesterone stimulates respiratory
center

Plasma osmolality

for AVP release and thirst decrease;

hormonal disposal rates increase

Approximately 1 cm longer on radiograph
Resembles hydronephrosis on sonogram or

Glomerular filtration rate and renal plasma

Osmoregulation altered; osmotic thresholds

Clinical Relevance
Size returns to normal postpartum

Can be confused with obstructive uropathy; retained
urine leads to collection errors; renal infections are
more virulent; may be responsible for “distension
syndrome”; elective pyelography should be
deferred to at least 12 weeks postpartum

Serum creatinine decreases during normal gestation;
> 0.8 mg/dL (> 72 umol /L) creatinine already
borderline; protein, amino acid, and glucose
excretion all increase

Serum bicarbonate decreased by 4-5 mEq/L; Pco,
decreased 10 mm Hg; a Pco, of 40 mm Hg already
represents CO, retention

Serum osmolality decreases 10 mOsm /L (serum
Na ~5 mEq/L) during normal gestation; increased
placental metabolism of AVP may cause transient
diabetes insipidus during pregnancy

AVP = vasopressin; IVP = intravenous pyelography; Pco, = partial pressure carbon dioxide.

Modified from Lindheimer, 2000.

Studies suggest that relaxin may be important for mediating
both increased GFR and renal blood flow during pregnancy
(Conrad, 2014; Helal, 2012). Relaxin increases endothelin and
nitric oxide production in the renal circulation. This leads to
renal vasodilation and decreased renal afferent and efferent arte-
riolar resistance, with a resultant increase in renal blood flow
and GFR. Relaxin may also increase vascular gelatinase activity
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FIGURE 4-14 Relative changes in measures of glomerular filtra-
tion rate (GFR), effective renal plasma flow (ERPF), and filtration
fraction during normal pregnancy. (Redrawn from Davison, 1980,
with permission.)

during pregnancy, which leads to renal vasodilation, glomerular
hyperfiltration, and reduced myogenic reactivity of small renal
arteries (Conrad, 2005).

As with blood pressure, maternal posture may have a con-
siderable influence on several aspects of renal function. Late in
pregnancy, for instance, urinary flow and sodium excretion aver-
age less than half the excretion rate in the supine position com-
pared with that in the lateral recumbent position. The impact of
posture on GFR and renal plasma flow is more variable.

One unusual feature of the pregnancy-induced changes in
renal excretion is the remarkably increased amounts of vari-
ous nutrients lost in the urine. Amino acids and water-soluble
vitamins are excreted in much greater amounts (Hytten, 1973;
Powers, 2004).

Renal Function Tests

'The physiological changes in renal hemodynamics induced dur-
ing normal pregnancy have several implications for the inter-
pretation of renal function tests (Appendix, p. 1292). Serum
creatinine levels decrease during normal pregnancy from a
mean of 0.7 to 0.5 mg/dL. Values of 0.9 mgldL or greater sug-
gest underlying renal disease and should prompt further evaluation.

Creatinine clearance in pregnancy averages 30 percent
higher than the 100 to 115 mL/min in nonpregnant women
(Lindheimer, 2000). This is a useful test to estimate renal
function, provided that complete urine collection is made
during an accurately timed period. If either is done incor-
rectly, results are misleading (Lindheimer, 2010). During the
day, pregnant women tend to accumulate water as dependent
edema, and at night, while recumbent, they mobilize this fluid
with diuresis. This reversal of the usual nonpregnant diurnal
pattern of urinary flow causes nocturia, and urine is more
dilute than in nonpregnant women. Failure of a pregnant



woman to excrete concentrated urine after withholding fluids
for approximately 18 hours does not necessarily signify renal
damage. In fact, the kidney in these circumstances functions
perfectly normally by excreting mobilized extracellular fluid
of relatively low osmolality.

Urinalysis

Glucosuria during pregnancy may not be abnormal. The appre-
ciable increase in GFR, together with impaired tubular reab-
sorptive capacity for filtered glucose, accounts for most cases of
glucosuria (Davison, 1974). For these reasons alone, Chesley
(1963) calculated that about a sixth of pregnant women should
spill glucose in the urine. That said, although common during
pregnancy, when glucosuria is identified, the possibility of dia-
betes mellitus should not be ignored.

Hematuria is often the result of contamination during col-
lection. If not, it most often suggests urinary tract disease.
Hematuria is common after difficult labor and delivery because
of trauma to the bladder and urethra.

Proteinuria is typically defined in nonpregnant patients as a
protein excretion rate of more than 150 mg/day. Because of the
aforementioned hyperfiltration and possible reduction of tubu-
lar reabsorption, significant proteinuria during pregnancy is
usually defined as a protein excretion rate of at least 300 mg/day
(Hladunewich, 2011). Higby and coworkers (1994) measured
protein excretion in 270 normal women throughout pregnancy
(Fig. 4-15). Their mean 24-hour excretion for all three trimes-
ters was 115 mg, and the upper 95-percent confidence limit
was 260 mg/day without significant differences by trimester.
These investigators also showed that albumin excretion is mini-
mal and ranges from 5 to 30 mg/day. Interestingly, however,
Cornelis and colleagues (2011) noted that proteinuria is greater
in the second half of pregnancy, which does not correspond
precisely to the earlier peak in GFR (see Fig. 4-14). Alternative
explanations might include alterations in tubular reabsorptive
capacity or the presence of other proteinaceous material that
might be detected in the urine of pregnant women. A recent
study in normal gravidas also showed proteinuria levels greater

than established thresholds (Phillips, 2014).
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FIGURE 4-15 Scatter plot of women showing 24-hour urinary
total protein excretion. Mean and 95-percent confidence limits
are outlined. (Redrawn from Higby, 1994, with permission.)

Maternal Physiology

Measuring Urine Protein

The three most commonly employed approaches for assessing
proteinuria are the qualitative classic dipstick, the quantitative
24-hour collection, and the albumin/creatinine or protein/cre-
atinine ratio of a single voided urine specimen. The pitfalls of
each approach have recently been reviewed by Conrad and col-
leagues (2014). The principal problem with dipstick assessment
is that renal concentration or dilution of urine is not accounted
for. For example, with polyuria and extremely dilute urine,
a negative or trace dipstick could actually be associated with
excessive protein excretion.

‘The 24-hour urine collection is affected by urinary tract dilata-
tion, which is discussed subsequently. The dilated tract may lead
to errors related both to retention—hundreds of milliliters of urine
remaining in the dilated tract—and to timing—the remaining
urine may have formed hours before the collection. To minimize
these pitfalls, Lindheimer and Kanter (2010) recommend that the
patient first be hydrated and positioned in lateral recumbency—
the definitive nonobstructive posture—for 45 to 60 minutes.
After this, she is asked to void, and this specimen is discarded.
Immediately following this void, her 24-hour collection begins.
During the final hour of collection, the patient is again placed in
the lateral recumbent position. But, at the end of this hour, the
final collected urine is incorporated into the total collected volume.

‘The protein/creatinine ratio is a promising approach because
data can be obtained quickly and collection errors are avoided.
Disadvantageously, the amount of protein per unit of creati-
nine excreted during a 24-hour period is not constant, and
there are various thresholds that have been promulgated to
define abnormal. Nomograms for urinary microalbumin and
creatinine ratios during uncomplicated pregnancies have been

developed by Waugh and coworkers (2003).

Ureters

After the uterus completely rises out of the pelvis, it rests on the
ureters, which laterally displaces and compresses them at the pel-
vic brim. Above this level, increased intraureteral tonus results
(Rubi, 1968). Ureteral dilatation is impressive, and Schulman
and Herlinger (1975) found it to be greater on the right side in
86 percent of women (Fig. 4-16). Unequal dilatation may result
from cushioning provided the left ureter by the sigmoid colon
and perhaps from greater right ureteral compression exerted by
the dextrorotated uterus. The right ovarian vein complex, which is
remarkably dilated during pregnancy, lies obliquely over the right
ureter and may contribute significantly to right ureteral dilatation.
Progesterone likely also has some effect. Van Wagenen and
Jenkins (1939) described continued ureteral dilatation after
removal of the monkey fetus but with the placenta left in situ. The
relatively abrupt onset of dilatation in women at midpregnancy,
however, seems more consistent with ureteral compression.
Ureteral elongation accompanies distention, and the ureter
is frequently thrown into curves of varying size, the smaller of
which may be sharply angulated. These so-called kinks are poorly
named, because the term connotes obstruction. They are usually
single or double curves that, when viewed in a radiograph taken
in the same plane as the curve, may appear as acute angulations.
Another exposure at right angles nearly always identifies them
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FIGURE 4-16 Hydronephrosis. A. Plain film from the 15-minute
image of an intravenous pyelogram (IVP). Moderate hydrone-
phrosis on the right (arrows) and mild hydronephrosis on the left
(arrowheads) are both normal for this 35-week gestation. B. Axial
magnetic resonance (MR) image from a study performed for a fetal
indication. Moderate hydronephrosis on the right (white arrow) and
mild on the left (black arrow) are incidental findings.

to be more gentle curves. Despite these anatomical changes,
Semins and associates (2009) concluded, based on their review,
that complication rates associated with ureteroscopy in pregnant
and nonpregnant patients do not differ significantly.

Bladder

There are few significant anatomical changes in the bladder
before 12 weeks. From that time onward, however, increased

uterine size, the hyperemia that affects all pelvic organs, and the
hyperplasia of bladder muscle and connective tissues elevate the
trigone and cause thickening of its posterior, or intraureteric,
margin. Continuation of this process to the end of pregnancy
produces marked deepening and widening of the trigone. There
are no mucosal changes other than an increase in the size and
tortuosity of its blood vessels.

Using urethrocystometry, losif and colleagues (1980)
reported that bladder pressure in primigravidas increased from
8 cm H,O early in pregnancy to 20 cm H,O at term. To com-
pensate for reduced bladder capacity, absolute and functional
urethral lengths increased by 6.7 and 4.8 mm, respectively. At
the same time, maximal intraurethral pressure increased from
70 to 93 cm H,O, and thus continence is maintained. Still, at
least half of women experience some degree of urinary incon-
tinence by the third trimester (van Brummen, 2006; Wesnes,
2009). Indeed, this is always considered in the differential diag-
nosis of ruptured membranes.

Toward the end of pregnancy, particularly in nulliparas in
whom the presenting part often engages before labor, the entire
base of the bladder is pushed forward and upward, converting
the normal convex surface into a concavity. As a result, dif-
ficulties in diagnostic and therapeutic procedures are greatly
increased. In addition, pressure from the presenting part
impairs blood and lymph drainage from the bladder base, often
rendering the area edematous, easily traumatized, and possibly
more susceptible to infection.

GASTROINTESTINAL TRACT

During pregnancy, the gums may become hyperemic and soft-
ened and may bleed when mildly traumatized, as with a tooth-
brush. This pregnancy gingivitis typically subsides postpartum.
A focal, highly vascular swelling of the gums, a so-called epulis
gravidarum, is a pyogenic granuloma that occasionally devel-
ops but typically regresses spontaneously after delivery. Most
evidence indicates that pregnancy does not incite tooth decay.

As pregnancy progresses, the stomach and intestines are dis-
placed by the enlarging uterus. Consequently, the physical find-
ings in certain diseases are altered. The appendix, for instance, is
usually displaced upward and somewhat laterally as the uterus
enlarges. At times, it may reach the right flank.

Pyrosis (heartburn) is common during pregnancy and is most
likely caused by reflux of acidic secretions into the lower esoph-
agus (Chap. 54, p. 1072). Although the altered stomach posi-
tion probably contributes to its frequency, lower esophageal
sphincter tone also is decreased. In addition, intracsophageal
pressures are lower and intragastric pressures higher in pregnant
women. At the same time, esophageal peristalsis has lower wave
speed and lower amplitude (Ulmsten, 1978).

Gastric emptying time appears to be unchanged during each
trimester and compared with nonpregnant women (Macfie,
1991; Wong, 2002, 2007). During labor, however, and espe-
cially after administration of analgesic agents, gastric emptying
time may be appreciably prolonged. As a result, one danger of
general anesthesia for delivery is regurgitation and aspiration of
either food-laden or highly acidic gastric contents (Chap. 25,
p- 519).



Hemorrhoids are common during pregnancy (Avsar, 2010).
They are caused in large measure by constipation and elevated
pressure in veins below the level of the enlarged uterus.

Liver

Unlike in some animals, there is no increase in liver size dur-
ing human pregnancy (Combes, 1971). Hepatic arterial and
portal venous blood flow, however, increase substantively
(Clapp, 2000). Histological evaluation of liver biopsies, includ-
ing examination with the electron microscope, has shown no
distinct morphological changes in normal pregnant women
(Ingerslev, 1946).

Some laboratory test results of hepatic function are altered
during normal pregnancy, and some would be considered
abnormal for nonpregnant patients (Appendix, p. 1289). Total
alkaline phosphatase activity almost doubles, but much of the
increase is attributable to heat-stable placental alkaline phos-
phatase isozymes. Serum aspartate transaminase (AST), alanine
transaminase (ALT), y-glutamyl transpeptidase (GGT), and
bilirubin levels are slightly lower compared with nonpregnant
values (Girling, 1997; Ruiz-Extremera, 2005).

The serum albumin concentration decreases during preg-
nancy. By late pregnancy, albumin concentrations may be
near 3.0 g/dL compared with approximately 4.3 g/dL in non-
pregnant women (Mendenhall, 1970). Total body albumin
levels are increased, however, because of pregnancy-associ-
ated increased plasma volume. Serum globulin levels are also
slightly higher.

Leucine aminopeptidase is a proteolytic liver enzyme whose
serum levels may be increased with liver disease. Its activity
is markedly elevated in pregnant women. The increase, how-
ever, results from a pregnancy-specific enzyme(s) with distinct
substrate specificities (Song, 1968). Pregnancy-induced ami-
nopeptidase has oxytocinase and vasopressinase activity that
occasionally causes transient diabetes insipidus (Chap. 58,
p. 1162).

Gallbladder

During normal pregnancy, gallbladder contractility is reduced
and leads to increased residual volume (Braverman, 1980).
Progesterone potentially impairs gallbladder contraction by
inhibiting cholecystokinin-mediated smooth muscle stimula-
tion, which is the primary regulator of gallbladder contraction.
Impaired emptying, subsequent stasis, and an increased bile
cholesterol saturation of pregnancy contribute to the increased
prevalence of cholesterol gallstones in multiparas.

The pregnancy effects on maternal serum bile acid concen-
trations have been incompletely characterized. This is despite
the long-acknowledged propensity for pregnancy to cause intra-
hepatic cholestasis and pruritus gravidarum from retained bile
salts. Intrahepatic cholestasis has been linked to high circulat-
ing levels of estrogen, which inhibit intraductal bile acid trans-
port (Simon, 1996). In addition, increased progesterone levels
and genetic factors have been implicated in the pathogenesis
(Lammert, 2000). Cholestasis of pregnancy is described further
in Chapter 55 (p. 1084).
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ENDOCRINE SYSTEM

Some of the most important endocrine changes of pregnancy
are discussed elsewhere, especially in Chapters 57 and 58.

Pituitary Gland

During normal pregnancy, the pituitary gland enlarges by approx-
imately 135 percent (Gonzalez, 1988). Although it has been
suggested that this size increase may sufficiently compress the
optic chiasma to reduce visual fields, impaired vision from this
is rare (Inoue, 2007). Pituitary enlargement is primarily caused
by estrogen-stimulated hypertrophy and hyperplasia of the lacto-
trophs (Feldt-Rasmussen, 2011). And, as discussed subsequently,
maternal serum prolactin levels parallel the increasing size.
Gonadotrophs decline in number, and corticotrophs and thyro-
trophs remain constant. Somatotrophs are generally suppressed
due to negative feedback by the placental production of growth
hormone. Peak pituitary size may reach 12 mm on magnetic reso-
nance (MR) imaging in the first days postpartum, but the gland
involutes rapidly thereafter and reaches normal size by 6 months
postpartum (Feldt-Rasmussen, 2011). According to Scheithauer
and coworkers (1990), the incidence of pituitary prolactinomas
is not increased during pregnancy. When these tumors are large
before pregnancy—a macroadenoma measuring > 10 mm-—then
growth during pregnancy is more likely (Chap. 58, p. 1162).

The maternal pituitary gland is not essential for pregnancy
maintenance. Many women have undergone hypophysectomy,
completed pregnancy successfully, and entered spontaneous
labor while receiving compensatory glucocorticoids, thyroid
hormone, and vasopressin.

Growth Hormone

During the first trimester, growth hormone is secreted predom-
inantly from the maternal pituitary gland, and concentrations
in serum and amnionic fluid are within nonpregnant values
of 0.5 to 7.5 ng/mL (Kletzky, 1985). As carly as 8 weeks’ ges-
tation, growth hormone secreted from the placenta becomes
detectable (Lenberg, 2003). By approximately 17 weeks, the
placenta is the principal source of growth hormone secretion
(Obuobie, 2001). Maternal serum values increase slowly from
approximately 3.5 ng/mL at 10 weeks to plateau after 28 weeks
at approximately 14 ng/mL. Growth hormone in amnionic
fluid peaks at 14 to 15 weeks and slowly declines thereafter to
reach baseline values after 36 weeks.

Placental growth hormone—which differs from pituitary
growth hormone by 13 amino acid residues—is secreted by
syncytiotrophoblast in a nonpulsatile fashion (Fuglsang, 2006).
Its regulation and physiological effects are incompletely under-
stood, but it appears to have some influence on fetal growth
as well as preeclampsia development (Mittal, 2007; Pedersen,
2010). Placental growth hormone is a major determinant of
maternal insulin resistance after midpregnancy. And, maternal
serum levels correlate positively with birthweight but nega-
tively with fetal-growth restriction and uterine artery resistance
(Chellakooty, 2004; Schiessl, 2007). That said, fetal growth still
progresses in the complete absence of this hormone. Freemark
(20006) concluded that, although not absolutely essential, the
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hormone may act in concert with placental lactogen and other
somatolactogens to regulate fetal growth.

Prolactin

Maternal plasma prolactin levels increase markedly during nor-
mal pregnancy, and concentrations are usually tenfold greater
at term—about 150 ng/ml—compared with those of nonpreg-
nant women. Paradoxically, plasma concentrations decrease
after delivery even in women who are breast feeding. During
early lactation, there are pulsatile bursts of prolactin secretion in
response to suckling.

The physiological basis of the marked prolactin level increase
before parturition is still unclear. As mentioned earlier, it is
known is that estrogen increases the number of anterior pitu-
itary lactotrophs and may stimulate their release of prolactin
(Andersen, 1982). Thyroid-releasing hormone also acts to
increased prolactin levels in pregnant compared with nonpreg-
nant women, but this response decreases as pregnancy advances
(Miyamoto, 1984). Serotonin also is believed to increase
prolactin levels. In contrast, dopamine—previously known as
prolactin-inhibiting factor—inhibits its secretion.

The principal function of maternal prolactin is to ensure lac-
tation. Early in pregnancy, prolactin acts to initiate DNA syn-
thesis and mitosis of glandular epithelial cells and presecretory
alveolar cells of the breast. Prolactin also increases the num-
ber of estrogen and prolactin receptors in these cells. Finally,
prolactin promotes mammary alveolar cell RNA synthesis,
galactopoiesis, and production of casein, lactalbumin, lactose,
and lipids (Andersen, 1982). A woman with isolated prolactin
deficiency described by Kauppila and colleagues (1987) failed
to lactate after two pregnancies. This established prolactin as a
requisite for lactation but not for pregnancy.

