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Preface

Try to learn something about everything and everything about something.
Thomas Huxley

Comprehensive Gynecology is now in its seventh edition, and it is
humbling to note that it has almost been 30 years since the first
edition was published in 1987.

The current editors are indebted to our mentors who pio-
neered the original work. The contributions of Drs. William
Droegemueller, Authur L Herbst, Daniel R. Mishell, Jr., and
Morton A. Stenchever were monumental and provided the
impetus for our following in their footsteps. We are also saddened
by the fact that in 2015, we lost Mort, who is now in a better
place. Also, as we close out this edition, we have just learned that
we have also lost our esteemed mentor, Dan Mishell, who passed
away in May 2016. Both men have contributed so much to the
field, and to us personally, and have done so much to improve
the lives of women.

In line with the quote above from Huxley, the British biolo-
gist and philosopher, we continue to attempt to be comprehen-
sive. We want the reader to be comfortable with all aspects of
gynecology; some readers will wish to be more expert in certain
subspecialty areas such as urogynecology, oncology, or reproduc-
tive endocrinology.

In this edition we are privileged to welcome Fidel Valea as
one of the editors, taking over the duties from Vern L. Katz, who
elected to retire. We would like to thank Vern once again for his
contributions.

Rather than adding new chapters, we have split some in two
to provide better focus on the subject areas, and also organized
the chapters to provide better flow. We have added several
co-authors, continuing the trend we established with the previ-
ous edition. This is a major departure from the early editions,
where the four editors wrote all of the chapters. We feel adding
additional talent to the authorship provides a more comprehen-
sive and validated approach to the dissemination of knowledge

in gynecology.

In this edition, we have provided the most important refer-
ences in the body of the chapter, allowing the reader to have
immediate access to the source, rather than having to search for
the reference. However, we have maintained a full bibliography
for many chapters, available online.

In this edition we have also provided video content to make
this a more visual experience for the reader. New and better illus-
trations have also been added to assist in visual learning. The
cover is also a departure from our previous editions and speaks to
our wish to impart a visual experience and emphasize contempo-
rary techniques of minimally invasive procedures for gynecologi-
cal surgery.

Nearly every chapter has maintained key points of impor-
tance, which have been bundled together in an online synop-
sis of the entire book. This will allow rapid assessment of the
content of each chapter for more in-depth reading of areas of
greater interest as well as provide key learning facts in all areas
of gynecology.

We hope readers will enjoy this edition and learn as much as
they can from this ever-evolving field in order to provide better
health care for women.

We would like to give a big thanks to our editors, Kate
Dimock, and particularly Rae Robertson, who have stewarded
us through this process.

We would also like to give a big thank you, with great appre-
ciation and love, to our families, without whose support and
encouragement this project could not have been accomplished.

Roger A. Lobo, MD

David M. Gershenson, MD
Gretchen M. Lentz, MD
Fidel A. Vialea, MD
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Part | BASIC SCIENCE

L

Fertilization and Embryogenesis

Meiosis, Fertilization, Implantation, Embryonic
Development, Sexual Differentiation

Thomas M. Price

Several areas of medical investigation have brought increased
attention to the processes of fertilization and embryonic devel-
opment, including teratology, stem cell research, immunogenet-
ics, and assisted reproductive technology. The preimplantation,
implantation, and embryonic stages of development in the
human can now be studied because of the development of
newer techniques and areas of research. This chapter considers
the processes of oocyte meiosis, fertilization and early cleavage,
implantation, development of the genitourinary system, and sex
differentiation.

OOCYTE AND MEIOSIS

The oocyte is a unique and extremely specialized cell. The pri-
mordial germ cells in both males and females are large eosino-
philic cells derived from endoderm in the wall of the yolk sac.
These 700 to 1300 cells migrate to the germinal ridge by way of
the dorsal mesentery of the hindgut by ameboid action by 5 to
6 weeks. Oogenesis begins with the replication of the diploid
oogonia through mitosis to produce primary oocytes, reaching
a peak number of 600,000 (95% prediction interval: 70,000-
5,000,000) at 18 to 22 weeks of gestation. Through apoptosis
the numbers decline to about 360,000 (95% prediction inter-
val: 42,000 to 3,000,000) at menarche (Wallace, 2010). As can
be seen, there is a large variance among individuals and a direct
correlation between the number of fetal oocytes and the age of
menopause. Accelerated apoptosis is seen in Turner syndrome
resulting in few oocytes at birth (Modi, 2003).

The meiotic process actually begins at 10 to 12 weeks’ gesta-
tion and is the mechanism by which diploid organisms reduce
their gametes to a haploid state so that they can recombine again
during fertilization to become diploid organisms. In humans,
this process reduces 46 chromosomes to 23 chromosome struc-
tures in the gamete. The haploid gamete contains only one
chromosome for each homologous pair of chromosomes, so it
has either the maternal or paternal chromosome for each pair,
but not both. Meiosis is also the mechanism by which genetic
exchange is completed through chiasma formation and cross-
ing over (recombination) between homologous chromosome

pairs. Two meiotic cell divisions are required to produce haploid
gametes. In the human female, oogonia enter meiosis in “waves”
(Fig. 1.1)— that is, not all oogonia enter meiosis at the same
time. Meiosis initiation is dependent on mesonephric-produced
retinoic acid (Childs, 2011).

Oocytes in the first substage of prophase, leptotene, are found
in the human fetal ovary as early as 10 weeks’ gestation. With
increasing gestational age, greater proportions of oocytes in later
stages of meiosis may be observed, and by the end of the second
trimester of pregnancy, the majority of oocytes in the fetal ovary
have cytologic characteristics that are consistent with the diplo-
tene/dictyotene substages of prophase I of meiosis I (the stage at
which the oocytes are arrested until ovulation) (Fig. 1.2).

Meiosis is preceded by interphase I during which DNA rep-
lication occurs, thus transforming the diploid oogonia with a
DNA content of 2N to an oocyte with a DNA content of 4/V.
Meiosis is defined in two stages. The first, known as the reduc-
tion division (division I, or meiosis I) initiates in the fetal ovary
but is then arrested and completed at the time of ovulation.

Meiosis I starts with prophase I (prophase includes leptotene,
zygotene, pachytene, and diplotene), which occurs exclusively
during fetal life and sets the stage for genetic exchange that
ensures genetic variation in our species (Fig. 1.3). Leptotene is

Primordial
germ
cells

Oogonia Oocytes undergoing
meiosis

Oocytes at
diplotene

Types in Human Fetal Ovary

T T
1 2 3 4 5 6 7 8 9

Months Gestation

Relative Abundance of Germ Cell

Figure 1.1 Diagrammatic representation of the different meiotic
cell types and their proportions in the ovary during fetal life. (Cour-
tesy of Edith Cheng, MD.)
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Figure 1.2 Diagram of oocyte meiosis. For simplicity, only one pair of chromosomes is depicted.
Prophase stages of the first meiotic division occur in the female during fetal life. The meiotic process
is arrested at the diplotene stage (“first meiotic arrest”), and the oocyte enters the dictyotene stages.
Meiosis | resumes at puberty and is completed at the time of ovulation. The second meiotic division
takes place over several hours in the oviduct only after sperm penetration. (Courtesy of Edith Cheng,

MD.)

proportionately the most abundant of all the prophase I sub-
stages in the early gestations. Cells in this meiotic phase are
characterized by a large nucleus with fine, diffuse, string-like
chromatin evenly distributed within the nucleus (Fig. 1.3, A).
Chromatin of homologous pairs occupies “domains” and does
not occur as distinct linear strands of chromosomes. The zygo-
tene substage is defined by the initiation of pairing, which is
characterized by the striking appearance of the synaptonemal
complex formation in some of the chromosomes (Fig. 1.3,
B). There is cytologic evidence of chromosome condensation
and linearization, and the chromatin is seen as a fine, string-
like structure. The pachytene substage is the most easily recog-
nizable period of the prophase and is characterized by clearly
defined chromosomes that appear as continuous ribbons of
thick beadlike chromatin (Fig. 1.3, C). By definition, this is
the substage in which all homologues have paired. In this sub-
stage, the paired homologues are structurally composed of four
closely opposed chromatids and are known as a terrad. The fre-
quency of oocytes in pachytene increases with gestational age
and peaks in the mid-second trimester of pregnancy (at about
20 to 25 weeks’ gestation). The diplotene substage is a stage
of desynapsis that occurs as the synaptonemal complex dis-
solves and the two homologous chromosomes pull away from
each other. However, these bivalents, which are composed of
a maternally and a paternally derived chromosome, are held
together at the centromere and at sites of chiasma formation

Figure 1.3 Fetal ovary with fluorescent in situ hybridization. The
first three images are meiotic cells from a 21-week fetal ovary. A,
Fluorescent in situ hybridization (FISH) with a whole chromosome
probe for chromosome X was completed to visualize the pairing
characteristics of the X chromosome during leptotene. B, Zygo-
tene. C, Pachytene. D, Image of a meiotic cell from a 34-week fetal
ovary that underwent dual FISH with probes for chromosomes 13
(green signal) and 21 (red signal) to illustrate the pairing character-
istics of this substage of prophase in meiosis I. (Courtesy of Edith
Cheng, MD.)
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that represent sites where crossing over has occurred (Fig. 1.3,
D). In general, chiasma formation occurs only between chro-
matids of homologous pairs and not between sister chromatids.
Usually, one to three chiasmata occur for each chromosome
arm. Oocytes at this stage of prophase I constitute the majority
of third-trimester fetal and newborn ovaries. Diplotene merges
with diakinesis, the last substage of meiosis I, and is a stage of
transition to metaphase, lasting many years in humans (Speed,
1985).

With puberty, folliculogenesis occurs with progression of
the follicle, consisting of the oocyte and granulosa cells from
primordial to antral characterized by granulosa cell prolifera-
tion, development of gonadotropin receptors, and expression of
enzymes for sex steroid production (Baerwald, 2012). It takes
approximately 85 days for a follicle to mature to the point of
ovulation. There is no change in the chromosome stage during
folliculogenesis.

Meiosis I resumes with the surge of luteinizing hormone
prior to ovulation completing metaphase, anaphase, and telo-
phase. The result is two daughter cells, which are diploid (2/V)
in DNA content but contain 23 chromosome structures, each
containing two closely held sister chromatids. One daughter cell,

First meiotic division

Prophase Resumption of meiosis

1 Leptotene 7 Diakinesis

A Germinal 4
Q vesicle &/

the oocyte, receives the majority of the cytoplasm, and the other
becomes the first polar body. The polar body is located in the
perivitelline space between the surface of the oocyte (oolemma)
and the zona pellucida (ZP).

Meiosis I is rapid with the oocyte advancing immediately
to metaphase II where the sister chromatids for each chromo-
some are aligned at the equatorial plate, held together by spindle
fibers at the centromere. With sperm penetration, meiosis I is
completed with extrusion of the second polar yielding a haploid

oocyte (12V), entered by a haploid (1V) sperm (Fig. 1.4).

In most mammals, including humans, the egg is released from
the ovary in the metaphase II stage (Fig. 1.5). When the egg
enters the fallopian tube, it is surrounded by a cumulus of granu-
losa cells (cumulus oophorus) and intimately surrounded by a
clear zona pellucida (ZP). Within the zona pellucida are both
the egg and the first polar body. Meanwhile, spermatozoa are
transported through the cervical mucus and the uterus and into
the fallopian tubes.