Prolactin is present in amnionic fluid in high concentrations.
Levels of up to 10,000 ng/mL are found at 20 to 26 weeks’
gestation. Thereafter, levels decrease and reach a nadir after 34
weeks. There is convincing evidence that the uterine decidua is
the synthesis site of prolactin found in amnionic fluid (Chap. 5,
p- 88). Although the exact function of amnionic fluid prolactin
is unknown, suggestions are that this prolactin impairs water
transfer from the fetus into the maternal compartment, thus
preventing fetal dehydration.

A possible pathological role has been proposed for a pro-
lactin fragment in the genesis of peripartum cardiomyopathy

(Chap. 49, p. 988) (Cunningham, 2012).

Oxytocin and Antidiuretic Hormone

These two hormones are secreted from the posterior pituitary.
The role of oxytocin in parturition and lactation is discussed in
Chapters 21 (p. 426) and 36 (p. 672), respectively. Brunton and
Russell (2010) have reviewed the complex mechanisms that pro-
mote quiescence of oxytocin systems during pregnancy. Levels
of antidiuretic hormone, also called vasopressin, do not change
during pregnancy. As discussed in Chapter 58 (p. 1162), vaso-
pressin deficiency is associated with diabetes insipidus.

Thyroid Gland

Physiological changes of pregnancy cause the thyroid gland to
increase production of thyroid hormones by 40 to 100 percent

to meet maternal and fetal needs (Smallridge, 2005). To
accomplish this, there are several pregnancy-induced changes.
Anatomically, the thyroid gland undergoes moderate enlarge-
ment during pregnancy caused by glandular hyperplasia and
increased vascularity. Glinoer and colleagues (1990) reported
that mean thyroid volume increased from 12 mL in the first
trimester to 15 mL at delivery. Total volume was inversely pro-
portional to serum thyrotropin concentrations. Such enlarge-
ment is not pathological, but normal pregnancy does not
typically cause significant thyromegaly. Thus, any goiter should
be investigated.

Several alterations in thyroid physiology and function dur-
ing pregnancy are outlined in Figure 4-17. Early in the first tri-
mester, levels of the principal carrier protein—thyroxine-binding
globulin (TBG)—increase, reach their zenith at about 20 weeks,
and stabilize at approximately double baseline values for the
remainder of pregnancy. The increased TBG concentrations
result from both higher hepatic synthesis rates—due to estrogen
stimulation—and lower metabolism rates due to increased TBG
sialylation and glycosylation. These elevated TBG levels increase
total serum thyroxine (T,) and triiodothyronine (T;) concentra-
tions, but do not affect the physiologically important serum free
T, and Tj; levels. Specifically, total serum Ty increases sharply
beginning between 6 and 9 weeks and reaches a plateau at 18
weeks. Free serum T levels rise slightly and peak along with hCG
levels, and then they return to normal. The rise in total Ty is
more pronounced up to 18 weeks, and thereafter, it plateaus. As
detailed in Chapter 58 (p. 1147), the fetus is reliant on maternal
thyroxine, which crosses the placenta in small quantities to main-
tain normal fetal thyroid function. Recall that the fetal thyroid
does not begin to concentrate iodine until 10 to 12 weeks’ gesta-
tion. The synthesis and secretion of thyroid hormone by fetal
pituitary thyroid-stimulating hormone ensues at approximately
20 weeks. At birth, approximately 30 percent of the T in umbil-
ical cord blood is of maternal origin (Leung, 2012).

Thyrotropin-releasing hormone (TRH) is secreted by the
hypothalamus and stimulates thyrotrope cells of the anterior
pituitary to release thyroid-stimulating hormone (TSH) or thyro-
tropin. TRH levels are not increased during normal pregnancy.
However, this neurotransmitter does cross the placenta and
may serve to stimulate the fetal pituitary to secrete thyrotropin
(Thorpe-Beeston, 1991).

Interestingly, T and T} secretion is not similar for all preg-
nant women (Glinoer, 1990). Approximately a third of women
experience relative hypothyroxinemia, preferential T} secretion,
and higher, albeit normal, serum thyrotropin levels. Thus, there
may be considerable variability in thyroidal adjustments during
normal pregnancy.

The modifications in serum TSH and hCG levels as a func-
tion of gestational age are shown in Figure 4-17. As discussed
in Chapter 5 (p. 101), the o-subunits of the two glycopro-
teins are identical, whereas the B-subunits, although similar,
differ in their amino acid sequence. As a result of this structural
similarity, hCG has intrinsic thyrotropic activity, and thus,
high serum hCG levels cause thyroid stimulation. Indeed, thy-
rotropin levels decrease in more than 80 percent of pregnant
women, whereas they remain in the normal range for nonpreg-
nant women.
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FIGURE 4-17 Relative changes in maternal and fetal thyroid-
associated analytes across pregnancy. Maternal changes include
a marked and early increase in hepatic production of thyroxine-
binding globulin (TBG) and placental production of human cho-
rionic gonadotropin (hCG). Increased thyroxine-binding globulin
increases serum thyroxine (T,) concentrations. hCG has thyrotro-
pin-like activity and stimulates maternal free T, secretion. This
transient hCG-induced increase in serum T, levels inhibits mater-
nal secretion of thyrotropin. Except for minimally increased free T,
levels when hCG peaks, these levels are essentially unchanged.
Fetal levels of all serum thyroid analytes increase incrementally
across pregnancy. Fetal triiodothyronine (T5) does not increase
until late pregnancy. (Modified from Burrow, 1994.)

As shown in Figure 4-18, normal suppression of TSH during
pregnancy may lead to a misdiagnosis of subclinical hyperthy-
roidism. Of greater concern is the potential failure to identify
women with early hypothyroidism because of suppressed TSH
concentrations. To mitigate the likelihood of such misdiagnoses,
Dashe and coworkers (2005) conducted a population-based
study at Parkland Hospital to develop gestational-age-specific
TSH normal curves for both singleton and twin pregnancies
(Chap. 58, p. 1148). Similarly, Ashoor and associates (2010)
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FIGURE 4-18 Gestational age-specific thyroid-stimulating hor-
mone (TSH) normal curves derived from 13,599 singleton and

132 twin pregnancies. Singleton pregnancies are represented with
solid blue lines and twin pregnancies with dashed lines. The non-
pregnant reference values of 4.0 and 0.4 mU/L are represented as
solid black lines. Upper shaded area represents the 28 percent of
singleton pregnancies with TSH values above the 97.5th percentile
threshold that would not have been identified as abnormal based
on the assay reference value of 4.0 mU/L. Lower shaded area
represents singleton pregnancies that would have been (falsely)
identified as having TSH suppression based on the assay reference
value of 0.4 mU/L. (From Dashe, 2005, with permission.)

have established normal ranges for maternal TSH, free T}, and
free T5 at 11 to 13 weeks.

These complex alterations of thyroid regulation do not
appear to alter maternal thyroid status as measured by meta-
bolic studies. Although basal metabolic rate increases progres-
sively by as much as 25 percent during normal pregnancy, most
of this increase in oxygen consumption can be attributed to
fetal metabolic activity. If fetal body surface area is considered
along with that of the mother, the predicted and observed basal
metabolic rates are similar to those in nonpregnant women.

lodine Status

lodine requirements increase during normal pregnancy. In
women with low or marginal intake, deficiency may manifest
as low thyroxine and increased TSH levels. Importantly, more
than a third of the world population lives in areas where iodine
intake is only marginal. For the fetus, early exposure to thyroid
hormone is essential for the nervous system, and iodine defi-
ciency is the most common preventable cause of impaired neu-
rological development after famine (Kennedy, 2010). Severe
deficiency leads to cretinism.

Parathyroid Glands

The regulation of calcium concentration is closely interrelated
with magnesium, phosphate, parathyroid hormone, vitamin D,
and calcitonin physiology. Any altered levels of one of these
likely changes the others. In a longitudinal investigation of 20
women, More and associates (2003) found that all markers of
bone turnover increased during normal pregnancy and failed to

69



70

Maternal Anatomy and Physiology

reach baseline level by 12 months postpartum. They concluded
that the calcium needed for fetal growth and lactation may be
drawn at least in part from the maternal skeleton.

Parathyroid Hormone

Acute or chronic decreases in plasma calcium or acute decreases
in magnesium stimulate parathyroid hormone (PTH) release.
Conversely, increased calcium and magnesium levels suppress
PTH levels. The action of this hormone on bone resorption,
intestinal absorption, and kidney reabsorption is to increase
extracellular fluid calcium concentrations and decrease phos-
phate levels.

As reviewed by Cooper (2011), fetal skeleton mineralization
requires approximately 30 g of calcium, primarily during the
third trimester. Although this amounts to only 3 percent of the
total calcium held within the maternal skeleton, the provision
of calcium is still a challenge for the mother. In most circum-
stances, increased maternal calcium absorption provides the
additional calcium. During pregnancy, the amount of calcium
absorbed rises gradually and reaches approximately 400 mg/day
in the third trimester. Increased calcium absorption appears to
be mediated by elevated maternal 1,25-dihydroxyvitamin D
concentrations. This occurs despite decreased levels during
early pregnancy of PTH, which is the normal stimulus for
active vitamin D production within the kidney. Indeed, PTH
plasma concentrations decrease during the first trimester and
then increase progressively throughout the remainder of preg-
nancy (Pitkin, 1979).

The increased production of active vitamin D is likely due to
placental production of either PTH or a PTH-related protein
(PTH-1P). Outside pregnancy and lactation, PTH-rP is usually
only detectable in serum of women with hypercalcemia due to
malignancy. During pregnancy, however, PTH-rP concentra-
tions increase significantly. This protein is synthesized in both
fetal tissues and maternal breasts.

Calcitonin

The known actions of calcitonin generally are considered to
oppose those of PTH and vitamin D to protect maternal skel-
etal calcification during times of calcium stress. Pregnancy and
lactation cause profound calcium stress, and during these times,
calcitonin levels are appreciably higher than those in nonpreg-
nant women (Weiss, 1998).

The C cells that secrete calcitonin are derived embryologi-
cally from the neural crest and are located predominantly in
the perifollicular areas of the thyroid gland. Calcium and mag-
nesium increase the biosynthesis and secretion of calcitonin.
Various gastric hormones—gastrin, pentagastrin, glucagon,
and pancreozymin—and food ingestion also increase calcito-
nin plasma levels.

Adrenal Glands

Cortisol

In normal pregnancy, unlike their fetal counterparts, the
maternal adrenal glands undergo little, if any, morphologi-
cal change. The serum concentration of circulating cortisol is
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FIGURE 4-19 Serial increases in serum cortisol (blue line) and
adrenocorticotropic hormone (ACTH) (red line) across normal
pregnancy. (Redrawn from Carr, 1981, with permission.)

increased, but much of it is bound by #ranscortin, the cortisol-
binding globulin. The adrenal secretion rate of this principal
glucocorticoid is not increased, and probably it is decreased
compared with that of the nonpregnant state. The metabolic
clearance rate of cortisol, however, is lower during pregnancy
because its half-life is nearly doubled compared with that
for nonpregnant women (Migeon, 1957). Administration of
estrogen, including most oral contraceptives, causes changes in
serum cortisol levels and transcortin similar to those of preg-
nancy (Jung, 2011).

During early pregnancy, the levels of circulating adreno-
corticotropic hormone (ACTH), also known as corticotropin,
are reduced strikingly. As pregnancy progresses, ACTH and
free cortisol levels rise equally and strikingly (Fig. 4-19). This
apparent paradox is not understood completely. Nolten and
Rueckert (1981) suggest that the higher free cortisol lev-
els observed in pregnancy result from a “resetting” of the
maternal feedback mechanism to higher levels. They further
propose that this might result from zissue refractoriness to
cortisol. Keller-Wood and Wood (2001) later asserted that
these incongruities may result from an antagonistic action of
progesterone on mineralocorticoids. Thus, in response to ele-
vated progesterone levels during pregnancy, an elevated free
cortisol is needed to maintain homeostasis. Indeed, experi-
ments in pregnant ewes demonstrate that elevated maternal
cortisol and aldosterone secretion are necessary to maintain
the normal increase in plasma volume during late pregnancy
(Jensen, 2002).

Aldosterone

As early as 15 weeks’ gestation, the maternal adrenal glands secrete
considerably increased amounts of aldosterone, the principal min-
eralocorticoid. By the third trimester, approximately 1 mg/day is
secreted. If sodium intake is restricted, aldosterone secretion is



elevated even further (Watanabe, 1963). At the same time, lev-
els of renin and angiotensin II substrate normally are increased,
especially during the latter half of pregnancy. This scenario gives
rise to increased plasma levels of angiotensin II, which acts on the
zona glomerulosa of the maternal adrenal glands and accounts for
the markedly elevated aldosterone secretion. It has been suggested
that the increased aldosterone secretion during normal pregnancy
affords protection against the natriuretic effect of progesterone
and atrial natriuretic peptide. More recently, Gennari-Moser and
colleagues (2011) provided evidence that aldosterone may play a
role in modulating trophoblast growth and placental size.

Deoxycorticosterone

Maternal plasma levels of this potent mineralocorticosteroid
progressively increase during pregnancy. Indeed, plasma lev-
els of deoxycorticosterone rise to near 1500 pg/mL by term, a
more than 15-fold increase (Parker, 1980). This marked eleva-
tion is not derived from adrenal secretion but instead represents
increased kidney production resulting from estrogen stimula-
tion. The levels of deoxycorticosterone and its sulfate in fetal
blood are appreciably higher than those in maternal blood,
which suggests transfer of fetal deoxycorticosterone into the
maternal compartment.

Androgens

In balance, there is increased androgenic activity during preg-
nancy. Maternal plasma levels of both androstenedione and
testosterone are increased during pregnancy. This finding is not
totally explained by alterations in their metabolic clearance.
Both androgens are converted to estradiol in the placenta, which
increases their clearance rates. Conversely, increased plasma sex
hormone-binding globulin in pregnant women retards testos-
terone clearance. Thus, the production rates of maternal tes-
tosterone and androstenedione during human pregnancy are
increased. The source of this increased C,o-steroid production
is unknown, but it likely originates in the ovary. Interestingly,
little or no testosterone in maternal plasma enters the fetal
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circulation as testosterone. Even when massive testosterone lev-
els are found in the circulation of pregnant women, as with
androgen-secreting tumors, testosterone concentrations in
umbilical cord blood are likely to be undetectable. This results
from the near complete trophoblastic conversion of testoster-
one to 17B-estradiol (Edman, 1979).

Maternal serum and urine levels of dehydroepiandrosterone
sulfate are decreased during normal pregnancy. As discussed in
Chapter 5 (p. 107), this is a consequence of increased metabolic
clearance through extensive maternal hepatic 168-hydroxylation
and placental conversion to estrogen.

MUSCULOSKELETAL SYSTEM

Progressive lordosis is a characteristic feature of normal preg-
nancy. Compensating for the anterior position of the enlarging
uterus, lordosis shifts the center of gravity back over the lower
extremities.

The sacroiliac, sacrococcygeal, and pubic joints have
increased mobility during pregnancy. However, as discussed
carlier (p. 49), increased joint laxity during pregnancy does not
correlate with increased maternal serum levels of estradiol, pro-
gesterone, or relaxin (Marnach, 2003). Most relaxation takes
place in the first half of pregnancy. It may contribute to mater-
nal posture alterations and in turn create lower back discom-
fort. Although some symphyseal separation likely accompanies
many deliveries, those greater than 1 cm may cause significant
pain (Fig. 4-20) (Jain, 2005). Aching, numbness, and weakness
also occasionally are experienced in the upper extremities. This
may result from the marked lordosis and associated anterior
neck flexion and shoulder girdle slumping, which produce trac-
tion on the ulnar and median nerves (Crisp, 1964).

Joint strengthening begins immediately following delivery
and is usually complete within 3 to 5 months. Pelvic dimen-
sions measured up to 3 months after delivery by MR imaging
are not significantly different from prepregnancy measurements
(Huerta-Enochian, 20006).

FIGURE 4-20 A. Symphyseal diastasis. Marked widening of the pubic symphysis (arrows) after vaginal delivery. B. Sacroiliac (SI) joint
widening; left (arrow) greater than right (arrowhead). (Images contributed by Dr. Daniel Moore.)
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CENTRAL NERVOUS SYSTEM

Memory

Changes in the central nervous center are relatively few and
mostly subtle. Women often report problems with attention,
concentration, and memory throughout pregnancy and the
early puerperium. Systematic studies of memory in pregnancy,
however, are limited and often anecdotal. Keenan and associates
(1998) longitudinally investigated memory in pregnant women
and a matched control group. They found pregnancy-related
memory decline, which was limited to the third trimester. This
decline was not attributable to depression, anxiety, sleep depri-
vation, or other physical changes associated with pregnancy. It
was transient and quickly resolved following delivery. Henry
and Sherwin (2012) also reported that pregnant women in
late pregnancy performed significantly worse on tests of verbal
recall and processing speed compared with matched nonpreg-
nant controls. Interestingly, Rana and colleagues (2006) found
that attention and memory were improved in women with pre-
eclampsia receiving magnesium sulfate compared with normal
pregnant women.

Zeeman and coworkers (2003) used magnetic resonance imag-
ing to measure cerebral blood flow across pregnancy in 10 healthy
women. They found that mean blood flow in the middle and
posterior cerebral arteries decreased progressively from 147 and
56 mL/min when nonpregnant to 118 and 44 mL/min late in
pregnancy, respectively. The mechanism and clinical significance
of this decline is unknown. Pregnancy does not appear to affect
cerebrovascular autoregulation (Bergersen, 2006; Cipolla, 2014).

Eyes

Intraocular pressure decreases during pregnancy and is attrib-
uted in part to increased vitreous outflow (Sunness, 1988).
Corneal sensitivity is decreased, and the greatest changes are late
in gestation. Most pregnant women demonstrate a measurable
but slight increase in corneal thickness, thought to be due to
edema. Consequently, they may have difficulty with previously
comfortable contact lenses. Brownish-red opacities on the poste-
rior surface of the cornea—Krukenberg spindles—have also been
observed with a higher than expected frequency during preg-
nancy. Hormonal effects similar to those observed for skin lesions
are postulated to cause this increased pigmentation. Other than
transient loss of accommodation reported with both pregnancy
and lactation, visual function is unaffected by pregnancy. These
changes during pregnancy, as well as pathological eye aberra-
tions, were recently reviewed by Grant and Chung (2013).

Sleep

Beginning as early as approximately 12 weeks’ gestation and
extending through the first 2 months postpartum, women
have difficulty with going to sleep, frequent awakenings, fewer
hours of night sleep, and reduced sleep efficiency (Pavlova,
2011). The frequency and duration of sleep apnea episodes
were reported to be decreased significantly in pregnant
women compared with those postpartum (Trakada, 2003). In
the supine position, however, average Pao, levels were lower.

The greatest disruption of sleep is encountered postpartum
and may contribute to postpartum blues or to frank depression

(Chap. 61, p. 1205).
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All obstetricians should be aware of the basic reproductive bio-
logical processes required for women to successfully achieve
pregnancy. Several abnormalities can affect each of these and
lead to infertility or pregnancy loss. In most women, sponta-
neous, cyclical ovulation at 25- to 35-day intervals continues
during almost 40 years between menarche and menopause.
Without contraception, there are approximately 400 oppor-
tunities for pregnancy, which may occur with intercourse on
any of 1200 days—the day of ovulation and its two preceding
days. This narrow window for fertilization is controlled by
tightly regulated production of ovarian steroids. Moreover,
these hormones promote optimal endometrial regeneration
after menstruation in preparation for the next implantation
window.

Should fertilization occur, events that begin after initial
blastocyst implantation onto the endometrium and con-
tinue through to parturition result from a unique interaction
between fetal trophoblasts and maternal endometrium-
decidua. The ability of mother and fetus to coexist as two

distinct immunological systems results from endocrine, para-
crine, and immunological modification of fetal and maternal
tissues in a manner not seen elsewhere. The placenta mediates
a unique fetal-maternal communication system, which cre-
ates a hormonal environment that initially maintains preg-
nancy and eventually initiates events leading to parturition.
The following sections address the physiology of the ovarian-
endometrial cycle, implantation, placenta, and fetal mem-
branes, as well as specialized endocrine arrangements between
fetus and mother.

THE OVARIAN-ENDOMETRIAL CYCLE

Predictable, regular, cyclical, and spontaneous ovulatory
menstrual cycles are regulated by complex interactions of
the hypothalamic-pituitary axis, ovaries, and genital tract
(Fig. 5-1). The average cycle duration is approximately 28
days, with a range of 25 to 32 days. The hormonal sequence
leading to ovulation directs this cycle. Concurrently, cyclical
changes in endometrial histology are faithfully reproduced.
Rock and Bartlett (1937) first suggested that endometrial
histological features were sufficiently characteristic to permit
cycle “dating.” In this scheme, the follicular-proliferative
phase and the postovulatory luteal-secretory phase are cus-
tomarily divided into early and late stages. These changes are
detailed in Chapter 15 of Williams Gynecology, 2nd edition
(Halvorson, 2012).

The Ovarian Cycle

Follicular or Preovulatory Ovarian Phase

The human ovary contains 2 million oocytes at birth, and
approximately 400,000 follicles are present at puberty onset
(Baker, 1963). The remaining follicles are depleted at a rate
of approximately 1000 follicles per month until age 35, when
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FIGURE 5-1 Gonadotropin control of the ovarian and endometrial cycles. The ovarian-endometrial cycle has been structured as a
28-day cycle. The follicular phase (days 1 to 14) is characterized by rising estrogen levels, endometrial thickening, and selection of
the dominant “ovulatory” follicle. During the luteal phase (days 14 to 21), the corpus luteum (CL) produces estrogen and progester-
one, which prepare the endometrium for implantation. If implantation occurs, the developing blastocyst begins to produce human

chorionic gonadotropin (hCG) and rescues the corpus luteum, thus maintaining progesterone production. FSH =

hormone; LH = luteinizing hormone.

this rate accelerates (Faddy, 1992). Only 400 follicles are
normally released during female reproductive life. Therefore,
more than 99.9 percent of follicles undergo atresia through
a process of cell death termed apoptosis (Gougeon, 1996;
Kaipia, 1997).

Follicular development consists of several stages, which
include the gonadotropin-independent recruitment of pri-
mordial follicles from the resting pool and their growth to the
antral stage. This appears to be controlled by locally produced
growth factors. Two members of the transforming growth
factor-B family—growth differentiation factor 9 (GDF9)
and bone morphogenetic protein 15 (BMP-15)—regulate
granulosa cell proliferation and differentiation as primary
follicles grow (Trombly, 2009; Yan, 2001). They also stabi-
lize and expand the cumulus oocyte complex in the oviduct

follicle-stimulating

(Hreinsson, 2002). These factors are produced by oocytes, sug-
gesting that the early steps in follicular development are, in
part, oocyte controlled. As antral follicles develop, surround-
ing stromal cells are recruited, by a yet-to-be-defined mecha-
nism, to become thecal cells.

Although not required for early follicular maturation,
follicle-stimulating hormone (FSH) is required for further
development of large antral follicles (Hillier, 2001). During
each ovarian cycle, a group of antral follicles, known as a
cohort, begins a phase of semisynchronous growth based on
their maturation state during the FSH rise in the late luteal
phase of the previous cycle. This FSH rise leading to follicle
development is called the selection window of the ovarian cycle
(Macklon, 2001). Only the follicles progressing to this stage
develop the capacity to produce estrogen.
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cause
tion, during the late follicular phase, LH stimulates thecal
cell production of androgens, particularly androstenedione,
which are then transferred to the adjacent follicles where
they are aromatized to estradiol (see Fig. 5-2). During the
early follicular phase, granulosa cells also produce inhibin B,
which can feed back on the pituitary to inhibit FSH release
(Groome, 1996). As the dominant follicle begins to grow,
production of estradiol and the inhibins increases and results
in a decline of follicular-phase FSH. This drop in FSH lev-
els is responsible for the failure of other follicles to reach
preovulatory status—the Graafian follicle stage—during
any one cycle. Thus, 95 percent of plasma estradiol produced
at this time is secreted by the dominant follicle—the one
destined to ovulate. Concurrently, the contralateral ovary is
relatively inactive.

Ovulation

The onset of the gonadotropin surge resulting from increas-
ing estrogen secretion by preovulatory follicles is a relatively
precise predictor of ovulation. It occurs 34 to 36 hours before
ovum release from the follicle (see Fig. 5-1). LH secretion
peaks 10 to 12 hours before ovulation and stimulates resump-
tion of meiosis in the ovum and release of the first polar body.
Current studies suggest that in response to LH, increased

FIGURE 5-2 The two-cell, two-gonadotropin principle of ovarian steroid hormone pro-
duction. During the follicular phase (left panel), luteinizing hormone (LH) controls theca
cell production of androstenedione, which diffuses into the adjacent granulosa cells
and acts as precursor for estradiol biosynthesis. The granulosa cell capacity to convert
androstenedione to estradiol is controlled by follicle-stimulating hormone (FSH). After
ovulation (right panel), the corpus luteum forms and both theca-lutein and granulosa-
lutein cells respond to LH. The theca-lutein cells continue to produce androstenedione,
whereas granulosa-lutein cells greatly increase their capacity to produce progesterone
and to convert androstenedione to estradiol. LH and hCG bind to the same LH-hCG
receptor. If pregnancy occurs (right panel), human chorionic gonadotropin (hCG) res-
cues the corpus luteum through their shared LH-hCG receptor. Low-density lipoprotein
(LDL) is an important source of cholesterol for steroidogenesis. CAMP = cyclic adenosine

progesterone and prostaglandin production by the cumulus
cells, as well as GDF9 and BMP-15 by the oocyte, activates
expression of genes critical to formation of a hyaluronan-rich
extracellular matrix by the cumulus complex (Richards, 2007).
As seen in Figure 5-3, during synthesis of this matrix, cumulus
cells lose contact with one another and move outward from the
oocyte along the hyaluronan polymer—this process is called
expansion. This results in a 20-fold increase in the complex
volume along with an LH-induced remodeling of the ovarian
extracellular matrix to allow release of the mature oocyte and
its surrounding cumulus cells through the surface epithelium.
Activation of proteases likely plays a pivotal role in weakening
of the follicular basement membrane and ovulation (Curry,
2006; Ny, 2002).

Luteal or Postovulatory Ovarian Phase

Following ovulation, the corpus luteum develops from the
dominant or Graafian follicle remains in a process referred
to as luteinization. The basement membrane separating the
granulosa-lutein and theca-lutein cells breaks down, and by
day 2 postovulation, blood vessels and capillaries invade the
granulosa cell layer. The rapid neovascularization of the once-
avascular granulosa may be due to angiogenic factors that
include vascular endothelial growth factor (VEGF) and others



FIGURE 5-3 An ovulated cumulus-oocyte complex. An oocyte
is at the center of the complex. Cumulus cells are widely sepa-
rated from each other in the cumulus layer by the hyaluronan-
rich extracellular matrix. (Photograph contributed by Dr. Kevin J.
Doody.)

produced in response to LH by theca-lutein and granulosa-
lutein cells (Albrecht, 2003; Fraser, 2001). During lutein-
ization, these cells undergo hypertrophy and increase their
capacity to synthesize hormones.

LH is the primary luteotropic factor responsible for corpus
luteum maintenance (Vande Wiele, 1970). Indeed, LH injec-
tions can extend the corpus luteum life span in normal women
by 2 weeks (Segaloff, 1951). In normal cycling women, the
corpus luteum is maintained by low-frequency, high-amplitude
LH pulses secreted by gonadotropes in the anterior pituitary
(Filicori, 1986).

The hormone secretion pattern of the corpus luteum differs
from that of the follicle (see Fig. 5-1). The increased capacity of
granulosa-lutein cells to produce progesterone is the result of
increased access to considerably more steroidogenic precursors
through blood-borne low-density lipoprotein (LDL)-derived
cholesterol as depicted in Figure 5-2 (Carr, 1981a). The impor-
tant role for LDL in progesterone biosynthesis is supported by
the observation that women with extremely low LDL choles-
terol levels exhibit minimal progesterone secretion during the
luteal phase (Illingworth, 1982). In addition, high-density lipo-
protein (HDL) may contribute to progesterone production in
granulosa-lutein cells (Ragoobir, 2002).

Estrogen levels follow a more complex pattern of secretion.
Specifically, just after ovulation, estrogen levels decrease fol-
lowed by a secondary rise that reaches a peak production of
0.25 mg/day of 17p-estradiol at the midluteal phase. Toward
the end of the luteal phase, there is a secondary decline in estra-
diol production.

Ovarian progesterone production peaks at 25 to 50 mg/day
during the midluteal phase. With pregnancy, the corpus luteum
continues progesterone production in response to embryonic
human chorionic gonadotropin (hCG), which binds to the
same receptor as LH (see Fig. 5-2).

Implantation and Placental Development

The human corpus luteum is a transient endocrine organ
that, in the absence of pregnancy, will rapidly regress 9 to 11
days after ovulation via apoptotic cell death (Vaskivuo, 2002).
The mechanisms that control luteolysis remain unclear.
However, in part, it results from decreased levels of circulat-
ing LH in the late luteal phase and decreased LH sensitiv-
ity of luteal cells (Duncan, 1996; Filicori, 1986). The role of
other factors is less clear, however, prostaglandin F,, (PGF,,)
appears to be luteolytic in nonhuman primates (Auletta,
1987; Wentz, 1973). The endocrine effects, consisting of a
dramatic drop in circulating estradiol and progesterone levels,
are critical for follicular development and ovulation during
the next ovarian cycle. In addition, corpus luteum regres-
sion and decline in circulating steroid concentrations signal
the endometrium to initiate molecular events that lead to
menstruation.

Estrogen and Progesterone Action

The fluctuating levels of ovarian steroids are the direct cause of
the endometrial cycle. Recent advances in the molecular biology
of estrogen and progesterone receptors have greatly improved
understanding of their function. The most biologically potent
naturally occurring estrogen—17p-estradiol—is secreted by
granulosa cells of the dominant follicle and luteinized granulosa
cells of the corpus luteum (see Fig. 5-2). Estrogen is the essen-
tial hormonal signal on which most events in the normal men-
strual cycle depend. Estradiol action is complex and appears
to involve two classic nuclear hormone receptors designated
estrogen receptor 0. (ERo) and B (ERB) (Katzenellenbogen,
2001). These isoforms are the products of separate genes and
can exhibit distinct tissue expression. Both estradiol-receptor
complexes act as transcriptional factors that become associ-
ated with the estrogen response element of specific genes. They
share a robust activation by estradiol. However, differences in
their binding affinities to other estrogens and their cell-specific
expression patterns suggest that ERo and ERP receptors may
have both distinct and overlapping function (Saunders, 2005).
Both receptors are expressed in the uterine endometrium
(Bombail, 2008; Lecce, 2001). Estrogens function in many cell
types to regulate follicular development, uterine receptivity, or
blood flow.

Most progesterone actions on the female reproductive tract
are mediated through the nuclear hormone receptors, proges-
terone receptor type A (PR-A) and B (PR-B). Progesterone
enters cells by diffusion and in responsive tissues becomes
associated with progesterone receptors (Conneely, 2002).
Both progesterone receptor isoforms arise from a single gene,
are members of the steroid receptor superfamily of transcrip-
tion factors, and regulate transcription of target genes. These
receptors have unique actions. When PR-A and PR-B recep-
tors are coexpressed, it appears that PR-A can inhibit PR-B
gene regulation. The endometrial glands and stroma appear
to have different expression patterns for progesterone recep-
tors that vary during the menstrual cycle (Mote, 1999). In
addition, progesterone can evoke rapid responses such as
changes in intracellular free calcium levels that cannot be
explained by genomic mechanisms. G-protein-coupled mem-
brane receptors for progesterone have been identified, but
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their role in the ovarian-endometrium cycle remains to be

elucidated (Peluso, 2007).

The Endometrial Cycle

Proliferative or Preovulatory Endometrial Phase

Fluctuations in estrogen and progesterone levels produce strik-
ing effects on the reproductive tract, particularly the endo-
metrium. Epithelial—glandular cells; stromal—mesenchymal
cells; and blood vessels of the endometrium replicate cyclically
in reproductive-aged women at a rapid rate. The endometrium
is regenerated during each ovarian—endometrial cycle. The
superficial endometrium, termed the functionalis layer, is shed
and regenerated from the deeper basalis layer almost 400 times
during the reproductive lifetime of most women (Fig. 5-4).
There is no other example in humans of such cyclical shedding
and regrowth of an entire tissue.

Follicular-phase estradiol production is the most impor-
tant factor in endometrial recovery following menstruation.
Although up to two thirds of the functionalis endometrium
is fragmented and shed during menstruation, reepithelializa-
tion begins even before menstrual bleeding has ceased. By
the fifth day of the endometrial cycle—fifth day of menses,
the epithelial surface of the endometrium has been restored,
and revascularization is in progress. The preovulatory endo-
metrium is characterized by proliferation of glandular, stro-
mal, and vascular endothelial cells. During the early part of
the proliferative phase, the endometrium is usually less than
2 mm thick. The glands are narrow, tubular structures that
pursue almost a straight and parallel course from the basalis
layer toward the endometrial cavity. Mitotic figures, espe-
cially in the glandular epithelium, are identified by the fifth
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cycle day. Mitotic activity in both epithelium and stroma
persists until day 16 to 17, or 2 to 3 days after ovulation.
Although blood vessels are numerous and prominent, there is
no extravascular blood or leukocyte infiltration in the endo-
metrium at this stage.

Clearly, reepithelialization and angiogenesis are important
to endometrial bleeding cessation (Chennazhi, 2009; Rogers,
2009). These are dependent on tissue regrowth, which is estro-
gen regulated. Epithelial cell growth also is regulated in part
by epidermal growth factor (EGF) and transforming growth
factor o (TGFa). Stromal cell proliferation appears to increase
through paracrine and autocrine actions of estrogen and
increased local levels of fibroblast growth factor-9 (Tsai, 2002).
Estrogens also increase local production of VEGF, which causes
angiogenesis through vessel elongation in the basalis (Gargett,
2001; Sugino, 2002).

By the late proliferative phase, the endometrium thick-
ens from both glandular hyperplasia and increased stromal
ground substance, which is edema and proteinaceous mate-
rial. The loose stroma is especially prominent, and the glands
in the functionalis layer are widely separated. This is compared
with those of the basalis layer, in which the glands are more
crowded and the stroma is denser. At midcycle, as ovulation
nears, glandular epithelium becomes taller and pseudostrati-
fied. The surface epithelial cells acquire numerous microvilli,
which increase epithelial surface area, and cilia, which aid in
the movement of endometrial secretions during the secretory
phase (Ferenczy, 1976).

Dating the menstrual cycle day by endometrial histological
criteria is difficult during the proliferative phase because of con-
siderable phase-length variation among women. Specifically, the
follicular phase normally may be as short as 5 to 7 days or as long
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FIGURE 5-4 The endometrium consists of two layers, the functionalis layer and basalis layer. These layers are supplied by the spiral
and basal arteries, respectively. Numerous glands also span these layers. As the menstrual cycle progresses, greater coiling of the spiral
arteries and increased gland folding can be seen. Near the end of the menstrual cycle (day 27), the coiled arteries constrict, depriving
the functionalis layer of its blood supply and leading to necrosis and sloughing of this layer.



as 21 to 30 days. In contrast, the luteal or secretory postovulatory
phase of the cycle is remarkably constant at 12 to 14 days.

Secretory or Postovulatory Endometrial Phase

During the early secretory phase, endometrial dating is based on
glandular epithelium histology. After ovulation, the estrogen-
primed endometrium responds to rising progesterone levels in a
highly predictable manner. By day 17, glycogen accumulates in
the basal portion of glandular epithelium, creating subnuclear
vacuoles and pseudostratification. This is the first sign of ovula-
tion that is histologically evident. It is likely the result of direct
progesterone action through receptors expressed in glandular
cells (Mote, 2000). On day 18, vacuoles move to the apical
portion of the secretory nonciliated cells. By day 19, these cells
begin to secrete glycoprotein and mucopolysaccharide contents
into the lumen (Hafez, 1975). Glandular cell mitosis ceases
with secretory activity on day 19 due to rising progesterone lev-
els, which antagonize the mitotic effects of estrogen. Estradiol
action is also decreased because of glandular expression of the
type 2 isoform of 17B-hydroxysteroid dehydrogenase. This con-
verts estradiol to the less active estrone (Casey, 1996).

Dating in the mid- to late-secretory phase relies on endome-
trial stromal changes. On days 21 to 24, the stroma becomes
edematous. On days 22 to 25, stromal cells surrounding the
spiral arterioles begin to enlarge, and stromal mitosis becomes
apparent. Days 23 to 28 are characterized by predecidual cells,
which surround spiral arterioles.

An important feature of secretory-phase endometrium
between days 22 and 25 is striking changes associated with pre-
decidual transformation of the upper two thirds of the func-
tionalis layer. The glands exhibit extensive coiling, and luminal
secretions become visible. Changes within the endometrium
also can mark the so-called window of implantation seen on
days 20 to 24. Epithelial surface cells show decreased microvilli
and cilia but appearance of luminal protrusions on the apical
cell surface (Nikas, 2003). These pinopodes are important in
preparation for blastocyst implantation. They also coincide
with changes in the surface glycocalyx that allow acceptance of
a blastocyst (Aplin, 2003).