Second meiotic division

Ovuiation

In adult ovary
Fertilization in oviduct

Figure 1.4 Diagram of oocyte meiosis. For simplicity, only three pairs of chromosomes are depicted
(1 to 4). Prophase stages of the first meiotic division, which occur in most mammals during fetal life.
The meiotic process is arrested at the diplotene stage (“first meiotic arrest”), and the oocyte enters
the dictyate stages (5 to 6). When meiosis is resumed, the first maturation division is completed (7
to 11). Ovulation occurs usually at the metaphase Il stage (11), and the second meiotic division (12
to 14) takes place in the oviduct only after sperm penetration. (From Tsafriri A. Oocyte maturation in
mammals. In: Jones RE, ed. The Vertebrate Ovary. New York: Plenum; 1978.)
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Figure 1.5 Summary of the ovarian cycle, fertilization, and human development during the first
week. Stage 1 of development begins with fertilization in the uterine tube and ends when the zygote
forms. Stage 2 (days 2 to 3) comprises the early stages of cleavage (from 2 to about 32 cells, the
morula). Stage 3 (days 4 to 5) consists of the free (unattached) blastocyst. Stage 4 (days 5 to 6) is
represented by the blastocyst attaching to the posterior wall of the uterus, the usual site of implanta-
tion. The blastocysts have been sectioned to show their internal structure. (From Moore KL, Persaud
TVN. The Developing Human: Clinically Oriented Embryology. 7th ed. Philadelphia: WB Saunders;

2003

Although 20 million to 200 million sperm may enter the
vagina during intercourse, only 1 in 25,000 will make it to
the fallopian tubes (Williams, 1993). This journey involves
processes of capacitation, chemotaxis, hyperactivated motil-
ity, and acrosome reaction (Fig. 1.6). Capacitation precedes
all other changes and involves initial removal of cholesterol
from the plasma membrane altering the permeability and flu-
idity. This allows the influx of calcium and bicarbonate with
many downstream effects such as increased cyclic adenosine
monophosphate (cAMP), protein tyrosine phosphorylation,
and activation of protein kinases (Aitken, 2013). A function
of capacitation is to allow localization of protein complexes

in the head of the sperm, which will subsequently bind the
ZP. Chemotaxis is shown by a greater number of sperm in the
ampullary portion of the fallopian tube containing a cumulus-
oocyte-complex (COC) compared with the side lackinga COC.
In vitro, follicular fluid acts as a chemoattractant, possibly due
to progesterone, but the exact responsible constituent(s) of the
fluid continues to be debated (Eisenbach, 1999). Hyperacti-
vated motility involves increased vigorous movement of the
sperm in order to penetrate the cumulus (granulosa) cells sur-
rounding the oocyte and is most likely due to progesterone.
A major action of progesterone is to increase calcium influx
into the sperm with multiple downstream effects. Likely, the
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Figure 1.6 Acrosome reaction and a sperm penetrating an oocyte. The detail of the area outlined

in Ais given in B. 7, Sperm during capacitation, a period of conditioning that occurs in the female
reproductive tract.2, Sperm undergoing the acrosome reaction, during which perforations form in the
acrosome. 3, Sperm digesting a path through the zona pellucida by the action of enzymes released
from the acrosome. 4, Sperm after entering the cytoplasm of the oocyte. Note that the plasma
membranes of the sperm and oocyte have fused and that the head and tail of the sperm enter the
oocyte, leaving the sperm’s plasma membrane attached to the oocyte’s plasma membrane. (From
Moore KL, Persaud TVN. The Developing Human: Clinically Oriented Embryology. 7th ed. Philadelphia:

WB Saunders; 2003.)

progesterone concentration increases as the sperm approaches
the egg, resulting in more aggressive motility. When the egg is
reached, receptor complexes on the outer most plasma mem-
brane bind to specific ZP glycoprotein receptors (primarily ZP
3). These interactions are very species specific. Human sperm
can only bind to the ZP of human, baboon, and gibbon oocytes.

Binding results in fenestrations forming between the plasma
membrane and the underlying acrosome membrane releasing
enzymes including acrosin (a serine protease) to locally degrade
the ZP (Chiu, 2014).

As many sperm may initially bind the ZP, a mechanism must
be in place to prevent fertilization by more than one sperm
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(polyspermia). With initial binding of the sperm membrane to
the oolemma, a calcium-dependent release of cortical granules
occurs. Cortical granules are vesicles containing protein made
during oogenesis and located in the periphery of the cell. Con-
tents are released into the perivitelline space and function to
modify ZP proteins and enlarge the perivitelline space to prevent
sperm entry (Talbot, 2003). With sperm entry, the oocyte com-
pletes its second meiotic division, casting off the second polar
body into the perivitelline space.

‘The majority of a single sperm enters the oocyte, and this is
indeed the case during intracytoplasmic sperm injection (ICSI)
for infertility. Only the centrioles and the nucleus survive,
whereas mitochondria in the midpiece and tail are destroyed.
The sperm centrioles interact with a-tubulin from the oocyte
to form a microtubule network for migration of pronuclei and
subsequent separation of chromosomes during the first mitosis
(Schatten, 2009). Thus mitochondria are of maternal origin,
whereas centrioles are paternal.

Early cell division (cleavage) is not synchronous and varies in
time (Fig. 1.7). Time intervals from two pronuclei to two-cell,
two-cell to three-cell, three-cell to four-cell, and four-cell to five-
cell are 26 hours, 12 hours, 0.8 hours, and 14 hours, respectively,
as determined with time-lapse photography during in vitro fer-
tilization (IVF) (Meseguer, 2011). A significant number of fertil-
ized oocytes do not complete cleavage for a number of reasons,
including failure of appropriate chromosome arrangement on
the spindle, specific gene defects that prevent the formation of
the spindle, and environmental factors. Importantly, teratogens
acting at this point are usually either completely destructive or
cause little or no effect. Twinning may occur by the separation
of the two cells produced by cleavage, each of which has the
potential to develop into a separate embryo (Hall, 2003). Twin-
ning may occur at any stage until the formation of the blastocyst
(blast), because each cell is totipotent. Both genetic and environ-
mental factors are probably involved in the causation of twin-
ning.

MORULA AND BLASTULA STAGE:
EARLY DIFFERENTIATION

After fertilization, the zygote (the term for a fertilized egg) has a
diameter of 83 to 105 pm and undergoes rapid mitotic division
to reach the next stage of approximately 16 cells called a morula.
After 4 to 5 days traversing the fallopian tube, the embryo arrives
into the uterine cavity at the blast stage. The blast is character-
ized by a cavity (blastocoele) and differentiation of cells into the
trophectoderm (TE), which will ultimately produce the fetal
membranes and placenta and the inner cell mass (ICM), which
will produce the fetus. During IVE, the blast forms 5 days after
fertilization with a diameter of 155 to 265 pm consisting of
about 40 TE cells and 20 ICM cells. In the human, implan-
tation generally takes place 3 days after the embryo enters the
uterus. The development of the blast with the separation of the
ICM from the developing TE together make up the first stage of
differentiation in the embryo. Differentiation within the ICM
proceeds fairly rapidly, and if separation of cells and twinning
occur at this point, the twins may be conjoined in some fashion.

Advances in assisted reproductive technology and genetics
now provide practitioners assess to the early embryo for pre-
implantation genetic diagnosis (PGD) of single-gene disorders

or preimplantation genetic screening (PGS) for chromosome
abnormalities (Fig. 1.8). This technique involves removal of up
to 20 TE cells from the day 5 blast for analysis. For PGD of
single-gene disorders, DNA is extracted from the cells and the
mutation analyzed by polymerase chain reaction (PCR) ampli-
fication or single nucleotide polymorphism (SNP) microarray.
For PGS of chromosomal defects such as aneuploidy or struc-
tural rearrangements, analysis of DNA is performed with com-
parative genomic hybridization (CGH)-array (Fiorentino, 2014)
or partial genomic sequencing (next-generation sequencing).

Implantation consists of apposition, attachment, and invasion.
This complex process has much redundancy and involves mul-
tiple factors including ovarian hormones, cytokines, transcrip-
tion factors, growth factors, and extracellular matrix proteins
(ECMs) (Table 1.1). Both the endometrium and the embryo
produce these factors. Communication between the embryo
and the endometrium is key. Implantation occurs 7 to 10 days
after ovulation corresponding to cycle days 21 to 24 of an idyllic
28-day cycle with ovulation on day 14. During apposition the
human embryo is oriented with the ICM and polar TE (TE next
to the ICM) adjacent to the endometrium.

For attachment to the endometrium, the embryonic cells
must first be expelled from the surrounding ZP in the process
of “hatching.” Hatching involves rupture of the ZP in one small
area as opposed to a general dissolution of the entire ZP. This
may involve hydrostatic pressure from inside the ZP and from
zonalytic proteases produced by the TE and endometrium.
These cysteine proteases, named cathepsins, are essential for
hatching. Attachment of the embryonic cells to the endometrial
cells involves cell adhesion proteins, integrins, and ECM pro-
teins such as fibronectin, laminin, and collagen. Integrins are cell
surface proteins, which bind extracellular matrix proteins and
are expressed on both the luminal epithelium and TE.

Invasion of the TE cells next occurs by penetrating between
the luminal epithelial cells, through the basement membrane
and into the stroma of the endometrium. These initial TE cells
form the extravillous trophoblasts (EVTs), which invade down
to the inner third of the myometrium for anchoring and into
the spiral arteries for remodeling. During spiral artery remod-
eling, endovascular EVT disorganize and partially replace the
smooth muscle wall and the vascular endothelial cells. Prolif-
eration of endovascular EVT leads to plugging and obstruction
of the decidual spiral arteries resulting in a decrease in blood
flow and oxygen tension. Low oxygen promotes the proliferation
and transformation of cytotrophoblast to syncytiotrophoblast.
Prior to 8 weeks’ gestation, nutrition to the embryo is derived
from endometrial gland secretion and plasma seeping through
the obstructed spiral arteries into the intervillous space. With
continued remodeling of the spiral arteries, patency is reestab-
lished and maternal blood cells enter the intervillous space at
around 9 weeks’ gestation with a rise in oxygen tension. Lack
of adequate EVT invasion and spiral artery remodeling is a key
feature in preeclampsia, intrauterine growth restriction, and still-
birth (Brosens, 2002).

The idea of low oxygen tension during early embryo develop-
ment has been explored with IVE With a limited number of
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Figure 1.7 Six photomicrographs of fresh, unmounted human eggs and embryos. A, Recently
retrieved human oocyte surrounded by cumulus cells. B, Fertilized oocyte demonstrating male and
female pronuclei and both polar bodies at approximately 11 and 12 o’clock position. C, Two-cell
zygote with scattered cumulus cells remaining attached to the zone pellucida. D, Eight-cell zygotes.
E, Blastocyst with the inner cell mass seen at 12 o’clock. F, A hatching blastocyst in which a portion
of the trophectoderm has extruded from the zona pellucida at the 4 o’clock position. (Courtesy of
Douglas Raburn, PhD.)
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Figure 1.8 Schematic of preimplantation testing. A, Commonly the oocyte is fertilized with a single sperm using the technique of intracy-
toplasmic sperm injection (ICSI). This precludes the possibility of contamination from sperm remaining attached to the outside of the embryo
during embryo biopsy. B, On day 3 of culture, when the embryo has cleaved to about eight cells, a small opening is made in the zona pellucida
(ZP) with either a laser or brief exposure to an acid solution. C, By day 5 of culture, the embryo has progressed to the blastocyst stage and a
portion of the trophectoderm (TE) cells have prolapsed out the opening in the zona pellucida. These cells are removed for subsequent DNA
isolation. D, DNA from trophectoderm cells is used to determine chromosome number, insertions, and deletions for preimplantation genetic
screening (PGS) using techniques of array comparative genomic hybridization (aCGH) or next-generation sequencing (NGS). DNA may also be
used to detect single-gene abnormalities for different diseases using single nucleotide polymorphism (SNP) microarray or polymerase chain
reaction (PCR) amplification in the process of preimplantation genetic diagnosis (PGD).