The secretory phase is also highlighted by the continu-
ing growth and development of the spiral arteries. Boyd and
Hamilton (1970) emphasized the extraordinary importance of
the endometrial spiral or coiled arteries. They arise from the
radial arteries, which are myometrial branches of the arcuate
and ultimately, uterine vessels (see Fig. 5-4). The morphologi-
cal and functional properties of spiral arteries are unique and
essential for establishing blood flow changes to permit either
menstruation or implantation. During endometrial growth,
spiral arteries lengthen at a rate appreciably greater than the
rate of endometrial tissue thickening (Fig. 5-5). This growth
discordance obliges even greater coiling of the already spiral-
ing vessels. Spiral artery development reflects a marked induc-
tion of angiogenesis, consisting of widespread vessel sprouting
and extension. Perrot-Applanat and associates (1988) described
progesterone and estrogen receptors in the smooth muscle cells
of the uterus and spiral arteries. Such rapid angiogenesis is reg-
ulated, in part, through estrogen- and progesterone-regulated
synthesis of VEGF (Ancelin, 2002; Chennazhi, 2009).
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FIGURE 5-5 The spiral arteries of human endometrium are
modified during the ovulatory cycle. Initially, blood flow changes
through these vessels aid endometrial growth. Excessive coiling
and blood flow stasis coincide with regression of corpus luteum
function and lead to a decline in endometrial tissue volume.
Finally, spiral artery coiling leads to endometrial hypoxia and
necrosis. Before endometrial bleeding, intense spiral artery vaso-
spasm serves to limit blood loss during menses.

Menstruation

The midluteal-secretory phase of the endometrial cycle is a
critical branch point in endometrial development and differen-
tiation. With corpus luteum rescue and continued progesterone
secretion, the decidualization process continues. If luteal pro-
gesterone production decreases with luteolysis, events leading
to menstruation are initiated (Critchley, 2006; Thiruchelvam,
2013).

A notable histological characteristic of late premenstrual-
phase endometrium is stromal infiltration by neutrophils, giv-
ing a pseudoinflammatory appearance to the tissue. These cells
infiltrate primarily on the day or two immediately preceding
menses onset. The endometrial stromal and epithelial cells pro-
duce interleukin-8 (IL-8), a chemotactic—activating factor for
neutrophils (Arici, 1993). Similarly, monocyte chemotactic
protein-1 (MCP-1) is synthesized by endometrium and pro-
motes monocyte recruitment (Arici, 1995).

Leukocyte infiltration is considered key to both endometrial
extracellular matrix breakdown and repair of the functionalis
layer. The term “inflammatory tightrope” refers to the ability
of macrophages to assume phenotypes that vary from proin-
flammatory and phagocytic to immunosuppressive and repara-
tive. These are likely relevant to menstruation, in which tissue
breakdown and restoration occur simultaneously (Evans, 2012).
Invading leukocytes secrete enzymes that are members of the
matrix metalloprotease (MMP) family. These add to the pro-
teases already produced by endometrial stromal cells and effec-
tively initiate matrix degradation. This phenomenon has been
proposed to initiate the events leading to menstruation (Dong,
2002). As tissue shedding is completed, microenvironment-
regulated changes in macrophage phenotype promote repair and
resolution (Evans, 2012; Thiruchelvam, 2013).
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Anatomical Events During Menstruation. The classic
study by Markee (1940) described tissue and vascular changes
in endometrium before menstruation. First, there are marked
changes in endometrial blood flow essential for menstruation.
With endometrial regression, spiral artery coiling becomes suf-
ficiently severe that resistance to blood flow increases strikingly,
causing endometrial hypoxia. Resultant stasis is the primary
cause of endometrial ischemia and tissue degeneration (see
Fig. 5-5). Vasoconstriction precedes menstruation and is the
most striking and constant event observed in the cycle. Intense
spiral artery vasoconstriction also serves to limit menstrual blood
loss. Blood flow appears to be regulated in an endocrine manner
by sex steroid hormone—induced modifications of a paracrine-
mediated vasoactive peptide system as described subsequently.

Prostaglandins and Menstruation. Progesterone with-
drawal increases expression of cyclooxygenase 2 (COX-2), also
called prostaglandin synthase 2, to synthesize prostaglandins.
Withdrawal also decreases expression of 15-hydroxyprostaglandin
dehydrogenase (PGDH), which degrades prostaglandins (Casey,
1980, 1989). The net result is increased prostaglandin produc-
tion by endometrial stromal cells and increased prostaglandin-
receptor density on blood vessels and surrounding cells.

A role for prostaglandins—especially vasoconstricting
PGF,,—in menstruation initiation has been suggested (Abel,
2002). Large amounts of prostaglandins are present in menstrual
blood. PGF,,, administration to nonpregnant women prompts
menstruation and symptoms that mimic dysmenorrhea. Painful
menstruation is common and likely caused by myometrial con-
tractions and uterine ischemia. This response is believed to be
mediated by PGF,,-induced spiral artery vasoconstriction that
causes the uppermost endometrial zones to become hypoxic.
The hypoxic environment is a potent inducer of angiogenesis
and vascular permeability factors such as VEGF. Prostaglandins
serve an important function in the event cascade leading to
menstruation that includes vasoconstriction, myometrial con-
tractions, and upregulation of proinflammatory responses.

Activation of Lytic Mechanisms. Following vasoconstriction
and endometrial cytokine changes, protease activation within
stromal cells and leukocyte invasion is required to degrade
the endometrial interstitial matrix. Matrix metalloproteases—
MMP-1 and MMP-3—are released from stromal cells and
may activate other neutrophilic proteases such as MMP-8 and

MMP-9.

Origin of Menstrual Blood. Menstrual bleeding is apprecia-
bly arterial rather than venous bleeding. Endometrial bleeding
appears to follow rupture of a spiral arteriole and consequent
hematoma formation. With a hematoma, the superficial endo-
metrium is distended and ruptures. Subsequently, fissures
develop in the adjacent functionalis layer, and blood and tissue
fragments are sloughed. Hemorrhage stops with arteriolar con-
striction. Changes that accompany partial tissue necrosis also
serve to seal vessel tips.

The endometrial surface is restored by growth of flanges,
or collars, that form the everted free ends of the endometrial
glands (Markee, 1940). These flanges increase in diameter very

rapidly, and epithelial continuity is reestablished by fusion of
the edges of these sheets of migrating cells.

Interval between Menses. The modal interval of menstrua-
tion is considered to be 28 days, but variation is considerable
among women, as well as in the cycle lengths of a given woman.
Marked differences in the intervals between menstrual cycles are
not necessarily indicative of infertility. Arey (1939) analyzed 12
studies comprising approximately 20,000 calendar records from
1500 women. He concluded that there is no evidence of per-
fect menstrual cycle regularity. Among average adult women, a
third of cycles departed by more than 2 days from the mean of
all cycle lengths. In his analysis of 5322 cycles in 485 normal
women, an average interval of 28.4 days was estimated.

THE DECIDUA

This is a specialized, highly modified endometrium of preg-
nancy. It is essential for hemochorial placentation, that is, one in
which maternal blood contacts trophoblast. This relationship
requires trophoblast invasion, and considerable research has
focused on the interaction between decidual cells and invading
trophoblasts. Decidualization, that is, transformation of secre-
tory endometrium to decidua, is dependent on estrogen and
progesterone and factors secreted by the implanting blastocyst.
The special relationship that exists between the decidua and the
invading trophoblast seemingly defies the laws of transplanta-
tion immunology. The success of this unique semiallograft not
only is of great scientific interest but may involve processes that
harbor insights leading to more successful transplantation sur-
gery and perhaps even immunological treatment of neoplasia
(Billingham, 1986; Lala, 2002).

Decidual Structure

The decidua is classified into three parts based on anatomi-
cal location. Decidua directly beneath blastocyst implantation
is modified by trophoblast invasion and becomes the decidua
basalis. The decidua capsularis overlies the enlarging blastocyst
and initially separates the conceptus from the rest of the uter-
ine cavity (Fig. 5-6). This portion is most prominent during
the second month of pregnancy and consists of decidual cells
covered by a single layer of flattened epithelial cells. Internally,
it contacts the avascular, extraembryonic fetal membrane—the
chorion laeve. The remainder of the uterus is lined by decidua
parietalis. During early pregnancy, there is a space between the
decidua capsularis and parietalis because the gestational sac does
not fill the entire uterine cavity. By 14 to 16 weeks” gestation,
the expanding sac has enlarged to completely fill the uterine
cavity. 'The resulting apposition of the decidua capsularis and
parietalis creates the decidua vera, and the uterine cavity is func-
tionally obliterated.

In early pregnancy, the decidua begins to thicken, eventu-
ally attaining a depth of 5 to 10 mm. With magnification, fur-
rows and numerous small openings, representing the mouths of
uterine glands, can be detected. Later in pregnancy, the decidua
becomes thinner, presumably because of pressure exerted by the
expanding uterine contents.
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FIGURE 5-6 Three portions of the decidua—the basalis, capsu-
laris, and parietalis—are illustrated.

The decidua parietalis and basalis are composed of three
layers. There is a surface or compact zone—zona compacta; a
middle portion or spongy zone—zona spongiosa—with rem-
nants of glands and numerous small blood vessels; and a basal
zone—zona basalis. The zona compacta and spongiosa together
form the zona functionalis. The basal zone remains after delivery
and gives rise to new endometrium.

Decidual Reaction

In human pregnancy, the decidual reaction is completed only
with blastocyst implantation. Predecidual changes, however,
commence first during the midluteal phase in endometrial stro-
mal cells adjacent to the spiral arteries and arterioles. Thereafter,
they spread in waves throughout the uterine endometrium and
then from the implantation site. The endometrial stromal cells
enlarge to form polygonal or round decidual cells. The nuclei
become round and vesicular, and the cytoplasm becomes clear,
slightly basophilic, and surrounded by a translucent membrane.
Each mature decidual cell becomes surrounded by a pericellular
membrane. Thus, the human decidual cells clearly build walls
around themselves and possibly around the fetus. The pericel-
lular matrix surrounding the decidual cells may allow attach-
ment of cytotrophoblasts through cellular adhesion molecules.
The cell membrane also may provide decidual cell protection
against selected cytotrophoblastic proteases.

Decidual Blood Supply

As a consequence of implantation, the blood supply to the
decidua capsularis is lost as the embryo-fetus grows. Blood
supply to the decidua parietalis through spiral arteries persists.
These arteries retain a smooth-muscle wall and endothelium
and thereby remain responsive to vasoactive agents.

In contrast, the spiral arterial system supplying the decidua
basalis directly beneath the implanting blastocyst, and ultimately
the intervillous space, is altered remarkably. These spiral arteri-
oles and arteries are invaded by cytotrophoblasts. During this
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process, the vessel walls in the basalis are destroyed. Only a shell
without smooth muscle or endothelial cells remains. Importantly,
as a result, these vascular conduits of maternal blood—which
become the uteroplacental vessels—are not responsive to vasoac-
tive agents. Conversely, the fetal chorionic vessels, which trans-
port blood between the placenta and the fetus, contain smooth
muscle and thus do respond to vasoactive agents.

Decidual Histology

Early in pregnancy, the zona spongiosa of the decidua consists
of large distended glands, often exhibiting marked hyperpla-
sia and separated by minimal stroma. At first, the glands are
lined by typical cylindrical uterine epithelium with abundant
secretory activity that contributes to blastocyst nourishment.
As pregnancy progresses, the epithelium gradually becomes
cuboidal or even flattened and later degenerates and sloughs
to a greater extent into the gland lumens. With advanced preg-
nancy, the glandular elements largely disappear. In compar-
ing the decidua parietalis at 16 weeks’ gestation with the early
proliferative endometrium of a nonpregnant woman, there is
marked hypertrophy but only slight hyperplasia of the endome-
trial stroma during decidual transformation.

The decidua basalis contributes to formation of the placental
basal plate (Fig. 5-7). It differs histologically from the decidua
parietalis in two important respects. First, the spongy zone of
the decidua basalis consists mainly of arteries and widely dilated
veins, and by term, glands have virtually disappeared. Second,
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FIGURE 5-7 Section through a junction of chorion, villi, and
decidua basalis in early first-trimester pregnancy. (Photograph
contributed by Dr. Kurt Benirschke.)
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the decidua basalis is invaded by many interstitial trophoblast
cells and trophoblastic giant cells. Although most abundant
in the decidua, the giant cells commonly penetrate the upper
myometrium. Their number and invasiveness can be so exten-
sive as to resemble choriocarcinoma.

The Nitabuch layer is a zone of fibrinoid degeneration in
which invading trophoblasts meet the decidua basalis. If the
decidua is defective, as in placenta accreta, the Nitabuch layer
is usually absent (Chap. 41, p. 804). There is also a more super-
ficial, but inconsistent, deposition of fibrin—~Robr stria—at the
bottom of the intervillous space and surrounding the anchoring
villi. McCombs and Craig (1964) found that decidual necro-
sis is a normal phenomenon in the first and probably second
trimesters. Thus, necrotic decidua obtained through curettage
after spontaneous abortion in the first trimester should not
necessarily be interpreted as either a cause or an effect of the
pregnancy loss.

Both deciduas contain numerous cell types whose composi-
tion varies with gestational stage (Loke, 1995). The primary cel-
lular components are the true decidual cells, which differentiated
from the endometrial stromal cells, and numerous maternal bone
marrow—derived cells.

Early in pregnancy, a striking abundance of large, granular
lymphocytes termed decidual natural killer (NK) cells are present
in the decidua. In peripheral blood, there are two subsets of NK
cells. Approximately 90 percent are highly cytolytic. Ten percent
show less cytolytic ability but increased cytokine secretion. In
contrast to peripheral blood, 95 percent of NK cells in decidua
secrete cytokines, and about half of these unique cells also express
angiogenic factors. These decidua NK cells likely play an impor-
tant role in trophoblast invasion and vasculogenesis.

Decidual Prolactin

In addition to placental development, the decidua potentially
provides other functions. The decidua is the source of pro-
lactin that is present in enormous amounts in amnionic fluid
(Golander, 1978; Riddick, 1979). Decidual prolactin is not to be
confused with placental lactogen (hPL), which is produced only
by syncytiotrophoblast. Rather, decidual prolactin is a product
of the same gene that encodes for anterior pituitary prolactin.
And although the amino-acid sequence of prolactin in both
tissues is identical, an alternative promoter is used within the
prolactin gene to initiate transcription in decidua (Telgmann,
1998). This may explain the different mechanisms that regulate
expression in the decidua versus pituitary (Christian, 2002a,b).

Prolactin preferentially enters amnionic fluid, and little
enters maternal blood. Consequently, prolactin levels in amni-
onic fluid are extraordinarily high and may reach 10,000 ng/
mL at 20 to 24 weeks gestation (Tyson, 1972). This compares
with fetal serum levels of 350 ng/mL and maternal serum levels
of 150 to 200 ng/mL. As a result, decidual prolactin is a clas-
sic example of paracrine function between maternal and fetal
tissues.

The exact physiological roles of decidual prolactin are still
unknown. Its action is mediated by the relative expression of
two unique prolactin receptors and by the amount of intact
or full-length prolactin protein compared with the truncated

16-kDa form (Jabbour, 2001). Receptor expression has been
demonstrated in decidua, chorionic cytotrophoblasts, amnionic
epithelium, and syncytiotrophoblast (Maaskant, 1996). There
are several possible roles for decidual prolactin. First, most or
all of this protein hormone enters amnionic fluid. Thus, it
may serve in transmembrane solute and water transport and
in amnionic fluid volume maintenance. Second, there are pro-
lactin receptors in several bone marrow-derived immune cells,
and prolactin may stimulate T cells in an autocrine or para-
crine manner (Pellegrini, 1992). This raises the possibility that
decidual prolactin may act in regulating immunological func-
tions during pregnancy. Prolactin may play a role in angio-
genesis regulation during implantation. Last, decidual prolactin
has been shown in the mouse to have a protective function by
repressing expression of genes detrimental to pregnancy main-
tenance (Bao, 2007).

Regulation of decidual prolactin is not clearly defined.
Most agents known to inhibit or stimulate pituitary prolac-
tin secretion—including dopamine, dopamine agonists, and
thyrotropin-releasing hormone—do not alter decidual prolac-
tin secretion either in vivo or in vitro. Brosens and colleagues
(2000) demonstrated that progestins act synergistically with
cyclic adenosine monophosphate on endometrial stromal cells
in culture to increase prolactin expression. This suggests that
the level of progesterone receptor expression may determine
the decidualization process, at least as marked by prolactin pro-
duction. Conversely, various cytokines and growth factors—
endothelin-1,IL-1, IL-2, and epidermal growth factor—decrease
decidual prolactin secretion (Chao, 1994; Frank, 1995). Studies
in decidualized human endometrial cells in culture have led to
identification of several transcription factors that regulate decid-
ual prolactin (Jiang, 2011; Lynch, 2009).

IMPLANTATION AND EARLY
TROPHOBLAST FORMATION

The fetus is dependent on the placenta for pulmonary, hepatic,
and renal functions. These are accomplished through the
unique anatomical relationship of the placenta and its uterine
interface. Maternal blood spurts from uteroplacental vessels
into the placental intervillous space and bathes the outer syn-
cytiotrophoblast. This allows exchange of gases, nutrients, and
other substances with fetal capillary blood within the villous
core. Thus, fetal and maternal blood are not normally mixed in
this hemochorial placenta. There is also a paracrine system that
links mother and fetus through the anatomical and biochemi-
cal juxtaposition of the maternal decidua parietalis and the
extraembryonic chorion laeve, which is fetal. This is an extraor-
dinarily important arrangement for communication between
fetus and mother and for maternal immunological acceptance

of the conceptus (Guzeloglu-Kayisli, 2009).

Fertilization and Implantation

With ovulation, the secondary oocyte and adhered cells of the
cumulus-oocyte complex are freed from the ovary. Although
technically this mass of cells is released into the peritoneal
cavity, the oocyte is quickly engulfed by the fallopian tube



infundibulum. Further transport through the tube is accom-
plished by directional movement of cilia and tubal peristal-
sis. Fertilization, which normally occurs in the oviduct, must
take place within a few hours, and no more than a day after
ovulation. Because of this narrow opportunity window, sper-
matozoa must be present in the fallopian tube at the time of
oocyte arrival. Almost all pregnancies result when intercourse
occurs during the 2 days preceding or on the day of ovulation.
Thus, postovulatory and postfertilization developmental ages
are similar.

Steps of fertilization are highly complex. Molecular mech-
anisms allow spermatozoa to pass between follicular cells;
through the zona pellucida, which is a thick glycoprotein layer
surrounding the oocyte cell membrane; and into the oocyte
cytoplasm. Fusion of the two nuclei and intermingling of mater-
nal and paternal chromosomes creates the zygote. These steps are
reviewed by Primakoff and Myles (2002).

Early human development is described by days or weeks post-
fertilization, that is, postconceptional. By contrast, in most chap-
ters of this book, clinical pregnancy dating is calculated from the
start of the last menses. As discussed earlier, the follicular phase
length is more variable than the luteal phase. Thus, 1 week post-
fertilization corresponds to approximately 3 weeks from the last
menstrual period in women with regular 28-day cycles.

The Zygote

After fertilization, the zygote—a diploid cell with 46 chromo-
somes—undergoes cleavage, and zygote cells produced by this
division are called blastomeres (Fig. 5-8). In the two-cell zygote,
the blastomeres and polar body continue to be surrounded by
the zona pellucida. The zygote undergoes slow cleavage for 3 days
while still within the fallopian tube. As the blastomeres continue
to divide, a solid mulberry-like ball of cells—the morula—is
produced. The morula enters the uterine cavity about 3 days after

Inner cell
mass
Blastocyst
cavity
Trophoblast

FIGURE 5-8 7ygote cleavage and blastocyst formation. The
morula period begins at the 12- to 16-cell stage and ends when
the blastocyst forms, which occurs when there are 50 to 60 blas-
tomeres present. The polar bodies, shown in the 2-cell stage, are
small nonfunctional cells that soon degenerate.
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fertilization. Gradual accumulation of fluid between the morula
cells leads to formation of the early blastocyst.