Table 1.1 Events of Implantation

Event

Days after Ovulation

trials, culturing embryos in 5% oxygen as opposed to 20% oxy-

Zona pellucida disappears

Blastocyst attaches to epithelial surface
of endometrium

Trophoblast erodes into endometrial
stroma

Trophoblast differentiates into cytotro-
phoblastic and syncytial trophoblastic
layers

Lacunae appear around trophoblast

Blastocyst burrows beneath endometrial
surface

Lacunar network forms

Trophoblast invades endometrial sinu-
soids, establishing a uteroplacental
circulation

Endometrial epithelium completely cov-
ers blastocyst

Strong decidual reaction occurs in stroma

gen results in a modest increase in the implantation rate (Bon-
4-5 tekoe, 2012).

6 Villous trophoblast form finger-like projections extending
into the intervillous space and thus surrounded by mater-

7 nal blood. Syncytiotrophoblast form the outer layer with an
7.8 underlying layer of precursor cytotrophoblast surrounding
matrix containing capillaries, fibroblasts, and macrophages.
Cytotrophoblasts become less numerous as pregnancy pro-

8-9 gresses.
9-10 Blood levels of the pregnancy hormone human chorionic
gonadotropin (hCG) can be detected within 48 hours of implan-
10-11 tation. Regular hCG is produced by the syncytiotrophoblast of
11-12 placental villi. Blood levels peak at 56 to 68 days, reach a nadir at
18 weeks, and then remain fairly constant until delivery. Gonad-
- otropin-releasing hormone (GnRH) produced in the cytotro-
phoblast and syncytiotrophoblast induces expression of hCG. In
13-14 spontaneous pregnancies hCG can be detected 9 days following

follicle rupture observed by ultrasound. In IVF pregnancies, the
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hormone can be found 8 days after embryo transfer. hCG levels
rise, exponentially up to 8 weeks from the last menstrual period,
but the doubling time increases as the level increases. For example,
in a conception cycle with ovulation on cycle day 14, the doubling
time from cycle days 25 to 37 for hCG is 1.6 days and from days
38 to 44 it is 2.3 days (Zegers-Hochschild, 1994). The doubling
time is independent of the number of gestations, although the
absolute hCG level is higher for multiple pregnancies.

The classic action of regular hCG is maintenance of the
corpus luteum (CL) by binding the luteinizing hormone (LH)
receptor for continued estrogen and progesterone production.
Yet other identified actions include promotion of angiogen-
esis in the uterus, myometrial relaxation, inhibition of immune
interaction at the utero-placental interface, stimulation of fetal
testosterone production, and mediation of hyperemesis through
receptors in the brain.

Hyperglycosylated hCG (H-hCG) is produced by the EVT.
H-hCG is key in promoting angiogenesis and cell invasion and cor-
respondingly is found in the early first trimester. The protein does
not activate the LH receptor and does not preserve CL function.
Instead it appears to function via the transforming growth factor
beta (TGF-) receptor (Berndt, 2013). Low levels of H-hCG indi-
cate poor EVT development and are associated with spontaneous
abortion and early preeclampsia (Fournier, 2015).

DECIDUALIZATION

Progesterone is responsible for “decidualization” of the endo-
metrium. This refers to morphologic and functional changes in
stromal cells. In humans, stromal cells close to the spiral arteries
undergo progesterone-induced decidual changes in the late secre-
tory phase, and this process progresses throughout the stroma
with implantation and hCG production. A pregnancy within
the uterus is not required and decidualization is a common find-
ing with ectopic pregnancies. Decidual cells show morphologic
changes of increased size with increased glycogen and lipid accu-
mulation (Maruyama, 2008). With pregnancy the endometrium
is now referred to as the decidua, separated into areas of the decidua
basalis or placentalis, which interacts with the TE (area of mature
placenta), the decidua vera or parietalis (decidua distant from the
implantation site), and the decidua capsularis (surrounding the
embryo on the side opposite the placenta).

Another classic histologic change seen in early pregnancy is
the Arias-Stella reaction (Fig. 1.9). This occurs in the glandular
cells with a hallmark of nuclear enlargement. These cells may be
misinterpreted as atypical or malignant. In the presence of hCG,
the Arias-Stella reaction may be seen in extrauterine tissues such
as endometriosis, vaginal adenosis, paraovarian cysts, and muci-
nous cystadenomas (Arias-Stella, 2002).

Morphologically luminal epithelial cells develop extensions
of the plasma membrane called pinopods (also called uterodomes)
during the window of receptivity. Pinopods function to release
key proteins including leukemia inhibitory factor (LIF) through
exocytosis and apocrine secretion (Kabir-Salmani, 2005).

Downstream effects of progesterone-dependent decidualiza-
tion have not been completely elucidated, but loss-of-function
studies show the necessity of transcription factors including
CCAAT/enhancer binding protein Beta (C/EBPf), Homeo-
box A10 (HoxalO), Forkhead/winged helix protein (Fox01),
and chicken ovalbumin upstream promoter (COUP-TFII).

P - £ Y i h
Figure 1.9 Photomicrograph of the Arias-Stella reaction. hCG
action results in nuclear enlargement in endometrial glandular cells
(arrows) resulting in visual characteristics of malignant cells. Magnifi-
cation, x200. (Courtesy of Rex Bentley, MD.)

A functional progesterone receptor requires interaction with
“chaperone” proteins. In mice, one of these proteins, named
FK506 binding protein 52 (FKBP52), is expressed in the endo-
metrium during the window of receptivity, and a loss of function
mutation disrupts decidualization.

LIF is a cytokine produced by endometrial glandular cells
around the time of implantation. LIF acts on EVT to increase
the fibronectin production necessary for embryo attachment and
invasion. Mice lacking expression of LIF (knockout) have both
failure of decidualization and implantation (Chen, 2000).

Indian hedgehog (Ihh) protein is a morphogen produced
by luminal epithelial cells under the control of progesterone.
Morphogens are signaling proteins that diffuse throughout the
decidua yielding a concentration gradient. Signaling is depen-
dent on the concentration in a given area. /b5 knockout mice fail
to decidualize or implant (Ramathal, 2010).

EMBRYO-ENDOMETRIAL COMMUNICATION

Implantation involves molecular interactions between the embryo
and the adjacent endometrium. For example, the embryo produces
heparin-binding epidermal growth factor-like growth factor (HB-
EGF), which is both found on the cell membrane and is released from
the cell (soluble). HB-EGF induces expression of itself in the adjacent
endometrial cells (auto-induction loop). HB-EGF on the endome-
trial cells then acts to attach the embryo via EGF receptors expressed
on the embryo (Lim, 2009). Additionally, the soluble HB-EGF from
the embryo induces expression of cyclooxygenase to increase prosta-
cyclin (PGL) in the endometrium resulting in enhanced endometrial
vascular permeability to help with embryo invasion (Kim, 1999).

IMMUNOLOGY OF IMPLANTATION

The paternal contribution to the embryo results in the mother
being exposed to allogenic cells. Although villous trophoblasts
do not express major human leukocyte antigens (HLA), the

EVTs express HLA-C, E, and G, which may be recognized by
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the maternal immune system. Thus the maternal immune sys-
tem must be locally suppressed to prevent rejection.

‘The majority of immune cells in the decidua are uterine natural
killer (uNK) cells. These cells are present in the secretory endome-
trium, under the control of progesterone, and increase in number
with pregnancy to form an infiltrate around the invading EVT.
These cells start to dissipate in the second trimester. uNK cells are
not cytotoxic to trophoblast cells and in fact appear to be support-
ive. A low number of uNK cells in the decidua of early pregnancy
is associated with poor invasion of the EVT. Cytokines such as
interferon gamma and angiogenic factors secreted by uNK cells
are key to proper EVT development and function.

T-helper (Th) cells are also found in the decidua and are
functionally classified as Th1 (cellular immunity), Th2 (humoral
immunity), Th3 (production of transforming growth factor-beta
for immunosuppression), and Tr1 (production of interleukin 10
for immunosuppression) (Saito, 2007). In early pregnancy, there
is an increase in the percentage of decidual Th2 and Th3 cells.

T-regulatory cells (Tregs) function in antigen recognition for
future immune tolerance. Mice lacking Treg cells experience abor-
tion when mated with an allogenic male but not when mated with
a syngenic male (Darasse-Jeze, 2006). These cells are key in devel-
oping tolerance to male antigens. Development of immunity to
specific paternal antigens may explain observations including lower
preeclampsia rates in women exposed to their partner’s semen prior
to pregnancy compared with women conceiving with donor insem-
ination (Salha, 1999), and the lower preeclampsia rate in the second
pregnancy with the same partner as opposed to a new partner.

EARLY ORGANOGENESIS IN THE
EMBRYONIC PERIOD

During the third week after fertilization, the primitive streak forms
in the caudal portion of the embryonic disk, and the embryonic
disk begins to grow and change from a circular to a pear-shaped
configuration. At that point the epithelium superiorly is considered
ectoderm and will eventually give rise to the developing central ner-
vous system, and the epithelium facing downward toward the yolk
sac is endoderm. During this week the neuroplate develops with its
associated notochordal process. By the sixteenth day after concep-
tion the third primitive germ layer, the intraembryonic mesoderm,
begins to form between the ectoderm and endoderm. Early meso-
derm migrates cranially, passing on either side of the notochordal
process to meet in front in the formation of the cardiogenic area.
The heart soon develops from this area. Later in the third week,
extraembryonic mesoderm joins with the yolk sac and the develop-
ing amnion to contribute to the developing membranes.

An intraembryonic mesoderm develops on each side of the noto-
chord and neural tube to form longitudinal columns, the paraxial
mesoderm. Each paraxial column thins laterally into the lateral plate
mesoderm, which is continuous with the extraembryonic meso-
derm of the yolk sac and the amnion. The lateral plate mesoderm
is separated from the paraxial mesoderm by a continuous tract of
mesoderm called the intermediate mesoderm. By the twentieth day,
paraxial mesoderm begins to divide into paired linear bodies known
as somites. About 38 pairs of somites form during the next 10 days.
Eventually a total of 42 to 44 pairs will develop, and these will give
rise to body musculature (O’Rahilly, 1979).

Angiogenesis, or blood vessel formation, can be seen in the extra-
embryonic mesoderm of the yolk sac by day 15 or 16. Embryonic

vessels can be seen about 2 days later and develop when mesenchy-
mal cells known as angioblasts aggregate to form masses and cords
called blood islands. Spaces then appear within these islands, and the
angioblasts arrange themselves around these spaces to form primi-
tive endothelium. Isolated vessels form channels and then grow
into adjacent areas by endothelial budding. Primitive blood cells
develop from endothelial cells as the vessels develop on the yolk sac
and allantois. However, blood formation does not begin within the
embryo until the second month of gestation, occurring first in the
developing liver and later in the spleen, bone marrow, and lymph
nodes. Separate mesenchymal cells surrounding the primitive endo-
thelial vessels differentiate into muscular and connective tissue
elements. The primitive heart forms in a similar manner from mes-
enchymal cells in the cardiogenic area. Paired endothelial channels,
called heart tubes, develop by the end of the third week and fuse to
form the primitive heart. By the twenty-first day, this primitive heart
has linked up with blood vessels of the embryo, forming a primitive
cardiovascular system. Blood circulation starts about this time, and
the cardiovascular system becomes the first functioning organ sys-
tem within the embryo (Clark, 1987). All the organ systems form
between the fourth week and seventh week of gestation.

A teratogenic event that takes place during the embryonic
period gives rise to a constellation of malformations related to the
organ systems that are actively developing at that particular time.
Thus cardiovascular malformations tend to occur because of tera-
togenic events early in the embryonic period, whereas genitouri-
nary abnormalities tend to result from later events. Teratogenic
effects before implantation often cause loss of the embryo but not
malformations. The effects of a particular teratogen depend on the
individual’s genetic makeup, other environmental factors in play
at the time, the embryonic developmental stage during which the
teratogenic exposure occurred, and in some cases the dose of the
teratogen and the duration of exposure. Some teratogens in and
of themselves are actually harmless, but their metabolites cause
the damage. Teratogens may be chemical substances and their
by-products, or they may be physical phenomena, such as tem-
perature elevation and irradiation. The embryo is most sensitive to
teratogens during organogenesis of the embryonic period from 18
to 56 days postconception. Prior to day 18, exposure is most likely
to result in either embryo death with miscarriage or no effect, as
the majority of cells are pluripotent (Polifka, 2002). Teratogen
exposure after the embryonic period of development may injure
or kill the embryo or cause developmental and growth retardation
but usually will not be responsible for specific malformations. The
period of embryonic development is said to be complete at 56
days (8 weeks) from fertilization or 70 days (10 weeks) from the
last menstrual period followed by the fetal stage.

The development of the genital organs is intimately involved
with the development of the renal system.

RENAL DEVELOPMENT

Nephrogenic cords develop from the intermediate mesoderm as
early as the 2-mm embryo stage, beginning in the more cephalad
portions of the embryo. Three sets of excretory ducts and tubules
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develop bilaterally (Little, 2010). The first, the pronephros, with
its pronephric ducts, forms in the most cranial portion of the
embryo at about the beginning of the fourth week after con-
ception. The tubules associated with the duct probably have no
excretory function in the human, but the caudal end will form
the adrenal gland. Late in the fourth week, a second set of tubules,
the mesonephric tubules, and their accompanying mesonephric
ducts begin to develop. These are associated with tufts of cap-
illaries, or glomeruli, and tubules for excretory purposes. Thus
the mesonephros functions as a fetal kidney, producing urine
for about 2 or 3 weeks. As new tubules develop, those derived
from the more cephalad tubules degenerate. Usually about 40
mesonephric tubules function on either side of the embryo at
any given time. The gonads arise from the central region of the
mesonephros. The metanephros, or permanent kidney, begins
its development early in the fifth week of gestation and starts
to function late in the seventh or early in the eighth week. The
metanephros develops both from the metanephrogenic mass of
mesoderm, which is the most caudal portion of the nephrogenic
cord, and from its duct system, which is derived from the meta-
nephric diverticulum (ureteric bud). It is a cranially growing
outpouching of the mesonephric duct close to where it enters
the cloaca. The metanephric duct system gives rise to the ureter,
the renal pelvis, the calyces, and the collecting tubules of the
adult kidney. A critical process in the development of the kidney
requires that the cranially growing metanephric diverticulum
meets and fuses with the metanephrogenic mass of mesoderm
so that formation of the kidney can take place. Originally the
metanephric kidney is a pelvic organ, but by differential growth
it becomes located in the lumbar region (Moritz, 1999).

The fetus produces urine starting at 8 weeks gestation
(Underwood, 2005). Starting in the second trimester, fetal
urine is a major contributor to amniotic fluid volume. The fetus
may swallow the amniotic fluid and recirculate it through the
digestive system. Congenital abnormalities that impair normal
development or function of the fetal kidneys generally result in
little or no amniotic fluid (oligohydramnios or anhydramnios),
whereas structural abnormalities of the gastrointestinal tract or
neuromuscular conditions that prevent the fetus from swallow-
ing can lead to excess amniotic fluid (polyhydramnios).

BLADDER AND URETHRA

The embryonic cloaca is divided by the urorectal septum into
a dorsal rectum and a ventral urogenital sinus. The urogenital
sinus, in turn, is divided into three parts: the cranial portion (the
vesicourethral canal), which is continuous with the allantois; a
middle pelvic portion; and a caudal urogenital sinus portion,
which is covered externally by the urogenital membrane. The
epithelium of the developing bladder is derived from the endo-
derm of the vesicourethral canal. The muscular layers and serosa
of the bladder develop from adjacent splanchnic mesenchyme.
As the bladder develops, the caudal portion of the mesoneph-
ric ducts is incorporated into its dorsal wall. The portion of the
mesonephric duct distal to the points where the metanephric
duct is taken up into the bladder becomes the trigone of the
bladder. Although this portion is mesoderm in origin, it is prob-
ably epithelialized eventually by endodermal epithelium from
the urogenital sinus. In this way the ureters, derived from the
metanephric duct, come to open directly into the bladder.

In the male the mesonephric ducts open into the urethra as
the ejaculatory ducts. Also in the male, mesenchymal tissue sur-
rounding the developing urethra where it exits the bladder devel-
ops into the prostate gland, through which the ejaculatory ducts
traverse. Figure 1.10 demonstrates graphically the development
of the male and female urinary systems.

The epithelium of the female urethra is derived from endo-
derm of the vesicourethral canal. The urethral sphincter devel-
ops from a mesenchymal condensation around the urethra
after the division of the cloaca in the 12- to 15-mm embryo.
Following the opening of the anal membrane at the 20- to
30-mm stage, the puborectalis muscle appears. At 15 weeks’
gestation, striated muscle can be seen, and a smooth muscle
layer thickens at the level of the developing bladder neck,
forming the inner part of the urethral musculature. Thus the
urethral sphincter is composed of both central smooth muscle
and peripheral striated muscle. The sphincter develops primar-
ily in the anterior wall of the urethra in a horseshoe or omega
shape (Matsuno, 1984).

Genetic sex is determined at the time of conception. A'Y chro-
mosome is necessary for the development of the testes, and the
testes are responsible for the organization of the sexual duct
system into a male configuration and for the suppression of
the paramesonephric (miillerian) system of the female. In the
absence of a Y chromosome or in the absence of a gonad, devel-
opment will be female in nature. Male differentiation is deter-
mined by expression of the SRY gene found on the short arm
of the Y chromosome. SRY protein is a transcription factor and
expression is unique to the Sertoli cell of the developing testis.
SRY induces expression of another transcription factor, SOX9,
which is also obligatory for male sex differentiation. A loss of
function mutation of either SRY or SOX9 results in XY sex
reversal, in which genetic males are phenotypic females. Several
genes regulate SRY/SOX9 expression including Wilms' tumor
suppressor 1 (Wtl) and steroidogenic factor 1 (Sf1). WT1 is a
transcription factor expressed in both urinary tract and gonadal
tissue. A loss of function mutation results in glomerulosclerosis
and gonadal dysgenesis. Sf1 encodes a nuclear receptor necessary
for steroidogenesis, gonadal differentiation, and adrenal forma-
tion. A loss of function mutation is associated with adrenal fail-
ure and XY sex reversal (Ozisik, 2003).

Although ovarian formation can only occur in the absence
of SRY/SOX9, there are unique genes necessary for develop-
ment. FoxL2 encodes a transcription factor necessary for granu-
losa cell expansion. A loss of function mutation causes ovarian
failure with other associated abnormalities found in blepha-
rophimosis-ptosis-epicanthus inversus syndrome (BPES) (De
Baere, 2001). BMPI5, located on the X chromosome, and
GDF9 on chromosome 5 encode growth factors expressed in
oocytes required for granulosa cell proliferation. A heterozy-
gous loss of function mutation results in ovarian failure (Di
Pasquale, 2004).

The understanding of the molecular basis of sex determina-
tion continues to expand with more than 25 genes so far identi-
fied in the process (Wilhelm, 2007).
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Figure 1.10 Diagrams showing division of the cloaca into the urogenital sinus and rectum;
absorption of the mesonephric ducts; development of the urinary bladder, urethra, and urachus; and
changes in the location of the ureters. A, Lateral view of the caudal half of a 5-week embryo. B, D,
and F, Dorsal views. C, E, G, and H, Lateral views. The stages shown in G and H are reached by the
twelfth week. (From Moore KL, Persaud TVN. The Developing Human: Clinically Oriented Embryology.
7th ed. Philadelphia: WB Saunders; 2003.)
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HUMAN SEX DIFFERENTIATION
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development. (Modified from Grumbach MM, Hughes IA, Conte FA. Disorders of sex differentiation.
In: Larsen PR, Kronenberg HM, Melmed S, et al, eds. Williams Textbook of Endocrinology. 10th ed.

Philadelphia: WB Saunders: 2003:870.)

GENITAL DEVELOPMENT

Male gonadal development precedes female development
(Fig. 1.11). During the fifth week after conception, coelomic
epithelium, later known as germinal epithelium, thickens in
the area of the medial aspect of the mesonephros. As ger-
minal epithelial cells proliferate, they invade the underlying
mesenchyme, producing a prominence known as the gonadal
ridge. In the sixth week the primordial germ cells, which have
formed at about week 4 in the wall of the yolk sac, migrate up
the dorsal mesentery of the hindgut and enter the undifferen-
tiated gonad. The somatic cells of the primitive gonadal ridge
then differentiate into interstitial cells (Leydig cells) and Ser-
toli cells. As they do so, the primordial germ cells and Sertoli
cells become enclosed within seminiferous tubules, and the
interstitial cells remain outside these tubules. Sertoli cells are
encased in the seminiferous tubules in the seventh and eighth
weeks. In the eighth week, Leydig cells differentiate and begin
to produce testosterone. At this point the mesonephric (wolff-
ian) duct differentiates into the vas deferens, epididymis, and
seminal vesicles, whereas the paramesonephric duct (miille-
rian duct) is suppressed because of the secretion and action
of anti-miillerian hormone (AMH), also known as miillerian
inhibitory substance (MIS), by Sertoli cells.

Primary sex cords, meanwhile, have condensed and extended
to the medullary portion of the developing testes. They branch
and join to form the rete testis. The testis therefore is primarily
a medullary organ, and eventually the rete testis connects with
the tubules of the mesonephric system and joins the developing
epididymal duct.

Development of the ovary occurs at about the eleventh or
twelfth week, although the primordial germ cells have migrated

several weeks earlier to the germinal ridge (Fig. 1.12). Two func-
tional X chromosomes are necessary for optimal development of
the ovary. Deletion of either the short arm or the long arm of a
single X chromosome precludes normal ovarian function, with
the former being associated with Turner syndrome (Simpson,
1999). The processes of gonadal development are schematically
summarized in Figure 1.13.

GENITAL DUCT SYSTEM

Early in embryonic life, two sets of paired genital ducts develop
in each sex: the mesonephric (wolffian) ducts and the parameso-
nephric (miillerian) ducts. The mesonephric duct development
precedes the paramesonephric duct development. The parame-
sonephric ducts develop on each side of the mesonephric ducts
from the evaginations of the coelomic epithelium. The more
cephalad ends of the ducts open directly into the peritoneal cav-
ity, and the distal ends grow caudally, fusing in the lower mid-
line to form the uterovaginal primordium. This tubular structure
joins the dorsal wall of the urogenital sinus and produces an ele-
vation, the miillerian tubercle. The mesonephric ducts enter the
urogenital sinus on either side of the tubercle.

MALE GENITAL DUCTS

Seminiferous tubules are produced in the fetal testes during the
seventh and eighth weeks after conception. During the eighth
week, interstitial (Leydig) cells differentiate and begin to pro-
duce testosterone. Male internal genital development is mainly
dependent on testosterone, whereas external genitalia are depen-
dent on 5a-dihydrotestosterone (DHT). Testosterone produced
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Figure 1.12 Ovary in embryo. A, The developing ovary (O) in a 9-week-old fetus is shown close to
the developing kidney (K). B, At this stage of development, the columns of primordial germ cells (G)
are embedded in a mesenchymal stroma (S) covered by a layer of cuboidal surface cells (E). (From
Stevens A, Lowe J. Human Histology. 3rd ed. Philadelphia: Elsevier Mosby; 2005:357.)

by the Leydig cells stimulates growth and development of the
wolffian duct structures of vas deferens, epididymis, and seminal
vesicles. DHT formed in target tissues by the enzyme type 2
Sa-reductase is responsible for formation of the prostate, scro-
tum, and penis (Thigpen, 1993).