The Blastocyst

As early as 4 to 5 days after fertilization, the 58-cell blastula
differentiates into five embryo-producing cells—the inner cell
mass, and 53 cells destined to form trophoblast (Hertig, 1962).
In a 58-cell blastocyst, the outer cells, called the zrophectoderm,
can be distinguished from the inner cell mass that forms the
embryo (see Fig. 5-8).

Interestingly, the 107-cell blastocyst is found to be no larger
than the earlier cleavage stages, despite the accumulated fluid. It
measures approximately 0.155 mm in diameter, which is similar
to the size of the inital postfertilization zygote. At this stage,
the eight formative, embryo-producing cells are surrounded by
99 trophoblastic cells. And, the blastocyst is released from the
zona pellucida secondary to secretion of specific proteases from
the secretory-phase endometrial glands (O’Sullivan, 2002).

Release from the zona pellucida allows blastocyst-produced
cytokines and hormones to directly influence endometrial
receptivity (Lindhard, 2002). IL-1o. and IL-1f are secreted by
the blastocyst, and these cytokines likely directly influence the
endometrium. Embryos also have been shown to secrete hCG,
which may influence endometrial receptivity (Licht, 2001;
Lobo, 2001). The receptive endometrium is thought to respond
by producing leukemia inhibitory factor (LIF) and colony-
stimulating factor-1 (CSF-1). These serve to increase trophoblast
protease production. This degrades selected endometrial extra-
cellular matrix proteins and allows trophoblast invasion. Thus,
embryo “hatching” is a critical step toward successful pregnancy
as it allows association of trophoblasts with endometrial epithe-
lial cells and permits release of trophoblast-produced hormones
into the uterine cavity.

Blastocyst Implantation

Six or 7 days after fertilization, the embryo implants the
uterine wall. This process can be divided into three phases:
(1) apposition—initial contact of the blastocyst to the uter-
ine wall; (2) adhesion—increased physical contact between the
blastocyst and uterine epithelium; and (3) invasion—penetration
and invasion of syncytiotrophoblast and cytotrophoblasts into
the endometrium, inner third of the myometrium, and uter-
ine vasculature.

Successful implantation requires a receptive endometrium
appropriately primed with estrogen and progesterone by the
corpus luteum. Such uterine receptivity is limited to days 20 to
24 of the cycle. Adherence is mediated by cell-surface receptors
at the implantation site that interact with blastocyst receptors
(Carson, 2002; Lessey, 2002; Lindhard, 2002; Paria, 2002). If
the blastocyst approaches the endometrium after cycle day 24,
the potential for adhesion is diminished because antiadhesive gly-
coprotein synthesis prevents receptor interactions (Navot, 1991).

At the time of its interaction with the endometrium, the blas-
tocyst is composed of 100 to 250 cells. The blastocyst loosely
adheres to the endometrial epithelium by apposition. This
most commonly occurs on the upper posterior uterine wall.
Attachment of the blastocyst trophectoderm to the endometrial
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surface by apposition and adherence appears to be closely regu-
lated by paracrine interactions between these two tissues.

Successful endometrial blastocyst adhesion involves modi-
fication in expression of cellular adhesion molecules (CAMs).
The integrins—one of four families of CAMs—are cell-surface
receptors that mediate cell adhesion to extracellular matrix pro-
teins (Lessey, 2002). Great diversity of cell binding to several
different extracellular matrix proteins is possible by differential
regulation of the integrin receptors. Endometrial integrins are
hormonally regulated, and a specific set of integrins is expressed
at implantation (Lessey, 1996). Specifically, VB3 and 04f1
integrins expressed on endometrial epithelium are consid-
ered a receptivity marker for blastocyst attachment. Aberrant
expression of VB3 has been associated with infertility (Lessey,
1995). Recognition-site blockade on integrins for binding to
extracellular matrix molecules such as fibronectin will prevent
blastocyst attachment (Kaneko, 2013).

The Trophoblast

Human placental formation begins with the trophectoderm,
which appears at the morula stage. It gives rise to a trophoblast
cell layer encircling the blastocyst. From then undil term, the
trophoblast plays a critical part at the fetal-maternal interface.
Trophoblast exhibits the most variable structure, function, and
developmental pattern of all placental components. Its inva-
siveness promotes implantation, its nutritional role for the con-
ceptus is reflected in its name, and its endocrine organ function
is essential to maternal physiological adaptations and to preg-
nancy maintenance.

Trophoblast Differentiation

By the eighth day postfertilization, after initial implantation,
the trophoblast has differentiated into an outer multinucleated
syncytium—primitive syncytiotrophoblast, and an inner layer
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of primitive mononuclear cells—cyrotrophoblasts (Fig. 5-9).
The latter are germinal cells for the syncytium. Each cytotro-
phoblast has a well-demarcated cell border, a single nucleus,
and ability to undergo DNA synthesis and mitosis (Arnholdt,
1991). These are lacking in the syncytiotrophoblast. It is so
named because instead of individual cells, it has an amorphous
cytoplasm without cell borders, nuclei that are multiple and
diverse in size and shape, and a continuous syncytial lining.
This configuration aids transport.

After implantation is complete, trophoblast further dif-
ferentiate along two main pathways, giving rise to villous and
extravillous trophoblast. As shown in Figure 5-10, both path-
ways create populations of trophoblast cells that have distinct
functions (Loke, 1995). The villous trophoblast gives rise to the
chorionic villi, which primarily transport oxygen, nutrients, and
other compounds between the fetus and mother. Extravillous
trophoblasts migrate into the decidua and myometrium and also
penetrate maternal vasculature, thus coming into contact with
various maternal cell types (Pijnenborg, 1994). Extravillous tro-
phoblasts are thus further classified as interstitial trophoblasts and
endovascular trophoblasts. The interstitial trophoblasts invade
the decidua and eventually penetrate the myometrium to form
placental bed giant cells. These trophoblasts also surround spi-
ral arteries. The endovascular trophoblasts penetrate the spiral
artery lumens (Pijnenborg, 1983). These are both discussed in
greater detail in subsequent sections.

Early Trophoblast Invasion

After gentle erosion between epithelial cells of the surface endo-
metrium, invading trophoblasts burrow deeper. By the 10th day,
the blastocyst becomes totally encased within the endometrium.
The mechanisms leading to trophoblast invasion are similar to
those of metastasizing malignant cells and are discussed further

on page 93.

Maternalblood | 40nar network

Amnionic

Embryonic disc

Extraembryonic
endoderm

FIGURE 5-9 Drawing of sections through implanted blastocysts. A. At 10 days. B. At 12 days after fertilization. This stage is character-
ized by the intercommunication of the lacunae filled with maternal blood. Note in (B) that large cavities have appeared in the extraem-
bryonic mesoderm, forming the beginning of the extraembryonic coelom. Also note that extraembryonic endodermal cells have begun
to form on the inside of the primitive yolk sac. (Adapted from Moore, 1988.)
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FIGURE 5-10 Extravillous trophoblasts are found outside the villus and can be subdivided into endovascular and interstitial categories.
Endovascular trophoblasts invade and transform spiral arteries during pregnancy to create low-resistance blood flow that is characteristic
of the placenta. Interstitial trophoblasts invade the decidua and surround spiral arteries.

At 9 days of development, the blastocyst wall facing the
uterine lumen is a single layer of flattened cells (see Fig. 5-9A).
The opposite, thicker wall comprises two zones—the tropho-
blasts and the embryo-forming inner cell mass. As early as 72
days after fertilization, the inner cell mass or embryonic disc is
differentiated into a thick plate of primitive ectoderm and an
underlying layer of endoderm. Some small cells appear between
the embryonic disc and the trophoblast and enclose a space that
will become the amnionic cavity.

Embryonic mesenchyme first appears as isolated cells within
the blastocyst cavity. When the cavity is completely lined with
this mesoderm, it is termed the chorionic vesicle, and its mem-
brane, now called the chorion, is composed of trophoblasts and
mesenchyme. Some mesenchymal cells eventually will condense
to form the body stalk. This stalk joins the embryo to the nutri-
ent chorion and later develops into the umbilical cord. The body
stalk can be recognized at an early stage at the caudal end of the
embryonic disc (Fig. 7-4, 129).

Lacunae Formation within the
Syncytiotrophoblast

As the embryo enlarges, more maternal decidua basalis is
invaded by syncytiotrophoblast. Beginning approximately
12 days after conception, the syncytiotrophoblast is permeated
by a system of intercommunicating channels called tropho-
blastic lacunae. After invasion of superficial decidual cap-
illary walls, lacunae become filled with maternal blood (see
Figs. 5-9B and 5-11). At the same time, the decidual reaction
intensifies in the surrounding stroma. This is characterized by
decidual stromal cell enlargement and glycogen storage.

Placental Organization

Chorionic Villi

With deeper blastocyst invasion into the decidua, the extravil-
lous cytotrophoblasts give rise to solid primary villi composed

of a cytotrophoblast core covered by syncytiotrophoblast. These
arise from buds of cytotrophoblast that protrude into the prim-
itive syncytium before 12 days postfertilization. As the lacunae
join, a complicated labyrinth is formed that is partitioned by
these solid cytotrophoblastic columns. The trophoblast-lined
labyrinthine channels form the intervillous space, and the solid
cellular columns form the primary villous stalks. The villi ini-
tially are located over the entire blastocyst surface. They later
disappear except over the most deeply implanted portion,
which is destined to form the placenta.

Beginning on approximately the 12th day after fertilization,
mesenchymal cords derived from extraembryonic mesoderm

T T

FIGURE 5-11 Early implantation of a conceptus. (Photograph
contributed by Dr. Kurt Benirschke.)
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invade the solid trophoblast columns. These form secondary
villi. Once angiogenesis begins in the mesenchymal cores, ter-
tiary villi are formed. Although maternal venous sinuses are
tapped early in implantation, maternal arterial blood does not
enter the intervillous space until around day 15. By approxi-
mately the 17th day, however, fetal blood vessels are functional,
and a placental circulation is established. The fetal-placental
circulation is completed when the blood vessels of the embryo
are connected with chorionic vessels. In some villi, angiogen-
esis fails from lack of circulation. They can be seen normally,
but the most striking exaggeration of this process is seen with
hydatidiform mole (Fig. 20-1, p. 397).

Villi are covered by an outer layer of syncytium and an inner
layer of cytotrophoblasts, which are also known as Langhans
cells. Cytotrophoblast proliferation at the villous tips produces
the trophoblastic cell columns that form anchoring villi. They
are not invaded by fetal mesenchyme, and they are anchored to
the decidua at the basal plate. Thus, the base of the intervillous
space faces the maternal side and consists of cytotrophoblasts
from cell columns, the covering shell of syncytiotrophoblast,
and maternal decidua of the basal plate. The base of the cho-
rionic plate forms the roof of the intervillous space. It consists
of two layers of trophoblasts externally and fibrous mesoderm
internally. The “definitive” chorionic plate is formed by 8 to
10 weeks as the amnionic and primary chorionic plate mesen-
chyme fuse together. This formation is accomplished by expan-
sion of the amnionic sac, which also surrounds the connective
stalk and the allantois and joins these structures to form the
umbilical cord (Kaufmann, 1992).

Villus Ultrastructure

Interpretation of the fine structure of the placenta came from
electron microscopic studies of Wislocki and Dempsey (1955).
There are prominent microvilli on the syncytial surface that cor-
respond to the so-called brush border described by light micros-
copy. Associated pinocytotic vacuoles and vesicles are related
to absorptive and secretory placental functions. Microvilli act
to increase surface area in direct contact with maternal blood.
This contact between the trophoblast and maternal blood is the
defining characteristic of a hemochorial placenta.

The human hemochorial placenta can be subdivided into
hemodichorial or hemomonochorial (Enders, 1965). The
dichorial type is more prominent during the first trimester of
gestation. It consists of the inner layer of the cytotrophoblasts
and associated basal lamina, covered by a syncytiotrophoblast
layer. Later in gestation the inner layer of cytotrophoblasts is no
longer continuous, and by term, there are only scattered cells
present (Fig. 5-12). These create a narrower hemomonochorial
barrier that aids nutrient and oxygen transport to the fetus.

PLACENTA AND CHORION DEVELOPMENT

Chorion and Decidua Development

In early pregnancy, the villi are distributed over the entire
periphery of the chorionic membrane (Fig. 5-13). As the blas-
tocyst with its surrounding trophoblasts grows and expands
into the decidua, one pole faces the endometrial cavity. The

Intervillous
space

FIGURE 5-12 Electron micrograph of term human placenta villus.
A villus capillary filled with red blood cells (asterisks) is seen in
close proximity to the microvilli border. (From Boyd, 1970, with
permission.)

FIGURE 5-13 Photograph of an opened chorionic sac. An early
embryo and yolk sac are seen. Note the prominent fringe of
chorionic villi. (From Boyd, 1970, with permission.)



opposite pole will form the placenta from villous trophoblasts
and anchoring cytotrophoblasts. Chorionic villi in contact
with the decidua basalis proliferate to form the chorion fron-
dosum—or leafy chorion—which is the fetal component of
the placenta. As growth of embryonic and extraembryonic
tissues continues, the blood supply to the chorion facing the
endometrial cavity is restricted. Because of this, villi in contact
with the decidua capsularis cease to grow and then degenerate.
This portion of the chorion becomes the avascular fetal mem-
brane that abuts the decidua parietalis, that is, the chorion
laeve—or smooth chorion. This smooth chorion is composed
of cytotrophoblasts and fetal mesodermal mesenchyme that
survives in a relatively low-oxygen atmosphere.

Until near the end of the third month, the chorion laeve
is separated from the amnion by the exocoelomic cavity.
Thereafter, they are in intimate contact to form an avascular
amniochorion. The chorion laeve is generally more translucent
than the amnion and rarely exceeds 1-mm thickness. These two
structures are important sites of molecular transfer and meta-
bolic activity. Moreover, they constitute an important para-
crine arm of the fetal-maternal communication system.

Maternal Regulation of Trophoblast Invasion
and Vascular Growth

During the first half of pregnancy, decidual natural killer cells
(dNK) accumulate in the decidua and are found in direct con-
tact with trophoblasts. As described on page 88, these cells
lack cytotoxic functions and are able to dampen inflamma-
tory T(H)17 cells. These along with other unique properties
distinguish dNK cells from circulating natural killer cells and
from natural killer cells in the endometrium before pregnancy
(Fu, 2013; Winger, 2013). Recent studies suggest that decidual
macrophages play a regulatory role in inhibiting NK cell killing
during pregnancy (Co, 2013). This importantly prevents them
from recognizing and destroying fetal cells as “foreign.” Hanna
and colleagues (2006) have elucidated the ability of dNK cells
to attract and promote trophoblast invasion into the decidua
and promote vascular growth. Decidual NK cells express both
IL-8 and interferon-inducible protein-10, which bind to recep-
tors on invasive trophoblast cells to promote their decidual
invasion toward the spiral arteries. Decidual NK cells also
produce proangiogenic factors, including VEGF and placental
growth factor (PIGF), which promote vascular growth in the
decidua. In addition, trophoblasts secrete specific chemokines
that attract the dNK cells to the maternal-fetal interface. Thus,
both cell types simultaneously attract each other.

Trophoblast Invasion of the Endometrium

Extravillous trophoblasts of the first-trimester placenta are highly
invasive. They form cell columns that extend from the endome-
trium to the inner third of the myometrium. Recall that hemo-
chorial placental development requires invasion of endometrium
and spiral arteries. This process occurs under low-oxygen con-
ditions, and regulatory factors that are induced under hypoxic
conditions contribute in part to invasive trophoblast activation
(Soares, 2012). Invasive trophoblasts secrete numerous pro-
teolytic enzymes that digest extracellular matrix and activate
proteinases already present in the endometrium. Trophoblasts
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produce urokinase-type plasminogen activator, which converts
plasminogen into the broadly acting serine protease, plasmin.
This in turn both degrades matrix proteins and activates matrix
metalloproteases. One member of the MMP family, MMP-9,
appears to be critical for human trophoblast invasion. The tim-
ing and extent of trophoblast invasion is regulated by a balanced
interplay between pro- and antiinvasive factors.

The relative ability to invade maternal tissue in early preg-
nancy compared with limited invasiveness in late pregnancy is
controlled by autocrine and paracrine trophoblastic and endo-
metrial factors. Trophoblasts secrete insulin-like growth factor II,
which acts in an autocrine manner. It promotes invasion into the
endometrium, whereas decidual cells secrete insulin-like growth
factor binding-protein type 4, which blocks this autocrine loop.
Thus, the degree of trophoblast invasion is controlled by matrix
degradation regulation and by factors that cause trophoblast
migration.

Low estradiol levels in the first trimester are critical for tro-
phoblast invasion and remodeling of the spiral arteries. Recent
studies in nonhuman primates suggest that the increase in second-
trimester estradiol levels suppresses and limits vessel remodeling
by reducing trophoblast expression of VEGF and specific integrin
receptors (Bonagura, 2012). As the extravillous trophoblast dif-
ferentiates, it gains expression of integrin receptors that recognize
the extracellular matrix proteins collagen IV, laminin, and fibro-
nectin. Binding of these extracellular matrix proteins to specific
integrin receptors initiates signals that promote trophoblast cell
migration and differentiation. As pregnancy advances, increasing
estradiol levels repress and thus control the extent of uterine vessel
transformation via downregulation of VEGF and integrin recep-
tor expression.

Invasion of Spiral Arteries

One of the most remarkable features of human placental devel-
opment is the extensive modification of maternal vasculature
by trophoblasts, which are by definition of fetal origin. These
events occur in the first half of pregnancy and are considered in
detail because of their importance to uteroplacental blood flow.
They are also integral to some pathological conditions such as
preeclampsia, fetal-growth restriction, and preterm birth. Spiral
artery modifications are carried out by two populations of
extravillous trophoblast—interstitial trophoblasts, which sur-
round the arteries, and endovascular trophoblasts, which pen-
etrate the spiral artery lumen (see Fig. 5-10). Although earlier
work has focused on the role of the endovascular trophoblast,
interstitial trophoblast function has more recently been investi-
gated (Benirschke, 2012; Pijnenborg, 1983). These interstitial
cells constitute a major portion of the placental bed and pen-
etrate the decidua and adjacent myometrium. They aggregate
around spiral arteries, and their functions may include vessel
preparation for endovascular trophoblast invasion.

Hamilton and Boyd (1966) report that Friedlander in 1870
first described structural changes in spiral arteries. Endovascular
trophoblasts first enter the spiral-artery lumens and initially
form cellular plugs. They then destroy vascular endothelium
via an apoptosis mechanism and invade and modify the vas-
cular media. Thus, fibrinoid material replaces smooth muscle
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and connective tissue of the vessel media. Spiral arteries later
regenerate endothelium. Invading endovascular trophoblasts
can extend several centimeters along the vessel lumen, and they
must migrate against arterial flow. These vascular changes are
not observed in the decidua parietalis, that is, in decidual sites
removed from the invading cytotrophoblasts. Of note, invasion
by trophoblasts involves only the decidual spiral arteries and
not decidual veins.