Maternal hCG production may be key to male genital devel-
opment. The maximum serum level of hCG at approximately 8
weeks postconception or 10 menstrual weeks correlates with the
timing of male genital formation, and the highest fetal testoster-
one levels are seen at 11 to 17 weeks with a subsequent decline
(Reyes, 1974). hCG acting via the LH receptor is responsible for
stimulating Leydig cell testosterone production.

The bulbourethral glands, which are small structures that
develop from outgrowths of endodermal tissue from the mem-
branous portion of the urethra, incorporate stroma from the
adjacent mesenchyme. The most distal portion of the parameso-
nephric duct remains, in the male, as the appendix of the testes.
The most proximal end of the paramesonephric duct remains
as a small outpouching within the body of the prostate gland,
known as the prostatic utricle. Rarely, the prostatic utricle is
developed to the point where it will excrete a small amount of
blood and cause hematuria in adult life (Schuhrke, 1978).

FEMALE GENITAL DUCTS

In the absence of AMH, the mesonephric ducts regress, and
the paramesonephric ducts develop into the female genital
tract. This process begins at about 6 weeks and proceeds in a
cephalad to caudal fashion. The more cephalad portions of
the paramesonephric ducts, which open directly into the peri-
toneal cavity, form the fallopian tubes. The fused portion, or
uterovaginal primordium, gives rise to the epithelium and
glands of the uterus and cervix. Endometrial stroma and myo-
metrium are derived from adjacent mesenchyme. Failure of
development of the paramesonephric ducts leads to agenesis
of the cervix and the uterus referred to as miillerian agenesis or

Mayer-Rokitansky-Kuster-Hauser syndrome (Langman, 1982).
Failure of fusion of the caudal portion of these ducts may lead to
a variety of uterine anomalies, including complete duplication of
the uterus and cervix or partial duplication of a variety of types,
which are outlined in Chapter 11. Peritoneal reflections in the
area adjacent to the fusion of the two paramesonephric ducts
give rise to the formation of the broad ligaments. Mesenchymal
tissue here develops into the parametrium.

Pietryga and Wozniak studied the development of uterine
ligaments, documenting the development of the round liga-
ment at the eighth week, the cardinal ligaments at the tenth
week, and the broad ligament at week 19. From weeks 8 to 17,
the round ligament is connected to the uterine tube (Pietryga,
1992). Beginning at week 18 it comes to arise from the edge of
the uterus.

The vagina develops from paired solid outgrowths of endo-
derm of the urogenital sinus—the sinovaginal bulbs. These grow
caudally as a solid core toward the end of the uterovaginal pri-
mordium. This core constitutes the fibromuscular portion of the
vagina. The sinovaginal bulbs then canalize to form the vagina.
Abnormalities in this process may lead to either transverse or
horizontal vaginal septa. The junction of the sinovaginal bulbs
with the urogenital sinus remains as the vaginal plate, which
forms the hymen. This remains imperforate until late in embry-
onic life, although occasionally, perforation does not take place
completely (imperforate hymen). Failure of the sinovaginal bulbs
to form leads to agenesis of the vagina (Griffin, 1976).

Auxiliary genital glands in the female form from buds that
grow out of the urethra. The buds derive contributions from
the surrounding mesenchyme and form the urethral glands
and the paraurethral glands (Skene glands). These glands cor-
respond to the prostate gland in males. Similar outgrowths
of the urogenital sinus form the vestibular glands (Bartholin
glands), which are homologous to the bulbourethral glands in
the male. The remnants of the mesonephric duct in the female
include a small structure called the appendix vesiculosa, a few
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Figure 1.13 Schematic illustration showing differentiation of the indifferent gonads of a 5-week
embryo (top) into ovaries or testes. Left side shows the development of testes resulting from the
effects of the testis-determining factor (TDF), also called the SRY gene, located on the Y chromo-
some. Note that the gonadal cords become seminiferous cords, the primordium of the seminiferous
tubules. The parts of the gonadal cords that enter the medulla of the testis form the rete testis. In
the section of the testis at the bottom left, observe that there are two kinds of cells: spermatogonia
derived from the primordial germ cells and sustentacular (Sertoli) cells derived from mesenchyme.
The right side shows the development of ovaries in the absence of TDF. Cortical cords have extended
from the surface epithelium of the gonad, and primordial cells have entered them. They are the
primordia of the oogonia. Follicular cells are derived from the surface epithelium of the ovary. (From
Moore KL, Persaud TVN. The Developing Human: Clinically Oriented Embryology. 7th ed. Philadelphia:
WB Saunders; 2003.)
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blind tubules in the broad ligaments (the epoophoron), and a
few blind tubules adjacent to the uterus (collectively called the
parodphoron). Remnants of the mesonephric duct system are
often present in the broad ligaments or may be present adjacent
to the uterus or the vagina as Gartner duct cysts (Deppisch,
1975). The epoophoron or parodphoron may develop into
cysts. Cysts of the epoophoron are known as paraovarian cysts
(Chapter 18). Remnants of the paramesonephric duct in the
female may be seen as a small, blind cystic structure attached
by a pedicle to the distal end of the fallopian tube—the hydatid
of Morgagni. Table 1.2 categorizes the adult derivatives and
residual remnants of the urogenital structures in both the male
and the female. Figure 1.14 outlines schematically the develop-
ment of the internal sexual organs in both sexes.

EXTERNAL GENITALIA

In the fourth week after fertilization, the genital tubercle devel-
ops at the ventral tip of the cloacal membrane. Two sets of
lateral bodies—the labioscrotal swellings and urogenital folds—
develop soon after on either side of the cloacal membrane. The
genital tubercle then elongates to form a phallus in both males
and females. By the end of the sixth week, the cloacal membrane
is joined by the urorectal septum. The septum separates the clo-
aca into the urogenital sinus ventrally and the anal canal and
rectum dorsally (Hynes, 2004). The point on the cloacal mem-
brane where the urorectal septum fuses becomes the location of
the perineal body in later development. The cloacal membrane is
then divided into the ventral urogenital membrane and the dor-
sal anal membrane. These membranes then open, yielding the

vulva and the anal canal. Failure of the anal membrane to open
gives rise to an imperforate anus. With the opening of the uro-
genital membrane, a urethral groove forms on the undersurface
of the phallus, completing the undifferentiated portion of exter-
nal genital development. Differences between male and female
embryos can be noted as early as the ninth week, but the distinct
final forms are not noted until 12 weeks gestation (Fig. 1.15).

The phallus grows in length to form a penis, and the uro-
genital folds are pulled forward to form the lateral walls of the
urethral groove on the undersurface of the penis. These folds
then fuse to form the penile urethra. Defects in fusion of vari-
ous amounts give rise to various degrees of hypospadias. The
skin at the distal margin of the penis grows over the glans to
form the prepuce (foreskin). The vascular portion of the penis
(corpora cavernosa penis and corpus cavernosum urethrae) arises
from the mesenchymal tissue of the phallus. Finally, the labio-
scrotal swellings grow toward each other and fuse in the midline
to form the scrotum. Later in embryonic life, usually at about
the twenty-eighth week, the testes descend through the inguinal
canal guided by the gubernaculum (Frey, 1984).

Feminization of the undifferentiated external genitalia occurs
in the absence of androgen stimulation. The embryonic phal-
lus does not demonstrate rapid growth and becomes the clitoris.
Urogenital folds do not fuse except in front of the anus. The
unfused urogenital folds form the labia minora. The labioscrotal
folds fuse posteriorly in the area of the perineal body but later-
ally remain as the labia majora. Beyond 12 weeks’ gestation, the
labioscrotal folds will not fuse if the fetus is exposed to andro-
gens, though masculinization may occur in other organs of the
external genitalia such as growth of the clitoris. The labioscrotal

Table 1.2 Male and Female Derivatives of Embryonic Urogenital Structures

DERIVATIVES

Embryonic Structure Male Female
Labioscrotal swellings Scrotum Labia majora
Urogenital folds Ventral portion of penis Labia minora
Phallus Penis Clitoris

Glans, corpora cavernosa penis, and corpus spongiosum

Urogenital sinus Urinary bladder
Prostate gland
Prostatic utricle
Bulbourethral glands
Seminal colliculus

Paramesonephric duct Appendix of testes

Mesonephric duct Appendix of epididymis

Ductus of epididymis

Ductus deferens

Ejaculatory duct and seminal vesicle

Metanephric duct

Ductuli efferentes
Paradidymis
Undifferentiated gonad Testis

Cortex Seminiferous tubules
Medulla =

Rete testis
Gubernaculum testis

Mesonephric tubules

Gubernaculum

Ureters, renal pelvis, calyces, and collecting system

Glans, corpora cavernosa, bulb of the vestibule

Urinary bladder

Urethral and paraurethral glands

Vagina

Greater vestibular glands

Hymen

Hydatid of Morgagni

Uterus and cervix

Fallopian tubes

Appendix vesiculosis

Duct of epoophoron

Gartner duct

Ureter, renal pelvis, calyces, and collecting
system

Epoophoron

Paroophoron

Ovary

Ovarian follicles

Medulla

Rete ovarii

Round ligament of uterus
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Figure 1.14 Schematic drawings illustrating development of the male and female reproductive
systems from the genital ducts and urogenital sinus. Vestigial structures are also shown. A, Repro-
ductive system in a newborn male. B, Female reproductive system in a 12-week fetus. C, Reproduc-
tive system in a newborn female. (From Moore KL, Persaud TVN. The Developing Human: Clinically
Oriented Embryology. 7th ed. Philadelphia: WB Saunders; 2003.)
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Figure 1.15 Scanning electron micrographs (SEMs) of the developing male external genitalia. A,
SEM of the perineum during the indifferent state of a 17-mm, 7-week embryo (x100). 7, Develop-
ing glans of penis with the ectodermal cord. 2, Urethral groove continuous with the urogenital sinus.
3, Urogenital folds. 4, Labioscrotal swellings. 5, Anus. B, External genitalia of a 7.2-cm, 10-week
female fetus (x45). 7, Glans of clitoris. 2, External urethral orifice. 3, Opening into urogenital sinus. 4,
Urogenital folds (labia minora). 5, Labioscrotal swelling (labia majora). 6, Anus. C, SEM of the external
genitalia of a 5.5-cm, 10-week male fetus (x40). 7, Glans of penis with ectodermal cord. 2, Remains
of urethral groove. 3, Urogenital folds in the process of closing. 4, Labioscrotal swelling fusing to
form the raphe of the scrotum. 5, Anus. (From Moore KL, Persaud TVN. The Developing Human: Clini-
cally Oriented Embryology. 7th ed. Philadelphia: WB Saunders; 2003.)

folds fuse anteriorly to form the mons pubis. A portion of the
urogenital sinus between the level of the hymen and the labia
develops into the vestibule of the vagina, into which the ure-
thra, the vagina, and the ducts of Bartholin glands enter. Female
external genitalia are intensely estrogen receptor-positive com-
pared with the genitalia of the male. These receptors may be seen
primarily in the stroma of the labia minora and in the periphery
of the glans and interprepuce (Kalloo, 1993). The presence of
such receptors suggests that there may be a direct role of mater-
nal estrogens in the development of female external genitalia.

Virilization, masculinization, of a female (karyotype XX) fetus
may occur from exposure to androgens, either from the mother
or through fetal androgens as a result of genetic deficiencies in
the steroid biosynthetic pathway such as occurs in congenital
adrenal hyperplasia.

The ovaries do not descend into the labioscrotal folds. A
structure similar to the gubernaculum develops in the inguinal
canal, giving rise to the round ligaments, which suspend the
uterus in the adult. Figure 1.16 summarizes the development of
the external genitalia in each sex.
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Figure 1.16 Development of the external genitalia. A and B, Diagrams illustrating the appearance of the genitalia during the indifferent state
(fourth to seventh weeks). C, E, and G, Stages in the development of male external genitalia at 9, 11, and 12 weeks, respectively. To the left are
schematic transverse sections of the developing penis, illustrating formation of the spongy urethra. D, F, and H, Stages in the development of
female genitalia at 9, 11, and 12 weeks, respectively. (From Moore KL, Persaud TVN. The Developing Human: Clinically Oriented Embryology. 7th
ed. Philadelphia: WB Saunders; 2003.)
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KEY POINTS

m Oocyte meiosis is arrested at the prophase I from the fetal
period until the time of ovulation.

m Fertilization occurs in the ampulla of the fallopian tube
before the second polar body is cast off.

m After fertilization, first cell division leading to the two-cell
embryo takes about 26 hours.

# The human embryo enters the uterus somewhere between
4 and 5 days after conception at the blastocyst stages of
development.

® Implantation occurs when trophoblastic cells contact
endometrium and burrow beneath the surface. This gener-
ally takes place 3 days after the embryo enters the uterus.

m Twinning due to embryo splitting may occur at any time
until the formation of the blastocyst, after which time each
cell is no longer pluripotent.

m The earliest fetal epithelium to develop is the ectoderm,
the second is the endoderm, and the third is the meso-
derm.

m hCG is secreted by the syncytiotrophoblast at about the
time of implantation. It doubles in quantity every 1.2 to 2
days until 7 to 9 weeks gestation.

m Angiogenesis is seen by day 15 or 16. Embryonic heart
function begins in the third week of gestation.

m Organogenesis is complete by postconception day 56.

m The mesonephric duct system gives rise in the male to the
epididymis, vas deferens, and seminal vesicles. Remnants
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of the mesonephric duct system in the female remain as
parovarian cysts and the Gartner duct.

m The paramesonephric duct system develops in the female
to give rise to the fallopian tube, uterus, and cervix.
Remnants give rise to the hydatid of Morgagni at the end
of the fallopian tubes. Remnants in the male remain as
the appendix of the testes and prostatic utricle. This duct
system is suppressed in the male by the action of AMH.

m The vagina develops from the sinovaginal bulbs, which are
outgrowths of the urogenital sinus. Failure of these bulbs
to form leads to agenesis of the vagina.

m The adult kidney develops from the metanephros, and its
collecting system (ureter and calyceal system) develops
from the metanephric (ureteric) bud from the mesonephric
duct.

m The urinary bladder develops from the urogenital sinus.

m The SRY gene on the Y chromosome is responsible for the
development of testes. Without the presence of this gene,
the gonadal development is ovarian. With the absence of
Sertoli cells, AMH is not produced, the paramesonephric
duct system develops into a phenotypic female configura-
tion, and the mesonephric duct system is suppressed.

m The genital tubercle elongates to form the penis in the
male and the clitoris in the female.

m Two functional X chromosomes are necessary for optimal
development of the ovary.
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GENETIC BASIS OF DISEASE

Medical research and medical care have been profoundly influ-
enced by the advancement of science that succeeded in sequenc-
ing the human genome, allowing scientists to concentrate on
translating this genomic text to meaningful prose. As the code
is deciphered with increasing resolution, it is apparent that vir-
tually all human diseases have an underlying genetic compo-
nent, although the conversion from genotype to ultimate clinical
phenotype is not always easily understood.

The overarching goals of medical care have not changed:
diagnose, treat, and focus on disease prevention. The new
promise of medicine in the postgenomic era is to individualize
these goals, such that lifestyle interventions, screening modali-
ties, and pharmaceuticals can be tailored to each person based
on his or her unique genomic sequence. These goals have begun
to materialize, through examples such as detailed breast cancer
screening for women in families with known BRCAI or BRCA2
mutations, or tailored chemotherapeutic regimens based on
molecular testing of an individual tumor. Furthermore, there
is unprecedented public accessibility of the technology for
genomic screening or application of genetic information to
medical treatment. Since completion of the Human Genome
Project in April 2003, technology has advanced at an extraordi-
nary pace to allow high-throughpur data generation at increas-
ingly reasonable cost. High-throughput methods involve
automation of experiments or assays to allow for simultane-
ous large-scale repetition. Over the first post-genomic decade,
the time to prepare and sequence a complete human genome
plummeted from 13 years to a matter of 3 to 4 days, and the
cost dropped from just under $30 million to around $1000
(Topol, 2014).

As a result, genetics is a field that all health care profes-
sionals need a basic level of familiarity with, not just the
subspecialists. Genetics, genomics, and the technology to
interpret the information are now an integral part of main-
stream medicine (Table 2.1). The obstetrician/gynecologist is
often the first-line provider in helping patients navigate this
complicated landscape. This chapter focuses on developing a
basic understanding of genetic makeup, heritability, and the
most commonly used tools for detecting genetic disorders in
patients or their offspring.

BUILDING BLOCKS OF GENETICS
MOLECULAR BUILDING BLOCKS

Genetic information is encoded in deoxyribonucleic acid (DNA)
in the nucleus of each cell of the body. DNA molecules are
made up of two complementary linear sequences of nucleotides
intertwined together as a double helix. The backbone of the lin-
ear DNA molecule is composed of a phosphate and a pentose
sugar (deoxyribose) to which is attached a nitrogen base. Four
such bases are found in a DNA molecule: two purines (adenine
[A] and guanine [G]) and two pyrimidines (thymine [T] and
cytosine [C]). Purine and pyrimidine occur in equal amounts;
A is always paired with T in the two strands of the double helix,
and G is always paired with C. The order of bases along the
molecule is the genetic sequence, and the complete sequence of
all 6 billion bases in an individual cell nucleus (3 billion paired
bases, arranged in linear antisense strands) makes up the human
genome.

The Central Dogma published by Francis Crick in 1970
remains at the heart of molecular biology (Crick, 1970). The
DNA is transcribed to a complementary ribonucleic acid (RNA)
molecule (messenger RNA), which may be modified by regula-
tory sequences or three-dimensional (3D) structure. Three-base
codons are read and translated to amino acids that are linked to
form a protein with some function within the cell or organism
(Fig. 2.1). The traditional concept of a gene refers to a unit of
DNA sequence that codes for production of a protein. Surpris-
ingly, with completion of the Human Genome Project, this
gene-centric view of biology turned out to be only the tip of
the iceberg in understanding the complex manner in which the
genetic sequence translates to human life. Of the 3 billion base
pairs that make up the genome, only about 1.5% of the assem-
bled sequence codes for proteins. This coding portion, or exome
contains about 20,000 to 25,000 genes, which is only a fraction
of previous estimates that were predicated on gene number cor-
relating with complexity of the species (Gerstein, 2007). There is
now significant interest in the remaining 98.5% of the genome,
in how it carries out the blueprint of life. There is a growing field
of discovery in the regulatory function of specialized noncoding
RNA molecules, called microRNA (miRNA), which appear to be
the gatekeepers of many biologic processes (Pritchard, 2012).
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Table 2.1 Publicly Available Online Resources for Human Genomic Information

General Reference
National Human Genome Research Institute
(NHGRI)

Sequence Databases

GenBank: collection of all publicly available
DNA sequences

SNPedia: wiki investigating human genetics

HapMap: multi-ethnic project to catalog SNP
haplotypes

ENCyclopedia Of DNA Elements (ENCODE)

Database of Genomic Variants

Genotype/Phenotype Correlation
Online Mendelian Inheritance in Man (OMIM)

Genome-Wide Association Study (GWAS)
Central

Genome Browsers
Ensembl

University of California Santa Cruz (UCSC)
Genome Bioinformatics
NCBI

National Institutes of Health (NIH)

River Road Bio, LLC (Cariaso, 2012)

Scientists and funding agencies from Japan, the United
Kingdom, Canada, China, Nigeria, and the United States

International consortium to annotation functional elements
in the genome (Birney, 2007)

The Centre for Applied Genomics, Toronto, Canada
(MacDonald, 2014)

McKusick-Nathans Institute of Genetic Medicine, Johns
Hopkins University School of Medicine (Amberger, 2015)
(Beck, 2014)

Wellcome Trust Sanger Institute/European Bioinformatics
Institute
University of California at Santa Cruz

National Center for Biotechnology Information
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WWW.genome.gov

www.ncbi.nlm.nih.gov/genbank

www.SNPedia.com
hapmap.ncbi.nlm.nih.gov

www.encodeproject.org

dgv.tdag.ca

omim.org

www.gwascentral.org

www.ensembl.org
genome.ucsc.edu

www.ncbi.nlm.nih.gov/genome
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Figure 2.1 Schematic representation of polypeptide production from genetic message to final
product. (Courtesy of Edith Cheng, MD.)
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MITOSIS/MEIOSIS

The full genome consists of two copies of the total DNA
sequence, packaged into two homologous sets of 23 separate
chromosomes (22 autosome pairs and 1 allosome, or sex chromo-
some pair). During cell division, an exact replica of this biologic
blueprint is passed to each daughter cell through the process of
mitosis. The formation of gametes requires even distribution of
the chromosomes to the progeny through the process of meiosis,
as described in Chapter 1. Upon fertilization, the zygote regains
a full diploid complement of genetic material, equally derived
from each parent. This process of replicating, packaging, and
passing on genetic material from generation to generation forms
the basis of heredity. Furthermore, errors in these processes can
cause sequence changes or rearrangement of larger portions of
DNA, introducing genetic variation or pathology, depending on
the location of the change.

GENOMIC VARIATION

Genetic Variation

On April 14, 2003, the Human Genome Project was declared
complete, with successful sequencing of the full human genome.
Initial interpretation of the sequence result claimed 99.9% simi-
larity between healthy individuals at the DNA sequence level,
leaving only 0.1% of the genome sequence to account for individ-
ual differences in phenotype (Lee, 2007). Each alternative form of
genetic code at any given Jocus is referred to as an allele. An indi-
vidual inherits two alleles of every genetic locus, one from each
parent. If both inherited alleles are made up of the same sequence,
the individual is homozygous for the given locus. If the alleles are
different, the individual is heterozygous. The allelic options at
any given genetic locus derive from single nucleotide substitu-
tions within the DNA sequence. Population sampling has dem-
onstrated that among healthy individuals, the genetic sequence
differs at around 10 million points (out of 3.2 billion DNA base
pairs). These naturally occurring differences are called single nucle-
otide polymorphisms, or SNPs. To be classified as an SNP, two or
more versions of nucleotide sequence must be present in at least
1% of the general population. The term SNP is used to describe
genetic variation of healthy individuals, as no disease-causing
nucleotide change is this common. An example of an SNP known
to mediate susceptibility to disease is the delta 32 allele of the
beta-chemokine receptor 5, or CCRS5. Individuals carrying one
copy of the delta 32 allele are somewhat resistant to infection by
HIV, the virus that causes AIDS, and individuals with two cop-
ies (delta 32 homozygotes, ~1% of whites) are almost completely
immune to infection by HIV (Huang, 1996). Thus the genetic
variant is not the cause of disease (HIV) but is importantly associ-
ated with the manifestation of disease in humans.

In addition to individual sequence variation, comparative
genome studies between individual sequences have revealed a far
more pervasive form of genetic variation, termed copy number
variants (CNV) (Iafrate, 2004; Sebat, 2004). These are structural
variants, made up of relatively large DNA segments (ranging in
size from 1000 bp to 500,000 bp or more) that appear in a vari-
able number at a given genetic locus, and cumulatively affect
360 million nucleotides, or about 12% of the human genome
(Redon, 2006). A CNV can be either benign or pathogenic,
and a large proportion of identified CNV have as yet unknown
significance.