In their summary of uteroplacental vasculature, Ramsey and
Donner (1980) described uteroplacental vessel development as
proceeding in two waves or stages. The first wave occurs before
12 weeks’ postfertilization and consists of invasion and modi-
fication of spiral arteries up to the border between the decidua
and myometrium. The second wave is between 12 and 16 weeks
and involves some invasion of the intramyometrial segments of
spiral arteries. Remodeling converts narrow-lumen, muscular
spiral arteries into dilated, low-resistance uteroplacental vessels.
Molecular mechanisms of these crucial events, and their sig-
nificance in the pathogenesis of preeclampsia and fetal-growth
restriction, have been reviewed by Kaufmann (2003) and
Red-Horse (20006).
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Establishment of Maternal Blood Flow

Approximately 1 month after conception, maternal blood
enters the intervillous space in fountain-like bursts from the
spiral arteries. Blood is propelled outside of the maternal vessels
and sweeps over and directly bathes the syncytiotrophoblast.
The apical surface of the syncytiotrophoblast consists of a com-
plex microvillous structure that undergoes continual shedding
and reformation during pregnancy.

Villus Branching

Although certain villi of the chorion frondosum extend from the
chorionic plate to the decidua to serve as anchoring villi, most
villi arborize and end freely within the intervillous space. As ges-
tation proceeds, the short, thick, early stem villi branch to form
progressively finer subdivisions and greater numbers of increas-
ingly smaller villi (Fig. 5-14). Each of the truncal or main stem
villi and their ramifications (rami) constitutes a placental lobule,
or cotyledon. Each lobule is supplied with a single truncal branch
of the chorionic artery. And each lobule has a single vein so that
lobules constitute functional units of placental architecture.

FIGURE 5-14 Electron micrographs (A, €) and photomicrographs (B, D) of early and late human placentas. A and B. Limited branching of
villi'is seen in this early placenta. € and D. With placenta maturation, increasing villous arborization is seen, and villous capillaries lie closer
to the surface of each villus. (Photomicrographs contributed by Dr. Kurt Benirschke. Electron micrographs from King, 1975, with permission.)



Placental Growth and Maturation

Placental Growth

In the first trimester, placental growth is more rapid than that
of the fetus. But by approximately 17 postmenstrual weeks,
placental and fetal weights are approximately equal. By term,
placental weight is approximately one sixth of fetal weight.

The mature placenta and its variant forms are discussed in
detail in Chapter 6 (p. 116). Briefly, viewed from the mater-
nal surface, the number of slightly elevated convex areas, called
lobes, varies from 10 to 38 (Fig. 5-15). Lobes are incompletely
separated by grooves of variable depth that overlie placental
septa, which arise from folding of the basal plate. The total
number of placental lobes remains the same throughout ges-
tation, and individual lobes continue to grow—although less
actively in the final weeks (Crawford, 1959). Although grossly
visible lobes are commonly referred to as cotyledons, this is not
accurate. Correctly used, lobules or cotyledons are the func-
tional units supplied by each main stem villus.

Placental Maturation

As villi continue to branch and the terminal ramifications
become more numerous and smaller, the volume and promi-
nence of cytotrophoblasts decrease. As the syncytium thins,
the fetal vessels become more prominent and lie closer to the
surface. The villous stroma also exhibits changes as gestation
progresses. In early pregnancy, the branching connective-tissue
cells are separated by an abundant loose intercellular matrix.
Later, the villous stroma becomes denser, and the cells more
spindly and more closely packed.

Another change in the stroma involves the infiltration of
Hofbauer cells, which are fetal macrophages. These are nearly
round with vesicular, often eccentric nuclei and very granu-
lar or vacuolated cytoplasm. Hofbauer cells are characterized
histochemically by intracytoplasmic lipid and by phenotypic
markers specific for macrophages. They increase in numbers

FIGURE 5-15 Photograph of the maternal surface of a placenta.
Placental lobes are formed by clefts on the surface that originate
from placental septa. (Photograph contributed by Dr. Judith J. Head.)
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and maturational state throughout pregnancy and appear to be
important mediators of protection at the maternal-fetal inter-
face (Johnson, 2012). These macrophages are phagocytic, have
an immunosuppressive phenotype, can produce various cyto-
kines, and are capable of paracrine regulation of trophoblast
functions (Cervar, 1999; Vince, 1996).

Some of the histological changes that accompany placen-
tal growth and maturation provide an increased efficiency of
transport and exchange to meet increasing fetal metabolic
requirements. Among these changes are decreased syncytiotro-
phoblast thickness, significantly reduced cytotrophoblast num-
ber, decreased stroma, and increased number of capillaries with
close approximation to the syncytial surface. By 16 weeks, the
apparent continuity of the cytotrophoblasts is lost. At term,
villi may be focally reduced to a thin layer of syncytium cov-
ering minimal villous connective tissue in which thin-walled
fetal capillaries abut the trophoblast and dominate the villi (see
Fig. 5-14D).

There are some changes in placental architecture that can
cause decreased placental exchange efficiency if they are substan-
tive. As described in Chapter 6 (p. 119), these include thicken-
ing of the basal lamina of trophoblast or capillaries, obliteration
of certain fetal vessels, increased villous stroma, and fibrin depo-
sition on the villous surface.

Fetal and Maternal Blood Circulation
in the Mature Placenta

Because the placenta is functionally an intimate approximation
of the fetal capillary bed to maternal blood, its gross anatomy
primarily concerns vascular relations. The fetal surface is cov-
ered by the transparent amnion, beneath which chorionic ves-
sels course. A section through the placenta includes amnion,
chorion, chorionic villi and intervillous space, decidual (basal)
plate, and myometrium (Figs. 5-16 and 5-17).

Fetal Circulation

Deoxygenated venous-like fetal blood flows to the placenta
through the two umbilical arteries. As the cord joins the pla-
centa, these umbilical vessels branch repeatedly beneath the
amnion and again within the villi, finally forming capillary net-
works in the terminal villous branches. Blood with significantly
higher oxygen content returns from the placenta via a single
umbilical vein to the fetus.

The branches of the umbilical vessels that traverse along the
fetal surface of the placenta in the chorionic plate are referred
to as the placental surface or chorionic vessels. These vessels
are responsive to vasoactive substances, but anatomically, mor-
phologically, histologically, and functionally, they are unique.
Chorionic arteries always cross over chorionic veins. Vessels
are most readily recognized by this interesting relationship,
but they are difficult to distinguish by histological criteria. In
65 percent of placentas, chorionic arteries form a fine network
supplying the cotyledons—a pattern of disperse-type branch-
ing. In the remaining 35 percent, the arteries radiate to the edge
of the placenta without narrowing. Both types are end arteries
that supply one cotyledon as each branch turns downward to
pierce the chorionic plate.
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FIGURE 5-16 Uterus of pregnant woman showing a normal placenta in situ. A. Photomicrograph of a histologic section through amnion,
chorion, and decidua vera that is depicted in (B) (green slice). (Photograph contributed by Dr. Kurt Benirschke.)

Truncal arteries are perforating branches of the surface arter-
ies that pass through the chorionic plate. Each truncal artery
supplies one main stem villus and thus one cotyledon. The
amount of vessel wall smooth muscle decreases, and the vessel
caliber increases as it penetrates the chorionic plate. The loss in

Amnion

FIGURE 5-17 Photomicrograph of early implanted blastocyst.
Trophoblasts are seen invading the decidua basalis. (Photograph
contributed by Dr. Kurt Benirschke.)

muscle continues as the truncal arteries and veins branch into
their smaller rami.

Before 10 weeks, there is no end-diastolic low pattern within
the umbilical artery at the end of the fetal cardiac cycle (Cole,
1991; Fisk, 1988; Loquet, 1988). After 10 weeks, end-diastolic
flow appears and is maintained throughout normal pregnancy
(Maulik, 1997). Clinically, these are studied with Doppler
sonography to assess fetal well-being (Chap. 10, p. 219).

Maternal Circulation

Because an efficient maternal—placental circulation is requisite,
many investigators have sought to define factors that regulate
blood flow into and from the intervillous space. An adequate
mechanism must explain how blood can: (1) leave maternal cir-
culation; (2) flow into an amorphous space lined by syncytio-
trophoblast, rather than endothelium; and (3) return through
maternal veins without producing arteriovenous-like shunts
that would prevent maternal blood from remaining in contact
with villi long enough for adequate exchange. Early studies of
Ramsey and Davis (1963) and Ramsey and Harris (1966) pro-
vide a physiological explanation of placental circulation. These
researchers demonstrated, by careful, low-pressure injections of
radiocontrast material, that arterial entrances and venous exits
are scattered randomly over the entire placental base.

The physiology of maternal-placental circulation is depicted
in Figure 5-18. Maternal blood enters through the basal plate
and is driven high up toward the chorionic plate by arterial
pressure before laterally dispersing. After bathing the external
microvillous surface of chorionic villi, maternal blood drains
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back through venous orifices in the basal plate and enters uter-
ine veins. Thus, maternal blood traverses the placenta randomly
without preformed channels. The previously described tropho-
blast invasion of the spiral arteries creates low-resistance vessels
that can accommodate massive increase in uterine perfusion
during gestation. Generally, spiral arteries are perpendicular to,
but veins are parallel to, the uterine wall. This arrangement aids
closure of veins during a uterine contraction and prevents the
exit of maternal blood from the intervillous space. The number
of arterial openings into the intervillous space becomes gradu-
ally reduced by cytotrophoblast invasion. According to Brosens
and Dixon (1963), there are about 120 spiral arterial entries
into the intervillous space at term. These discharge blood in
spurts that bathes the adjacent villi (Borell, 1958). After the
30th week, a prominent venous plexus separates the decidua
basalis from the myometrium and thus participates in provid-
ing a cleavage plane for placental separation.

As discussed, both inflow and outflow are curtailed during
uterine contractions. Bleker and associates (1975) used serial
sonography during normal labor and found that placental
length, thickness, and surface area increased during contrac-
tions. They attributed this to distention of the intervillous
space by impairment of venous outflow compared with arte-
rial inflow. During contractions, therefore, a somewhat larger
volume of blood is available for exchange even though the rate
of flow is decreased. Similarly, Doppler velocimetry has shown
that diastolic flow velocity in spiral arteries is diminished dur-
ing uterine contractions. Thus, principal factors regulating
intervillous space blood flow are arterial blood pressure, intra-
uterine pressure, uterine contraction pattern, and factors that
act specifically on arterial walls.

Breaks in the Placental “Barrier”

The placenta does not maintain absolute integrity of the fetal
and maternal circulations. There are numerous examples of
trafficking cells between mother and fetus in both directions.

Implantation and Placental Development

FIGURE 5-18 Schematic drawing of a
section through a full-term placenta.
Maternal blood flows into the intervil-
lous spaces in funnel-shaped spurts.
Exchanges occur with fetal blood

as maternal blood flows around the
villi. In-flowing arterial blood pushes
venous blood into the endometrial
veins, which are scattered over the
entire surface of the decidua basalis.
Note also that the umbilical arteries
carry deoxygenated fetal blood to the
placenta and that the umbilical vein
carries oxygenated blood to the fetus.
Placental lobes are separated from
each other by placental (decidual)
septa.

Chorionic plate

artery

This situation is best exemplified clinically by erythrocyte
D-antigen alloimmunization and resulting erythroblastosis
fetalis (Chap. 15, p. 307). Although fetal cell admixtures
likely are small in most cases, occasionally the fetus exsangui-
nates into the maternal circulation (Silver, 2007).

It is indisputable that fetal cells can become engrafted in
the mother during pregnancy and can be identified decades
later. Fetal lymphocytes, CD34+ mesenchymal stem cells, and
endothelial colony-forming cells reside in maternal blood, bone
marrow, or uterine vasculature (Nguyen, 2006; Piper, 2007;
Sipos, 2013). Termed microchimerism, such residual stem cells
may participate in maternal tissue regeneration and have been
implicated in the disparate female:male ratio of autoimmune
disorders (Gleicher, 2007; Greer, 2011; Stevens, 2006). As dis-
cussed in Chapter 59 (p. 1168), they are associated with the
pathogenesis of lymphocytic thyroiditis, scleroderma, and sys-
temic lupus erythematosus.

Immunological Considerations
of the Fetal-Maternal Interface

The lack of uterine transplantation immunity is unique com-
pared with that of other tissues, and there have been many
attempts to explain survival of the semiallogenic fetal graft.
Some note the immunological peculiarity of cells involved in
implantation and fetal-placental development. These include
decidual natural killer cells with their ineflicient cytotoxic abili-
ties, decidual stromal cells, and invasive trophoblasts that pop-
ulate the decidua (Hanna, 2006; Santoni, 2007; Staun-Ram,
2005). The trophoblasts are the only fetal-derived cells in direct
contact with maternal tissues. Previous studies have suggested
that maternal natural killer cells act to control the invasion of
trophoblast, which have adapted to survive in an immuno-
logically hostile environment (Thellin, 2000). Subsequently,
Hanna and coworkers (2006) reported a “peaceful” model
of trophoblast invasion and maternal vascular remodeling. In
this scheme, decidual natural killer cells work in concert with
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stromal cells. They mediate angiogenesis through production of
proangiogenic factors such as VEGF and control trophoblast
chemoattraction toward spiral arteries by production of IL-8
and interferon inducible protein-10.

Immunogenicity of the Trophoblasts

More than 50 years ago, Sir Peter Medawar (1953) suggested
that fetal semiallograft survival might be explained by immuno-
logical neutrality. The placenta was considered immunologically
inert and therefore unable to create a maternal immune response.
Subsequently, research was focused on defining expression of the
major histocompatibility complex (MHC) antigens on tropho-
blasts. Human leukocyte antigens (HLAs) are the human ana-
logue of the MHC. And indeed, MHC class I and II antigens
are absent from villous trophoblasts, which appear to be immu-
nologically inert at all gestational stages (Weetman, 1999). But
invasive extravillous cytotrophoblasts do express MHC class I
molecules, which have been the focus of considerable study.

Trophoblast HLA Class | Expression. The HLA genes are
the products of multiple genetic loci of the major histocompat-
ibility complex located within the short arm of chromosome 6
(Hunt, 1992). There are 17 HLA class I genes, including three
classic genes, HLA-A, -B, and -C, that encode the major class
I (class Ia) transplantation antigens. Three other class I genes,
designated HLA-E, -F, and -G, encode class Ib HLA antigens.

Moffett-King (2002) reasoned that normal implantation
depends on controlled trophoblastic invasion of maternal
endometrium—decidua and spiral arteries. Such invasion must
proceed far enough to provide for normal fetal growth and
development, but there must be a mechanism for regulating its
depth. She suggests that uterine decidual natural killer (uNK)
cells combined with unique expression of three specific HLA
class I genes in extravillous cytotrophoblasts act in concert to
permit and subsequently limit trophoblast invasion.

Class I antigens in extravillous cytotrophoblasts are
accounted for by the expression of classic HLA-C and nonclas-
sic class Ib molecules of HLA-E and HLA-G. HLA-G anti-
gen is expressed only in humans, with expression restricted
to extravillous cytotrophoblasts contiguous with maternal tis-
sues, that is, decidual and uNK cells. Indeed, HLA-G antigen
expression is identified only in extravillous cytotrophoblasts in
the decidua basalis and in the chorion laeve (McMaster, 1995).
During pregnancy, a soluble major isoform—HLA-G2—has
increased levels (Hunt, 2000a,b). Embryos used for in vitro
fertilization do not implant if they do not express this soluble
HLA-G isoform (Fuzzi, 2002). Thus, HLA-G may be immu-
nologically permissive of the maternal-fetal antigen mismatch
(LeBouteiller, 1999). HLA-G has a proposed role in protect-
ing extravillous trophoblasts from immune rejection via mod-
ulation of uNK functions (Apps, 2011; Rajagopalan, 2012).
Finally, Goldman-Wohl and associates (2000) have provided
evidence for abnormal HLA-G expression in extravillous tro-
phoblasts from women with preeclampsia.

Uterine Natural Killer Cells

These distinctive lymphocytes are believed to originate in bone
marrow and belong to the natural killer cell lineage. They are

the predominant population of leukocytes present in midlu-
teal phase endometrium at the expected time of implantation
(Johnson, 1999). These uNKs have a distinct phenotype charac-
terized by a high surface density of CD56 or neural cell adhesion
molecule (Manaster, 2008; Moffett-King, 2002). Their infiltra-
tion is increased by progesterone and by stromal cell production
of IL-15 and decidual prolactin (Dunn, 2002; Gubbay, 2002).
Near the end of the luteal phase of nonfertile ovulatory cycles,
uterine NK cell nuclei begin to disintegrate. But if implanta-
tion proceeds, they persist in large numbers in the decidua dur-
ing early pregnancy. By term, however, there are relatively few
uNK cells in the decidua. In first-trimester decidua, there are
many ulNK cells in close proximity to extravillous trophoblast,
where it is speculated that they serve to regulate trophoblast
invasion. These uNK cells secrete large amounts of granulocyte-
macrophage—colony-stimulating factor (GM-CSF), which sug-
gests that they are in an activated state. Jokhi and coworkers
(1999) speculate that GM-CSF may function primarily to
forestall trophoblast apoptosis and not to promote trophoblast
replication. Expression of angiogenic factors by uNK cells also
suggests a function in decidual vascular remodeling (Li, 2001).
In this case, it is uNKs, rather than the T lymphocytes, that are
primarily responsible for decidual immunosurveillance.

THE AMNION

At term, the amnion is a tough and tenacious but pliable mem-
brane. This innermost avascular fetal membrane is contiguous
with amnionic fluid and occupies a role of incredible impor-
tance in human pregnancy. The amnion provides almost all
tensile strength of the fetal membranes. Thus, its resilience to
rupture is vitally important to successful pregnancy outcome.
Indeed, preterm rupture of fetal membranes is a major cause of
preterm delivery (Chap. 42, p. 839).

Bourne (1962) described five separate amnion layers. The
inner surface, which is bathed by amnionic fluid, is an unin-
terrupted, single layer of cuboidal epithelium (Fig. 5-19). This

FIGURE 5-19 Photomicrograph of fetal membranes. From left to
right: AE = amnion epithelium; AM = amnion mesenchyme; S =
70na spongiosa; CM = chorionic mesenchyme; TR = trophoblast;
D = decidua. (Photograph contributed by Dr. Judith R. Head.)



epithelium is attached firmly to a distinct basement membrane
that is connected to an acellular compact layer composed pri-
marily of interstitial collagens. On the outer side of the com-
pact layer, there is a row of fibroblast-like mesenchymal cells,
which are widely dispersed at term. There also are a few fetal
macrophages in the amnion. The outermost amnion layer is the
relatively acellular zona spongiosa, which is contiguous with the
second fetal membrane, the chorion laeve. The human amnion
lacks smooth muscle cells, nerves, lymphatics, and importantly,
blood vessels.

Amnion Development

Early during implantation, a space develops between the
embryonic cell mass and adjacent trophoblasts (see Fig. 5-9).
Small cells that line this inner surface of trophoblasts have been
called amniogenic cells—precursors of amnionic epithelium.
The amnion is first identifiable the 7th or 8th day of embryo
development. It is initially a minute vesicle, which then devel-
ops into a small sac that covers the dorsal embryo surface. As
the amnion enlarges, it gradually engulfs the growing embryo,
which prolapses into its cavity (Benirschke, 2012).

Distention of the amnionic sac eventually brings it into con-
tact with the interior surface of the chorion laeve. Apposition of
the chorion laeve and amnion near the end of the first trimes-
ter then causes an obliteration of the extraembryonic coelom.
The amnion and chorion laeve, although slightly adhered, are
never intimately connected and can be separated easily. Placental
amnion covers the placenta surface and thereby is in contact with
the adventitial surface of chorionic vessels. Umbilical amnion
covers the umbilical cord. With diamnionic-monochorionic
placentas, there is no intervening tissue between the fused amni-
ons. In the conjoined portion of membranes of diamnionic-
dichorionic twin placentas, fused amnions are separated by fused
chorion laeve.

Amnion Cell Histogenesis

Epithelial cells of the amnion are thought to be derived from
fetal ectoderm of the embryonic disc. They do not arise by
delamination from trophoblasts. This is an important consider-
ation from both embryological and functional perspectives. For
example, HLA class I gene expression in amnion is more akin
to that in embryonic cells than that in trophoblasts.

In contrast, the fibroblast-like mesenchymal cell layer previ-
ously described is likely derived from embryonic mesoderm.
Early in human embryogenesis, the amnionic mesenchymal
cells lie immediately adjacent to the basal surface of the amnion
epithelium. At this time, the amnion surface is a two-cell layer
with approximately equal numbers of epithelial and mesenchy-
mal cells. Simultaneously with growth and development, inter-
stitial collagens are deposited between these two cell layers. This
marks formation of the amnion compact layer, which separates
the two layers of amnion cells.

As the amnionic sac expands to line the placenta and then
the chorion frondosum at 10 to 14 weeks, the compactness
of the mesenchymal cells is progressively reduced and become
sparsely distributed. Early in pregnancy, amnionic epithelium
replicates at a rate appreciably faster than mesenchymal cells.
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At term, these cells form a continuous uninterrupted epithe-
lium on the fetal amnionic surface. Conversely, mesenchymal
cells are widely dispersed, being connected by a fine lattice net-
work of extracellular matrix with the appearance of long slender

fibrils.

Amnion Epithelial Cells. The apical surface of the amnionic
epithelium is replete with highly developed microvilli. This
structure reflects it function as a major site of transfer between
amnionic fluid and amnion. This epithelium is metabolically
active, and its cells synthesize tissue inhibitor of MMP-1, pros-
taglandin E, (PGE,) and fetal fibronectin (fFN) (Rowe, 1997).
In term pregnancies, amnionic expression of prostaglandin
endoperoxide H synthase correlates with elevated fFN levels
(Mijovic, 2000). Although epithelia produce fFN, recent stud-
ies suggest that fibronectin functions in the underlying mes-
enchymal cells. Here, fFN promotes synthesis of MMPs that
break down the strength-bearing collagens and increases pros-
taglandin synthesis to prompt uterine contractions and cervi-
cal ripening (Mogami, 2013). This pathway is upregulated in
premature rupture of membranes induced by infection.

Epithelial cells may respond to signals derived from the fetus
or the mother, and they are responsive to various endocrine or
paracrine modulators. Examples include oxytocin and vasopres-
sin, both of which increase PGE, production in vitro (Moore,
1988). They may also produce cytokines such as IL-8 during
labor initiation (Elliott, 2001).

Amnionic epithelium also synthesizes vasoactive peptides,
including endothelin and parathyroid hormone-related protein
(Economos, 1992; Germain, 1992). The tissue produces brain
natriuretic peptide (BNP) and corticotropin-releasing hormone
(CRH), which are peptides that invoke smooth-muscle relax-
ation (Riley, 1991; Warren, 1995). BNP production is posi-
tively regulated by mechanical stretch in fetal membranes and is
proposed to function in uterine quiescence. Epidermal growth
factor, a negative regulator of BNP, is upregulated in the mem-
branes at term and leads to a decline in BNP-regulated uterine
quiescence (Carvajal, 2013). It seems reasonable that vasoac-
tive peptides produced in amnion gain access to the adventitial
surface of chorionic vessels. Thus, the amnion may be involved
in modulating chorionic vessel tone and blood flow. Amnion-
derived vasoactive peptides function in both maternal and fetal
tissues in diverse physiological processes. After their secretion,
these bioactive agents enter amnionic fluid and thereby are
available to the fetus by swallowing and inhalation.

Amnion Mesenchymal Cells. Mesenchymal cells of the
amnionic fibroblast layer are responsible for other major func-
tions. Synthesis of interstitial collagens that compose the
compact layer of the amnion—the major source of its tensile
strength—takes place in mesenchymal cells (Casey, 1996). These
cells also synthesize cytokines that include IL-6, IL-8, and mono-
cyte chemoattractant protein-1. Cytokine synthesis increases in
response to bacterial toxins and IL-1. This functional capacity
of amnion mesenchymal cells is an important consideration in
amnionic fluid study of labor-associated accumulation of inflam-
matory mediators (Garcia-Velasco, 1999). Finally, mesenchymal
cells may be a greater source of PGE, than epithelial cells, in
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particular in the case of premature membrane rupture (Mogami,

2013; Whittle, 2000).

Amnion Tensile Strength

During tests of tensile strength, the decidua and then the cho-
rion laeve give way long before the amnion ruptures. Indeed,
the membranes are elastic and can expand to twice normal
size during pregnancy (Benirschke, 2012). The amnion tensile
strength resides almost exclusively in the compact layer, which
is composed of cross-linked interstitial collagens I and III and
lesser amounts of collagens V and VI.

Collagens are the primary macromolecules of most connective
tissues and are the most abundant proteins in the body. Collagen
I is the major interstitial collagen in tissues characterized by great
tensile strength, such as bone and tendon. In other tissues, col-
lagen I is believed to contribute to tissue integrity and provides
both tissue extensibility and tensile strength. For example, the
ratio of collagen III to collagen I in the walls of a number of
highly extensible tissues—amnionic sac, blood vessels, urinary
bladder, bile ducts, intestine, and gravid uterus—is greater than
that in nonelastic tissues (Jeffrey, 1991). Although collagen IIT
provides some of the amnion extensibility, elastin microfibrils
have also been identified (Bryant-Greenwood, 1998).

Amnion tensile strength is regulated in part by fibrillar col-
lagen interacting with proteoglycans such as decorin, which
promote tissue strength. Compositional changes at the time of
labor include a decline in decorin and increase in hyaluronan.
This leads to a loss of tensile strength and is further discussed in
Chapter 42 (p. 840) (Meinert, 2007). Fetal membranes overly-
ing the cervix have a reported regional decline in expression of
matrix proteins such as fibulins. This change may contribute
to tissue remodeling and tensile strength loss (Moore, 2009).

Amnion Metabolic Functions

From the foregoing, it is apparent that the amnion is more than
a simple avascular membrane that contains amnionic fluid. It
is metabolically active, is involved in solute and water trans-
port for amnionic fluid homeostasis, and produces an impres-
sive array of bioactive compounds. The amnion is responsive
both acutely and chronically to mechanical stretch, which
alters amnionic gene expression (Carvajal, 2013; Nemeth,
2000). This in turn may trigger both autocrine and paracrine
responses to include production of MMPs, IL-8, and colla-
genase (Bryant-Greenwood, 1998; Maradny, 1996; Mogami,
2013). Such factors may modulate changes in membrane prop-
erties during labor.

Amnionic Fluid

Until about 34 weeks’ gestation, the normally clear fluid that
collects within the amnionic cavity increases as pregnancy pro-
gresses. After this, the volume declines. At term, the average
volume is approximately 1000 mL, although this may vary
widely in normal and especially abnormal conditions. The ori-
gin, composition, circulation, and function of amnionic fluid
are discussed further in Chapter 11 (p. 231).

THE UMBILICAL CORD

Cord Development

The yolk sac and the umbilical vesicle into which it develops are
prominent early in pregnancy. At first, the embryo is a flattened
disc interposed between amnion and yolk sac. Its dorsal surface
grows faster than the ventral surface, in association with the
elongation of its neural tube. Thus, the embryo bulges into the
amnionic sac, and the dorsal part of the yolk sac is incorporated
into the embryo body to form the gut. The allantois projects
into the base of the body stalk from the caudal wall of the yolk
sac and later, from the anterior wall of the hindgut.

As pregnancy advances, the yolk sac becomes smaller and
its pedicle relatively longer. By the middle of the third month,
the expanding amnion obliterates the exocoelom, fuses with the
chorion laeve, and covers the bulging placental disc and the
lateral surface of the body stalk. The latter is then called the
umbilical cord—or funis. A greater description of this cord and
potential abnormalities is found in Chapter 6 (p. 121).

The cord at term normally has two arteries and one vein
(Fig. 5-20). The right umbilical vein usually disappears early
during fetal development, leaving only the original left vein. In
sections of any portion of the cord near the center, the small
duct of the umbilical vesicle can usually be seen. The vesicle is
lined by a single layer of flattened or cuboidal epithelium. In
sections just beyond the umbilicus, another duct representing
the allantoic remnant is occasionally found. The intraabdomi-
nal portion of the duct of the umbilical vesicle, which extends
from umbilicus to intestine, usually atrophies and disappears,
but occasionally it remains patent, forming the Meckel diver-
ticulum. The most common vascular anomaly is the absence
of one umbilical artery, which may be associated with fetal
anomalies (Chap. 6, p. 122).

FIGURE 5-20 Cross section of umbilical cord. The large umbilical
vein carries oxygenated blood to the fetus (right). To its left are
the two smaller umbilical arteries, carrying deoxygenated blood
from the fetus to the placenta. (Photograph contributed by

Dr. Mandolin S. Ziadie.)



Cord Function

The umbilical cord extends from the fetal umbilicus to the fetal
surface of the placenta, that is, the chorionic plate. Blood flows
from the umbilical vein and takes a path of least resistance via
two routes within the fetus. One is the ductus venosus, which
empties directly into the inferior vena cava (Fig. 7-8, p. 136).
The other route consists of numerous smaller openings into the
hepatic circulation. Blood from the liver flows into the inferior
vena cava via the hepatic vein. Resistance in the ductus venosus
is controlled by a sphincter that is situated at the origin of the
ductus at the umbilical recess and is innervated by a vagus nerve
branch.

Blood exits the fetus via the two umbilical arteries. These are
anterior branches of the internal iliac artery and become oblit-
erated after birth. Remnants can be seen as the medial umbili-
cal ligaments.

PLACENTAL HORMONES

The production of steroid and protein hormones by human
trophoblasts is greater in amount and diversity than that of
any single endocrine tissue in all of mammalian physiology. A
compendium of average production rates for various steroid
hormones in nonpregnant and in near-term pregnant women
is given in Table 5-1. It is apparent that alterations in steroid
hormone production that accompany normal human preg-
nancy are incredible. The human placenta also synthesizes an
enormous amount of protein and peptide hormones as sum-
marized in Table 5-2. It is understandable, therefore, that
yet another remarkable feature of human pregnancy is the suc-
cessful physiological adaptations of pregnant women to the
unique endocrine milieu as discussed throughout Chapter 4

(p. 46).

TABLE 5-1. Steroid Production Rates in Nonpregnant
and Near-Term Pregnant Women

Production Rates (mg/24 hr)

& Nonpregnant Pregnant
Estradiol-17B 0.1-0.6 15-20
Estriol 0.02-0.1 50-150
Progesterone 0.1-40 250-600
Aldosterone 0.05-0.1 0.250-0.600
Deoxycorticosterone 0.05-0.5 1-12
Cortisol 10-30 10-20

°Estrogens and progesterone are produced by pla-
centa. Aldosterone is produced by the maternal

adrenal in response to the stimulus of angiotensin II.
Deoxycorticosterone is produced in extraglandular tissue
sites by way of the 21-hydroxylation of plasma pro-
gesterone. Cortisol production during pregnancy is not
increased, even though the blood levels are elevated
because of decreased clearance caused by increased
cortisol-binding globulin.
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Human Chorionic Gonadotropin

This so-called pregnancy hormone is a glycoprotein with
biological activity similar to luteinizing hormone. Both act
via the same plasma membrane LH-hCG receptor. Although
hCG is produced almost exclusively in the placenta, low levels
are synthesized in the fetal kidney. Other fetal tissues produce
cither the B-subunit or intact hCG molecule (McGregor,
1981, 1983).

Various malignant tumors also produce hCG, sometimes in
large amounts—especially trophoblastic neoplasms (Chap. 20,
p. 396). Chorionic gonadotropin is produced in very small
amounts in tissues of men and nonpregnant women, perhaps
primarily in the anterior pituitary gland. Nonetheless, the
detection of hCG in blood or urine almost always indicates

pregnancy (Chap. 9, p. 169).

Chemical Characteristics

Chorionic gonadotropin is a glycoprotein with a molecular
weight of 36,000 to 40,000 Da. It has the highest carbohy-
drate content of any human hormone—30 percent. The car-
bohydrate component, and especially the terminal sialic acid,
protects the molecule from catabolism. The 36-hour plasma
half-life of intact hCG is much longer than the 2 hours for
LH. The hCG molecule is composed of two dissimilar sub-
units termed o and B subunits. These are noncovalently linked
and are held together by electrostatic and hydrophobic forces.
Isolated subunits are unable to bind the LH-hCG receptor and
thus lack biological activity.

This hormone is structurally related to three other glycopro-
tein hormones—LH, FSH, and TSH. All four glycoproteins
share a common o-subunit. The B-subunits, although shar-
ing certain similarities, are characterized by distinctly different
amino-acid sequences. Recombination of an o- and a B-subunit
of the four glycoprotein hormones gives a molecule with bio-
logical activity characteristic of the hormone from which the
B-subunit was derived.

Biosynthesis

Syntheses of the a- and B-chains of hCG are regulated sepa-
rately. A single gene located on chromosome 6 encodes the
o-subunit common to hCG, LH, FSH, and TSH. Seven genes
on chromosome 19 encode for the B-hCG—B-LH family of
subunits. Six genes code for B-hCG and one for B-LH (Miller-
Lindholm, 1997). Both subunits are synthesized as larger pre-
cursors, which are then cleaved by endopeptidases. Intact hCG
is then assembled and rapidly released by secretory granule exo-
cytosis (Morrish, 1987). There are multiple forms of hCG in
maternal plasma and urine that vary enormously in bioactivity
and immunoreactivity. Some result from enzymatic degrada-
tion, and others from modifications during molecular synthesis
and processing.

Before 5 weeks, hCG is expressed in both syncytiotrophoblast
and cytotrophoblast (Maruo, 1992). Later, in the first trimes-
ter when maternal serum levels peak, hCG is produced almost
solely in the syncytiotrophoblast (Beck, 1986; Kurman, 1984).
At this time, mRNA concentrations of both o~ and B-subunits
in the syncytiotrophoblast are greater than at term (Hoshina,
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TABLE 5-2. Protein Hormones Produced by the Human Placenta
Primary Nonplacental

Hormone Site of Expression
Human chorionic =
gonadotropin (h(G)

Placental lactogen (PL) —
Adrenocorticotropin (ACTH) Hypothalamus

Corticotropin-releasing Hypothalamus
hormone (CRH)

Gonadotropin-releasing Hypothalamus
hormone (GnRH)

Thyrotropin (TRH) Hypothalamus

Growth hormone-releasing Hypothalamus

hormone (GHRH)

Growth hormone variant —
(hGH-V)

Neuropeptide Y Brain

Parathyroid hormone- =
releasing protein (PTH-rP)

Inhibin Ovary/testis

Activin Ovary/testis

Shares Structural or
Function Similarity Functions

LH, FSH, TSH Maintains corpus luteum function
Requlates fetal testis testosterone
secretion
Stimulates maternal thyroid
GH, prolactin Aids maternal adaptation to fetal

energy requirements

— Relaxes smooth-muscle; initiates
parturition?
Promotes fetal and maternal
glucocorticoid production
= Requlates trophoblast hCG production

= Unknown
— Unknown

GH variant not found  Potentially mediates pregnancy
in pituitary insulin resistance

= Potential requlates CRH release by
trophoblasts

— Requlates transfer of calcium and
other solutes; regulates fetal
mineral homeostasis

= Potentially inhibits FSH-mediated
ovulation; requlates hCG synthesis

— Regulates placental GnRH synthesis

GH = growth hormone; FSH = follicle-stimulating hormone;

1982). This may be an important consideration when hCG is
used as a screening procedure to identify abnormal fetuses.

Circulating free B-subunit levels are low to undetect-
able throughout pregnancy. In part, this is the result of its
rate-limiting synthesis. Free a-subunits that do not combine
with the B-subunit are found in placental tissue and mater-
nal plasma. These levels increase gradually and steadily until
they plateau at about 36 weeks’ gestation. At this time, they
account for 30 to 50 percent of hormone (Cole, 1997). Thus,
a-hCG secretion roughly corresponds to placental mass,
whereas secretion of complete hCG molecules is maximal at
8 to 10 weeks.

Concentrations of hCG in Serum and Urine

The combined hCG molecule is detectable in plasma of pregnant
women 7 to 9 days after the midcycle surge of LH that precedes
ovulation. Thus, hCG likely enters maternal blood at the time of
blastocyst implantation. Plasma levels increase rapidly, doubling
every 2 days in the first trimester (Fig. 5-21). Appreciable fluc-
tuations in levels for a given patient are observed on the same
day—evidence that trophoblast secretion of protein hormones
is episodic.

Intact hCG circulates as multiple highly related isoforms
with variable cross-reactivity between commercial assays. Thus,

LH = luteinizing hormone; TSH = thyroid-stimulating hormone.

there is considerable variation in calculated serum hCG levels
among the more than a hundred available assays. Peak maternal
plasma levels reach approximately 100,000 mIU/mL between
the 60th and 80th days after menses. At 10 to 12 weeks, plasma
levels begin to decline, and a nadir is reached by approximately
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FIGURE 5-21 Distinct profiles for the concentrations of human
chorionic gonadotropin (hCG), human placental lactogen (hPL),
and corticotropin-releasing hormone (CRH) in serum of women
throughout normal pregnancy.



16 weeks. Plasma levels are maintained at this lower level for
the remainder of pregnancy (see Fig. 5-21).

The pattern of hCG appearance in fetal blood is similar to
that in the mother. Fetal plasma levels, however, are only about
3 percent of those in maternal plasma. Amnionic fluid hCG
concentration early in pregnancy is similar to that in maternal
plasma. As pregnancy progresses, hCG concentration in amni-
onic fluid declines, and near term the levels are approximately
20 percent of those in maternal plasma.

Maternal urine contains the same variety of hCG degrada-
tion products as maternal plasma. The principal urinary form is
the terminal degradation hCG product—the B-core fragment.
Its concentrations follow the same general pattern as that in
maternal plasma, peaking at about 10 weeks. It is important to
recognize that the so-called B-subunit antibody used in most
pregnancy tests reacts with both intact hCG—the major form
in the plasma, and with fragments of hCG—the major forms
found in urine.