Thus, although SNPs introduce genetic variation at the level
of individual base substitutions, CNVs represent variation in
the “dose” of a relatively large DNA segment. The collection of
genetic sequence variants (SNPs) or CNVs within an individual
forms a sort of biologic landscape that will influence how that
person experiences or responds to external influences such as
challenge from an invading pathogen or ultraviolet ray exposure
from the sun. Thus understanding genetic variation in the form
of SNPs and CNVs and their biologic influence can reveal a pre-
disposition toward disease, variable susceptibility to infections,
or diverse responses to pharmaceuticals as well as side effects
from the same compounds. In other words, genetic variation is
at the core of our collective goal of “individualized medicine,” in
which preventive strategies or “designer drugs” can be tailored to
an individual based on one’s genomic information.

Epigenetic Variation

There are forms of genetic variation that do not involve a
change in nucleotide sequence. Instead, persistent alterations
in three-dimensional DNA structure can change the expression
pattern of a gene. Covalent modification of histones to alter
chromatin structure and the covalent addition of methyl groups
to cytosine residues in the DNA are the most commonly seen
three-dimensional DNA alterations. These patterns of epigenetic
modification of genes are replicated through successive cell divi-
sions despite unchanged DNA sequence and have the potential
to be heritable (Portela, 2010).

Two well-studied mechanisms of epigenetic modification
influencing disease phenotype include genomic imprinting
and CpG island methylation patterns. Genomic imprinting is
a process by which hypermethylation of a specific parental allele
causes that allele of the gene to be silenced, and disease may
arise if the remaining allele is abnormal. Variable methylation of
CpG islands in cancer cells can promote tumorigenesis through
loss of proliferative supervision of the cell. Epigenetics is a
growing field for understanding complex genotype-phenotype
interactions. Epigenetic mechanisms such as methylation have
been shown to play a role in multiple other human disease types
beyond cancer, including neurodevelopmental disorders, neuro-
degenerative and neurologic diseases, and autoimmune diseases

(Portela, 2010).

The term mutation is generally reserved for new changes in the
genetic code that lead to altered function and clinical conse-
quences. A gene mutation occurs when there has been a change
in the genetic code. The mutation may involve changing a sin-
gle base, known as a point mutation, or a larger segment, in
which bases are removed, duplicated, or inserted. Mutations
occur as a result of environmental damage to DNA, through
errors during DNA replication or repair, and through uneven
crossing over and genetic exchange during meiosis. The loss
or gain of bases in a protein-coding region may disrupt the
reading frame of the triplet codons. Alternatively, a change
in base sequence in a noncoding region of DNA may alter
the ability of regulatory proteins or RNA molecules to bind
to the DNA. Point mutations within the gene could result in
an amino acid substitution, leading to different products with
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altered functions. Figure 2.2 demonstrates such an occurrence
for sickle cell anemia caused by the substitution of a single base
at a single point. In contrast to sickle cell anemia where there is
only one mutation, the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) gene is an example of a gene for which
more than 1000 mutations or alleles have been described to
date. Some genes also have regions that are more prone to
mutational events (hot spots).

SINGLE GENE DISORDERS

Disease-causing genetic alterations are categorized by patterns of
familial segregation. Any evaluation of the segregation pattern
of a trait or disease in a family requires the development of a
three-generation pedigree (Fig. 2.3). This graphic representation
of family history data assists in determining the transmission

Hemoglobin- DNA
Binding Protein  Triplet Codons Amino Acid
HgbA CTT CTC == Glutamic
(normal) acid
HgbS CAT CAC === \/aline
HgbC TTT TTC === | ysine

Figure 2.2 A single base pair substitution in the same DNA triplet
codon for glutamic acid at amino acid position 6 for normal hemo-
globin results in hemoglobin S (valine in sickle cell disease) or hemo-
globin C (lysine in HgbC disease). (Courtesy of Edith Cheng, MD.)

IR

|:| - Male
O = Female

@ = Early pregnancy loss

<F> = Pregnancy

X = “Proband” or individual of interest

D=O = Consanguineous
mating

Figure 2.3 Standard figures and nomenclature for a pedigree.
(Courtesy of Edith Cheng, MD.)

pattern of the gene, as well as predicting the risk of recurrence.
In some conditions, the pattern of transmission and the con-
stellation of clinical characteristics of affected individuals in the
pedigree provide the diagnosis, which otherwise would not be
evident if only one individual were evaluated.

Mendelian Inheritance Patterns
Autosomal Dominant
In an autosomal dominant mode of inheritance, only one copy
of the mutated gene is required for expression of the trait, and the
individual is said to be heterozygous for the trait. There are more
than 4000 known autosomal dominant conditions, and most
occur in the heterozygous form in affected individuals. With a
few exceptions, autosomal dominant conditions occurring in the
homozygous form (two copies of the affected gene) are rare, the
phenotype is more severe, and they are often lethal. An exam-
ple is achondroplasia, in which two copies of the mutated gene
result in a lethal condition.

The general characteristics of autosomal dominant inheri-
tance are illustrated in Figure 2.4 and summarized as follows:

1. Every affected individual has an affected parent (unless this
is a new mutation—to be discussed later). The inheritance
pattern is vertical.

2. If reproductively fit, the affected person has a 50% risk of

transmitting the gene with each pregnancy.

. The sexes are affected equally.

. There is father-to-son transmission.

. An individual who does not carry the mutation will have no

risk of transmission to his or her offspring.

N 0

Three additional properties associated with, but not exclusive to,
autosomal dominant traits are variable expressivity, penetrance,
and new mutations. Variable expressivity describes the severity
of the phenotype in individuals who have the mutation. Some
autosomal dominant conditions have a clear clinical demarca-
tion between affected and unaffected individuals. However,
some conditions express the clinical consequences of the muta-
tion in varying degrees among members of the same family and
between different families. These differences in expression are
modified by age, sex of the affected individual, the individual’s
genetic background, and the environment. Variable expression
of a condition can lead to difficulties in diagnosis and interpreta-
tion of inheritance pattern. Penetrance refers to the probability
that a gene will have any clinical manifestation at all in a person

Figure 2.4 Example of autosomal dominant inheritance. (Courtesy
of Edith Cheng, MD.)
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known to have the mutation. A condition is 100% penetrant if
all individuals with the mutation have any clinical feature of the
disease (no matter how minor). A number of autosomal domi-
nant conditions are the result of new mutations. For example,
about 70% of achondroplasia cases occur as new mutations.
Because this condition has 100% penetrance, the recurrence risk
in subsequent pregnancies in the normal parents of an affected
child is extremely low, but the risk to the offspring of the affected
is 50%. If an autosomal dominant condition is associated with
poor reproductive fitness, then the likelihood that the cases
occurred because of new mutation is greater.

Autosomal Recessive

Autosomal recessive conditions are rare and require the affected
individual to have two copies of the mutant allele (homozygous)
in order to manifest the condition. In the heterozygote carrier,
the product of the normal allele is generally able to compen-
sate for the mutant allele and prevent occurrence of the disease.
Figure 2.5 is a typical pedigree illustrating autosomal recessive
inheritance. The following general statements can be made
about an autosomal recessive trait:

. The characteristic will occur equally in both sexes.

. For an offspring to be at risk, both parents must have at least

one copy of the mutation.

3. If both parents are heterozygous (carriers) for the condition,
on average 25% of the offspring will be homozygous for the
mutation and manifest the condition, and 50% will be carri-
ers and unaffected. The remaining 25% will not have inher-
ited the mutation at all, will be unaffected, and will not be at
risk of transmitting the mutation to any offspring.

4. Consanguinity is often present in families demonstrating rare

autosomal recessive conditions.

o =

Figure 2.5 Pedigree illustrating autosomal recessive inheritance.
Here the parents of the affected children are first cousins, as denoted
by the double line connecting them. (Courtesy of Edith Cheng, MD.)

5. If the disease is relatively rare, it will be clustered among the
siblings and will not be seen among other family members
such as ancestors, cousins, aunts, and uncles.

Because autosomal recessive conditions require two copies of the
mutant allele, and because most matings are not consanguine-
ous, counseling couples about the risk for an autosomal reces-
sive condition requires knowledge of the carrier frequency of the
condition in the general population. Cystic fibrosis exemplifies
the importance of knowing the population in which screening/
counseling is being provided (Table 2.2). Depending on the eth-
nic group of the mother and father, the risk for a child having
cystic fibrosis could be as high as 1 in 1936 (1/22 x 1/22 x 1/4)
if they are Northern European white or considerably less so if
they are of Asian descent.

X-linked Trait

The human X chromosome is quite large, containing about 160
million base pairs, or about 5% of the nuclear DNA. Of the 500
genes that have been mapped to the X chromosome, 70% are
known to be associated with disease phenotypes. Diseases caused
by genes on the X chromosome are said to be X linked, and most
are recessive. In contrast, the Y chromosome is quite small, about
70 million base pairs, and contains only a few genes.

The expression of genes located on the X chromosome
demonstrate a unique characteristic known as dosage compen-
sation, a concept which was described by Mary Lyon in the
1960s to explain the equalization of X-linked gene products
in males and females (Lyon, 1961). Achievement of dosage
compensation is through the principles of X inactivation, also
known as the Lyon hypothesis. The tenets of the Lyon hypothesis
are as follows:

1. One X chromosome in each cell is randomly inactivated in
the early female embryo (soon after fertilization).

2. The inactivation process is random: either the paternally or
maternally derived X chromosome is chosen. The female is
thus a mosaic for genes located on the X chromosome.

3. All descendants of the cell will have the same inactive X chro-
mosome.

The Lyon hypothesis is supported by clinical evidence derived
from animal and human observations of traits located on the
X chromosome, such as the calico cat pattern of red and black
patches of fur on female cats but not on male cats. In humans,
males and females have equal quantities of the enzyme glucose-
6-phosphate dehydrogenase (G6PD), which is encoded by a

gene on the X chromosome. The mechanism for X inactivation

Table 2.2 Carrier Frequencies for Cystic Fibrosis in Different
Populations

Chance of Being Chance Both

Ethnicity Carrier Carriers*
European descent 1in 29 1in 841

Hispanic American 1in 46 1in2116
African American 1in 65 1in 4225
Asian American 1in 90 1in 8100

*The chance for an affected child being born to these couples is the chance that
both are carriers times Va.
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is unknown at this time but clearly requires the presence of the
X inactivation center, which has been mapped to the proximal
end of the long arm of the X chromosome (Xq). This center
contains an unusual gene called the X-inactive specific transcript
(XIST), which seems to control X inactivation, a process that
cannot occur in its absence.

The principles of the Lyon hypothesis remain true for the
majority of genes located on the X chromosome. The silencing
of these genes appears to occur as a function of DNA meth-
ylation at the promoter regions of these genes. However, several
regions remain genetically active on both chromosomes. They
include the pseudoautosomal regions located at the tips of the
long and short arms, which are the regions that contain the genes
for steroid sulfatase, the Xg blood group, and Kallman syndrome
(hypogonadism and anosmia). The pseudoautosomal region on
the short arm shares extensive homology with the Y chromo-
some and is the region involved in the pairing of the X and Y
chromosome at meiosis.

Another exception to the Lyon hypothesis is that one X
chromosome is nonrandomly, preferentially inactivated. This
is observed for most cases of translocations between an X chro-
mosome and an autosome. If the translocation is balanced, the
structurally normal X chromosome is preferentially inactivated.
If the translocation is unbalanced, then the structurally normal
X chromosome is always active. These nonrandom patterns
of inactivation are an attempt to minimize the clinical conse-
quences of the chromosomal rearrangement. Studies can be
done to look at patterns of inactivation, as in the case of prena-
tal diagnosis, to predict the clinical consequences of a de novo
X/autosome translocation in the fetus.