Regulation of hCG Synthesis and Clearance

Placental gonadotropin-releasing hormone (GnRH) is likely
involved in the regulation of hCG formation. Both GnRH and
its receptor are expressed by cytotrophoblasts and syncytio-
trophoblast (Wolfahrt, 1998). GnRH administration elevates
circulating hCG levels, and cultured trophoblast cells respond
to GnRH treatment with increased hCG secretion (Iwashita,
1993; Siler-Khodr, 1981). Pituitary GnRH production also is
regulated by inhibin and activin. In cultured placental cells,
activin stimulates and inhibin inhibits GnRH and hCG pro-
duction (Petraglia, 1989; Steele, 1993).

Renal clearance of hCG accounts for 30 percent of its meta-
bolic clearance. The remainder is likely cleared by metabolism
in the liver (Wehmann, 1980). Clearances of B- and o-subunits
are approximately 10-fold and 30-fold, respectively, greater
than that of intact hCG.

Biological Functions of hCG

Both hCG subunits are required for binding to the LH-hCG
receptor in the corpus luteum and the fetal testis. LH-hCG
receptors are present in various other tissues, but their role
there is less defined. The best-known biological function
of hCG is the so-called rescue and maintenance of corpus
luteum function—that is, continued progesterone pro-
duction. Bradbury and colleagues (1950) found that the
progesterone-producing life span of a corpus luteum of men-
struation could be prolonged perhaps for 2 weeks by hCG
administration. This is only an incomplete explanation for
the physiological function of hCG in pregnancy. For exam-
ple, maximum plasma hCG concentrations are attained well
after hCG-stimulated corpus luteum secretion of progester-
one has ceased. Specifically, progesterone luteal synthesis
begins to decline at about 6 weeks despite continued and
increasing hCG production.

A second hCG role is stimulation of fetal testicular testos-
terone secretion, which is maximum approximately when hCG
levels peak. Thus, at a critical time in male sexual differentia-
tion, hCG enters fetal plasma from the syncytiotrophoblast. In
the fetus, it acts as an LH surrogate to stimulate Leydig cell
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replication and testosterone synthesis to promote male sexual
differentiation (Chap. 7, p. 148). Before approximately 110
days, there is no vascularization of the fetal anterior pituitary
from the hypothalamus. Thus, pituitary LH secretion is mini-
mal, and hCG acts as LH before this time. Thereafter, as hCG
levels fall, pituitary LH maintains modest testicular stimulation.

The maternal thyroid gland is also stimulated by large quan-
tities of hCG. In some women with gestational trophoblastic
disease, biochemical and clinical evidence of hyperthyroidism
sometimes develops (Chap. 20, p. 399). This once was attrib-
uted to formation of chorionic thyrotropins by neoplastic
trophoblasts. It was subsequently shown, however, that some
forms of hCG bind to TSH receptors on thyrocytes (Hershman,
1999). And treatment of men with exogenous hCG increases
thyroid activity. The thyroid-stimulatory activity in plasma of
first-trimester pregnant women varies appreciably from sample
to sample. Modifications of hCG oligosaccharides likely are
important in the capacity of hCG to stimulate thyroid func-
tion. For example, acidic isoforms stimulate thyroid activity,
and some more basic isoforms stimulate iodine uptake (Kraiem,
1994; Tsuruta, 1995; Yoshimura, 1994). Finally, the LH-hCG
receptor is expressed by thyrocytes, which suggests that hCG
stimulates thyroid activity via the LH-hCG receptor as well as
by the TSH receptor (Tomer, 1992).

Other hCG functions include promotion of relaxin secretion
by the corpus luteum (Dufly, 1996). LH-hCG receptors are
found in myometrium and in uterine vascular tissue. It has been
hypothesized that hCG may promote uterine vascular vasodi-
latation and myometrial smooth-muscle relaxation (Kurtzman,
2001). Chorionic gonadotropin also regulates expansion of
uterine natural killer cell numbers during early stages of pla-
centation, thus ensuring appropriate establishment of pregnancy
(Kane, 2009).

Abnormally High or Low hCG Levels

There are several clinical circumstances in which substantively
higher maternal plasma hCG levels are found. Some examples
are multifetal pregnancy, erythroblastosis fetalis associated with
fetal hemolytic anemia, and gestational trophoblastic disease.
Relatively higher hCG levels may be found at midtrimester in
women carrying a fetus with Down syndrome—an observation
used in biochemical screening tests (Chap. 14, p. 290). The
reason for this is not clear, but reduced placental maturity has
been speculated. Relatively lower hCG plasma levels are found
in women with early pregnancy wastage, including ectopic
pregnancy (Chap. 19, p. 381).

Human Placental Lactogen

Prolactin-like activity in the human placenta was first described
by Ehrhardt (1936). Because of its potent lactogenic and growth
hormone-like bioactivity, as well as an immunochemical resem-
blance to human growth hormone (hGH), it was called human
placental lactogen or chorionic growth hormone. Currently,
human placental lactogen is used by most.

Grumbach and Kaplan (1964) showed that this hormone,
like hCG, was concentrated in syncytiotrophoblast. It is
detected as early as the second or third week after fertilization.
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Also similar to hCG, hPL is demonstrated in cytotrophoblasts
before 6 weeks (Maruo, 1992).

Chemical Characteristics and Synthesis

Human placental lactogen is a single, nonglycosylated poly-
peptide chain with a molecular weight of 22,279 Da. It is
derived from a 25,000-Da precursor. The sequence of hPL
and hGH is strikingly similar, with 96-percent homology.
Also, hPL is structurally similar to human prolactin (hPRL),
with a 67-percent amino-acid sequence similarity. For these
reasons, it has been suggested that the genes for hPL, hPRL,
and hGH evolved from a common ancestral gene—probably
that for prolactin—by repeated gene duplication (Ogren,
1994).

There are five genes in the growth hormone—placental lacto-
gen gene cluster that are linked and located on chromosome 17.
Two of these—hPL2 and hPL3—encode hPL, and the amount
of mRNA in the term placenta is similar for each.

Within 5 to 10 days after conception, hPL is demonstrable
in the placenta and can be detected in maternal serum as early
as 3 weeks. Maternal plasma concentrations are linked to pla-
cental mass, and they rise steadily until 34 to 36 weeks’ gesta-
tion. The hPL production rate near term—approximately 1 g/
day—is by far the greatest of any known hormone in humans.
The half-life of hPL in maternal plasma is between 10 and 30
minutes (Walker, 1991). In late pregnancy, maternal serum
concentrations reach levels of 5 to 15 ug/mL (see Fig. 5-21).

Very little hPL is detected in fetal blood or in the urine of
the mother or newborn. Amnionic fluid levels are somewhat
lower than in maternal plasma. Because hPL is secreted primar-
ily into the maternal circulation, with only very small amounts
in cord blood, it appears that its role in pregnancy is medi-
ated through actions in maternal rather than in fetal tissues.
Nonetheless, there is continuing interest in the possibility that
hPL serves select functions in fetal growth.

Regulation of hPL Biosynthesis

Levels of mRNA for hPL in syncytiotrophoblast remain rela-
tively constant throughout pregnancy. This finding supports
the idea that the hPL secretion rate is proportional to placental
mass. There are very high plasma levels of hCG in women with
trophoblastic neoplasms, but only low levels of hPL in these
same women.

Prolonged maternal starvation in the first half of pregnancy
leads to increased hPL plasma concentrations. Short-term
changes in plasma glucose or insulin, however, have relatively
little effect on plasma hPL levels. In vitro studies of syncytiotro-
phoblast suggest that hPL synthesis is stimulated by insulin and
insulin-like growth factor-1 and inhibited by PGE, and PGF,,,
(Bhaumick, 1987; Genbacev, 1977).

Metabolic Actions

Placental lactogen has putative actions in several important
metabolic processes. First, hPL promotes maternal lipolysis
with increased circulating free fatty acid levels. This provides
an energy source for maternal metabolism and fetal nutrition.
In vitro studies suggest that hPL inhibits leptin secretion by
term trophoblast (Coya, 2005).

Second, hPL may aid maternal adaptation to fetal energy
requirements. For example, increased maternal insulin resis-
tance ensures nutrient flow to the fetus. It also favors protein
synthesis and provides a readily available amino-acid source to
the fetus. To counterbalance the increased insulin resistance
and prevent maternal hyperglycemia, maternal insulin levels are
increased. Both hPL and prolactin signal through the prolac-
tin receptor to increase maternal beta cell proliferation to aug-
ment insulin secretion (Georgia, 2010). Recent animal studies
provide insight into the mechanism by which lactogenic hor-
mones drive beta cell expansion. Specifically, prolactin and hPL
upregulate serotonin synthesis via regulation of the rate-limit-
ing enzyme, tryptophan hydroxylase-1, which in turn increases
beta cell proliferation (Kim, 2010).

Last, hPL is a potent angiogenic hormone. It may serve an
important function in fetal vasculature formation (Corbacho,
2002).

Other Placental Protein Hormones

The placenta has a remarkable capacity to synthesize numer-
ous peptide hormones, including some that are analogous or
related to hypothalamic and pituitary hormones. In contrast
to their counterparts, the placental peptide/protein hormones
are not subject to feedback inhibition. Examples include pro-
opiomelanocortin-derived peptides, growth hormone variant V,
and gonadotropin-releasing hormone.

Chorionic Adrenocorticotropin

Adrenocorticotropic  hormone (ACTH), lipotropin, and
B-endorphin—all proteolytic products of pro-opiomelanocor-
tin—are recovered from placental extracts (Genazzani, 1975;
Odagiri, 1979). The physiological action of placental ACTH is
unclear. Placental corticotropin-releasing hormone stimulates
synthesis and release of chorionic ACTH. Placental CRH pro-
duction is positively regulated by cortisol, producing a novel
positive feedback loop. As discussed later, this system may be
important for controlling fetal lung maturation and parturi-
tion timing.

Growth Hormone Variant

The placenta expresses a growth hormone variant (h\GH-V) that
is not expressed in the pituitary. The gene encoding hGH-V
is located in the hGH-hPL gene cluster on chromosome 17.
Sometimes referred to as placental growth hormone, hGH-V
is a 191 amino-acid protein that differs in 15 amino-acid posi-
tions from the sequence for hGH. Although hGH-V retains
growth-promoting and antilipogenic functions similar to hGH,
it has reduced diabetogenic and lactogenic functions relative to
hGH (Vickers, 2009). Placental hGH-V presumably is synthe-
sized in the syncytium. However, its pattern of synthesis and
secretion during gestation is not precisely known because anti-
bodies against hGH-V cross-react with hGH. It is believed that
hGH-V is present in maternal plasma by 21 to 26 weeks’ gesta-
tion, increases in concentration until approximately 36 weeks,
and remains relatively constant thereafter. There is a correlation
between the levels of hGH-V in maternal plasma and those
of insulin-like growth factor-1. Also, hGH-V secretion by



trophoblasts in vitro is inhibited by glucose in a dose-dependent
manner (Patel, 1995). Overexpression of hGH-V in mice
causes severe insulin resistance, and thus it is a likely candidate
to mediate insulin resistance of pregnancy (Barbour, 2002).

Hypothalamic-Like Releasing Hormones

The known hypothalamic-releasing or -inhibiting hormones
include GnRH, CRH, thyroid-releasing hormone (TRH),
growth hormone-releasing hormone (GHRH), and somatosta-
tin. For each, there is an analogous hormone produced in the
human placenta (Petraglia, 1992; Siler-Khodr, 1988). Many
investigators suggest this indicates a hierarchy of control in cho-
rionic trophic-agent synthesis.

Gonadotropin-Releasing Hormone. There is a reasonably
large amount of immunoreactive GnRH in the placenta (Siler-
Khodr, 1978, 1988). Interestingly, it is found in cytotropho-
blasts, but not syncytiotrophoblast. Gibbons and coworkers
(1975) and Khodr and Siler-Khodr (1980) demonstrated that
the human placenta could synthesize both GnRH and TRH in
vitro. Placental-derived GnRH functions to regulate tropho-
blast hCG production, hence the observation that GnRH levels
are higher early in pregnancy. Placental-derived GnRH is also
the likely cause of elevated maternal GnRH levels in pregnancy

(Siler-Khodr, 1984).

Corticotropin-Releasing Hormone. This hormone is a
member of a larger family of CRH-related peptides that includes
CRH, urocortin, urocortin II, and urocortin III (Dautzenberg,
2002). Maternal serum CRH levels increase from 5 to 10 pmol/L
in the nonpregnant woman to approximately 100 pmol/L in the
early third trimester of pregnancy and to almost 500 pmol/L
abruptly during the last 5 to 6 weeks (see Fig. 5-21). Urocortin
also is produced by the placenta and secreted into the maternal
circulation, but at much lower levels than seen for CRH (Florio,
2002). After labor begins, maternal plasma CRH levels increase
further by two- to threefold (Petraglia, 1989, 1990).

The biological function of CRH synthesized in the pla-
centa, membranes, and decidua has been somewhat defined.
CRH receptors are present in many tissues: placenta, adrenal
gland, sympathetic ganglia, lymphocytes, gastrointestinal tract,
pancreas, gonads, and myometrium. Some findings suggest
that CRH can act through two major families—the type 1 and
type 2 CRH receptors (CRH-R1 and CRH-R2). Trophoblast,
amniochorion, and decidua express both CRH-R1 and CRH-
R2 receptors and several variant receptors (Florio, 2000). Both
CRH and urocortin increase trophoblast ACTH secretion,
supporting an autocrine-paracrine role (Petraglia, 1999). Large
amounts of trophoblast CRH enter maternal blood. That said,
there also is a large concentration of a specific CRH-binding
protein in maternal plasma, and the bound CRH seems to be
biologically inactive.

Other proposed biological roles include induction of smooth-
muscle relaxation in vascular and myometrial tissue and immu-
nosuppression. The physiological reverse, however, induction
of myometrial contractions, has been proposed for the rising
CRH levels seen near term. One hypothesis suggests that CRH
may be involved with parturition initiation (Wadhwa, 1998).
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Prostaglandin formation in the placenta, amnion, chorion laeve,
and decidua is increased with CRH treatment (Jones, 1989b).
This latter observation further supports a potential action in par-
turition timing.

Glucocorticoids act in the hypothalamus to inhibit CRH
release, but in the trophoblast, glucocorticoids stimulate CRH
gene expression (Jones, 1989a; Robinson, 1988). Thus, there
may be a novel positive feedback loop in the placenta by which
placental CRH stimulates placental ACTH to stimulate fetal
and maternal adrenal glucocorticoid production with subse-
quent stimulation of placental CRH expression (Nicholson,
2001; Riley, 1991).

Growth Hormone-Releasing Hormone. The role of pla-
cental GHRH is not known (Berry, 1992). Ghrelin is another
regulator of hGH secretion that is produced by placental tis-
sue (Horvath, 2001). Trophoblast ghrelin expression peaks at
midpregnancy and is a potential regulator of hGH-V produc-
tion or a paracrine regulator of differentiation (Fuglsang, 2005;
Gualillo, 2001).

Other Placental Protein Hormones

Relaxin

Expression of relaxin has been demonstrated in human corpus
luteum, decidua, and placenta (Bogic, 1995). This peptide is
synthesized as a single, 105 amino-acid preprorelaxin molecule
that is cleaved to A and B molecules. Relaxin is structurally
similar to insulin and insulin-like growth factor. Two of the
three relaxin genes—H?2 and H3—are transcribed in the cor-
pus luteum (Bathgate, 2002; Hudson, 1983, 1984). Other tis-
sues, including decidua, placenta, and membranes, express H1
and H2 (Hansell, 1991).

The rise in maternal circulating relaxin levels seen in early
pregnancy is attributed to corpus luteum secretion, and levels
parallel those of hCG. Relaxin, along with rising progesterone
levels, may act on myometrium to promote relaxation and the
quiescence of early pregnancy (Chap. 21, p. 421). In addition,
the production of relaxin and relaxin-like factors within the
placenta and fetal membranes may play an autocrine-paracrine
role in postpartum regulation of extracellular matrix degradation
(Qin, 1997a,b). One important relaxin function is enhancement
of the glomerular filtration rate (Chap. 4, p. 64).

Parathyroid Hormone-Related Protein

In pregnancy, circulating parathyroid hormone-related protein
(PTH-1P) levels are significantly elevated within maternal but
not fetal circulation (Bertelloni, 1994; Saxe, 1997). Many poten-
tial functions of this hormone have been proposed. PTH-rP
synthesis is found in several normal adult tissues, especially in
reproductive organs that include myometrium, endometrium,
corpus luteum, and lactating mammary tissue. PTH-rP is not
produced in the parathyroid glands of normal adults. Based on
insights from parathyroid hormone-related protein null mice,
placental-derived PTH-rP may have an important function to
regulate genes involved in transfer of calcium and other solutes.
It also contributes to fetal mineral homeostasis in bone, amni-
onic fluid, and the fetal circulation (Simmonds, 2010).
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Leptin

This hormone is normally secreted by adipocytes. It functions
as an antiobesity hormone that decreases food intake through
its hypothalamic receptor. It also regulates bone growth and
immune function (Cock, 2003; La Cava, 2004). In the pla-
centa, leptin also is synthesized by both cytotrophoblast and
syncytiotrophoblast (Henson, 2002). Relative contributions
of leptin from maternal adipose tissue versus placenta are cur-
rently not well defined. Maternal serum levels are significantly
higher than those in nonpregnant women. Fetal leptin levels
correlate positively with birthweight and likely play an impor-
tant function in fetal development and growth. Studies suggest
that leptin inhibits apoptosis and promotes trophoblast prolif-
eration (Magarinos, 2007).

Neuropeptide Y

This 36 amino-acid peptide is widely distributed in brain. It
also is found in sympathetic neurons innervating the cardiovas-
cular, respiratory, gastrointestinal, and genitourinary systems.
Neuropeptide Y has been isolated from the placenta and local-
ized in cytotrophoblasts (Petraglia, 1989). There are receptors for
neuropeptide Y on trophoblast, and treatment of placental cells
with neuropeptide Y causes CRH release (Robidoux, 2000).

Inhibin and Activin

Inhibin is a glycoprotein hormone that acts preferendially to
inhibit pituitary FSH release. It is produced by human testis
and by ovarian granulosa cells, including the corpus luteum.
Inhibin is a heterodimer made up of an o-subunit and one of
two distinct B-subunits, BA or BB. All three are produced by
trophoblast, and maternal serum levels peak at term (Petraglia,
1991). One function may be to act in concert with the large
amounts of sex steroid hormones to inhibit FSH secretion and
thereby inhibit ovulation during pregnancy. Inhibin may act via
GnRH to regulate placental hCG synthesis (Petraglia, 1987).

Activin is closely related to inhibin and is formed by the
combination of the two B-subunits. Its receptor is expressed in
the placenta and amnion. Activin A is not detectable in fetal
blood before labor but is present in umbilical cord blood after
labor begins. Petraglia (1994) found that serum activin A levels
decline rapidly after delivery. It is not clear if chorionic activin
and inhibin are involved in placental metabolic processes other
than GnRH synthesis.

Placental Progesterone Production

After 6 to 7 weeks’ gestation, little progesterone is produced in
the ovary (Diczfalusy, 1961). Surgical removal of the corpus
luteum or even bilateral oophorectomy during the 7th to 10th
week does not decrease excretion rates of urinary pregnanediol,
the principal urinary metabolite of progesterone. Before this
time, however, corpus luteum removal will re