Random inactivation confers a mosaic state for the carrier
female. The normal allele is able to compensate for the abnor-
mal allele (as in autosomal recessive traits), and carrier females
of X-linked recessive conditions usually do not have clinical
manifestations of the disease. Occasionally, however, there is
skewed or less than 50-50 chance of inactivation such that the
X chromosome carrying the normal allele is inactivated more
frequently. In such cases, carrier females display some features
of the condition and are referred to as manifesting heterozygotes.
Manifesting heterozygotes have been described for hemophilia
A, Duchenne muscular dystrophy, ornithine transcarbamylase
deficiency, and X-linked color blindness. Genetic counseling of
recurrence risks for an X-linked recessive condition depends on
the sex of the affected parent and of the offspring. Figure 2.6 is
a pedigree illustrating X-linked recessive inheritance, the charac-
teristics of which are the following:

1. Affected individuals are usually males unless X-chromosome
activation is skewed in the carrier female or the female is
homozygous for the trait.

The affected males in a kindred are related through females.
The gene is not transmitted from father to son.

All daughters of affected males will be carriers.

Daughters of carrier females have a 50% chance of being
carriers; sons of carrier females have a 50% chance of being

affected.

A

X-linked Dominant Inheritance
The major feature of X-linked dominant inheritance is that all
heterozygotes, both male and female, manifest the condition.

Although the pedigree may resemble autosomal dominant
inheritance, the distinguishing feature is that affected males
never have affected sons, and all daughters of affected males are
affected. There are usually more affected females than males,
and the majority of the females are heterozygotes. Examples of
diseases with this mode of inheritance are hypophosphatemic
rickets and Rett syndrome.

Non-Mendelian Inheritance Patterns

(Complex Traits)

Trinucleotide-Repeat Disorders: Unstable Mutations

In the early 1990s a new class of genetic conditions was recog-
nized as being due to unstable dynamic mutations in a gene.
In classic genetic inheritance, the diseases and their inheritance
patterns are due to mutations that are passed on from generation
to generation in a stable form. That is, all affected members in a
family have the identical inherited mutation. In 1991, however,
a number of reports began to describe a new class of genetic
condition in which the gene mutation was dynamic and would
change with different affected individuals within a family. The
most common group of disorders is known as #riplet, or trinucle-
otide repeat, disorders. More than a dozen diseases are now known
to be associated with unstable trinucleotide repeats (Table 2.3)
(Cummings, 2000).

These conditions are characterized by an expansion of vari-
able size, within the affected gene, of a segment of DNA that
contains a repeat of three nucleotides such as CAGCAGCAG
(CAG)n, or CCGCCG (CCG)n. These triplet repeats are unsta-
ble in that they tend to expand as the gene is passed on from
generation to generation. The molecular mechanism is most
likely misalignment at the time of meiosis. The result of increas-
ing triplet expansion is progressively earlier onset or more severe
manifestation of disease with each successive generation. This
phenomenon is known as anticipation.

The commonality of this group of genetic conditions stops at
the shared molecular mechanism. Each disease, otherwise, has its
own features. Some, such as myotonic dystrophy, are inherited
in an autosomal dominant pattern, but others, such as Friedrich
ataxia, are autosomal recessive conditions. The susceptibility of
the triplet repeat to expand also may depend on the parent of
origin: paternal in Huntington disease and exclusively maternal
in fragile X syndrome.

B OO

Figure 2.6 Pedigree illustrating X-linked recessive condition.
(Courtesy of Edith Cheng, MD.)
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Table 2.3 Some Commonly Known Disorders Associated with Unstable Triplet Repeats

BASIC SCIENCE

REPEAT NUMBER

Disease Inheritance Pattern  Triplet Repeat Location of Expansion Normal Unstable Affected

Huntington disease Autosomal dominant CAG Exon coding region <36 29-35 >35

Fragile X X-linked CGG 5’ untranslated region <55 56-200 >200

Myotonic dystrophy ~ Autosomal dominant GTG 3’ untranslated region <35 50-100 >100

Spinal cerebellar Autosomal dominant CAG Exon <40 Different for each >40
ataxias* subtype

Friedrich ataxia Autosomal recessive GAA Intron of gene <33 34-65 >65

*Spinal cerebellar ataxias are a heterogeneous group of conditions, all of which appear to be associated with a CAG repeat. Each subtype has its own specific range

of normal, unstable, and affected repeat sizes.

Fragile X Syndrome

Fragile X syndrome, a disease within the unstable triplet group,
is the most common heritable form of moderate mental retar-
dation and is second to Down syndrome among the causes of
mental retardation in males. In women, a mild carrier state may
present as premature menopause. The gene is located on the X
chromosome at Xq27.3 and causes a pattern of abnormalities,
including mental retardation and characteristic facial features.
Disease frequency is approximately 1 in 4000 male births. The
condition is due to an expansion of the triplet repeat CGG
located in the untranslated region of the first exon of the gene
called FMRI (fragile X mental retardation 1). The triplet expan-
sion blocks normal function of the FMRI gene, thus causing the
syndrome.

Normal individuals have about 8 to 50 copies of the CGG
triplet, whereas affected individuals have from 200 to more than
1000 copies. Individuals with an intermediate number of cop-
ies (52 to 200) are known as premutation carriers; this level of
“expansion” renders the triplet-repeat segment unstable. These
carriers are generally unaffected but are at risk for having affected
children or descendants if the premutation expands in succes-
sive generations. The premutation, however, can be passed on
without expanding,

Long-term follow-up of premutation carriers has revealed
that these individuals are not necessarily “unaffected.” Prema-
ture ovarian failure has been associated with female premutation
carriers, and in men, a syndrome of atypical adult-onset ataxia
(EXTAS) has now been described (Hagerman, 2004).

Although the unstable triplet is transmitted in an X-linked
pattern, the probabilities of the different phenotypes are far from
traditional X-linked inheritance. Understanding of this feature
of the fragile X syndrome is crucial to genetic counseling and
assessing recurrence risks. The possible outcomes of the offspring
of a premutation carrier female are the following:

1. Male offspring—three possibilities:

a. Unaffected by not having inherited the X chromosome
with the premutation.

b. Unaffected by inheriting the X chromosome with the pre-
mutation, which did 7oz expand (about 20% of the time);
this male, however, is at risk for passing the premutation
to his daughters, who in turn will be at risk for having
affected children. Therefore, for this male, his grandchil-
dren will be at risk for the fragile X syndrome.

c. Affected by having inherited the abnormal X chromo-
some, in which the premutation also expanded to a full
mutation.

2. Female offspring—four possibilities:

a. Unaffected by not having inherited the X chromosome
with the premutation.

b. Unaffected by inheriting the X chromosome with the
premutation that did 7oz expand.

c. Unaffected, but inherited the X chromosome with an
expansion—about 50% of females with the expansion
appear to be clinically unaffected.

d. Affected by inheriting the X chromosome with an
expansion.

Genomic Imprinting and Uniparental Disomy
Genomic imprinting and uniparental disomy refers to the differ-
ential activation or expression of genes depending on the parent
of origin. In contrast to Mendel’s hypothesis that the pheno-
type of a gene is no different if inherited from the mother or
the father, we now understand that there is a group of diseases
in which the parent of origin of a gene or chromosome plays a
role in the phenotype of the affected individual. The best-studied
example of this mechanism is Prader-Willi syndrome (PWS)
and Angelman syndrome (AS). Both diseases arise from loss of
function of the same gene on chromosome 15, but two differ-
ent disease phenotypes arise depending on which parental allele
is affected. PWS is characterized by obesity, hyperphagia, small
hands and feet, hypogonadism, and mental retardation (Jones,
20006). In about 70% of cases, cytogenetic deletion of the proxi-
mal arm of the paternally inherited chromosome 15 is observable
(15q11-q13). In contrast, the same deletion of the maternally
inherited chromosome 15 results in the Angelman phenotype
of severe mental retardation, short stature, spasticity, and sei-
zures (Jones, 2006). Interestingly, 30% of subjects with PWS
do not have a cytogenetic deletion but rather inherit two intact
chromosomes 15 from the mother. No genetic information on
chromosome 15 is inherited from the father. This is referred
to as maternal uniparental disomy. Individuals with Angelman
syndrome without a cytogenetic deletion have two copies of the
paternally derived chromosome 15 and no chromosome 15 from
the mother, a condition termed paternal uniparental disomy.
These findings indicate that for the region of 15q11-q13, the
expression of the PWS phenotype is brought on by the absence
of a paternal contribution of the genes in this region. Likewise,
the expression of Angelman syndrome is due to the absence of
the maternal contribution of genes located at 15q11-q13. The
genes in this region are said to be “imprinted” because their par-
ent of origin has been “marked.”

Many regions of the human genome have now demonstrated
evidence of imprinting. Knowledge of diseases that occur as a
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result of imprinting has implications in prenatal diagnosis, espe-
cially when mosaicism is encountered.

Germline Mosaicism

Mosaicism is defined as the presence of two or more geneti-
cally different cell lines in the same individual or tissue derived
from a single zygote. All females, because of X inactivation, are
mosaics for genes on the X chromosome. Mosaicism, however,
is not necessarily evenly or randomly distributed throughout
the body. In other words, using the entire body as the whole
organism, an individual is mosaic either because different
organs or tissues have genetically different cells, but each organ
or tissue has the same cell line, or because the genetically dif-
ferent cell lines are dispersed throughout many tissues in the
body. The distinction between these two types of mosaicism
is particularly important in making a prenatal diagnosis in
cases in which mosaicism is identified in amniotic fluid cells.
For instance, one cannot be confident that a fetus identified as
being mosaic trisomy 21 would necessarily have a less severe
mental retardation phenotype because of mosaicism. The brain
cells could be all full trisomy 21, but the cells of the skin could
all be normal diploid. In germline mosaicism, the implication
is that the mutation is present in only one parent and arose
during embryogenesis in all or some of the germ line cells but
few or none of the somatic cells of the embryo. This concept
was developed to explain recurrence of a genetic condition in a
sibship (usually autosomal dominant) in which incorrect diag-
nosis, autosomal recessive inheritance, reduced penetrance, or
variable expression could not be the reason for the recurrence.
The best example of germline mosaicism is osteogenesis imper-
fecta type II (lethal form). At the molecular level, the muta-
tion causing the condition is dominant—that is, only one copy
of the abnormal gene is necessary to cause this perinatal lethal
condition. Yet there are families in which multiple affected
pregnancies are seen in the same couple or one parent has recur-
rences with different partners. If the spontaneous mutation rate
for an autosomal dominant mutation is 1 chance in 10, then
the probability of two independent spontaneous mutations for
the same lethal autosomal dominant condition is (1/10%)2, a
highly unlikely event. Germline mosaicism is now well docu-
mented for about 6% of cases of osteogenesis imperfecta type
IT (Zlotogora, 1998). Unfortunately, the exact recurrence risk is
difficult to assess because the proportion of gametes containing
the mutation is unknowable.

Mitochondrial Inheritance: Maternal Inheritance

Most inherited conditions occur as a result of mutations in the
DNA of the nucleus (nuclear genome). However, mitochondria
have their own DNA molecules, which contain a small fraction
of genes whose product are vital to the function of the cell. Mito-
chondrial DNA (mtDNA), which was completely sequenced in
1981, is small, about 16.5 kilobase pairs (kbp), and is packaged
as a circular chromosome located in the mitochondria. A grow-
ing number of conditions resulting from abnormalities of the
mitochondria have now been identified. Because the mitochon-
drial apparatus and its function are under the control of both
nuclear and mitochondrial genes, many diseases affecting the
mitochondria do not follow the typical Mendelian pattern of
inheritance. Each human cell contains a population of several
hundred or more mitochondria in its cytoplasm. Most of the

subunits that make up the mitochondrial apparatus are encoded
by the nuclear genome.

Because the primary function of the mitochondria is to pro-
vide energy in the form of adenosine triphosphate (ATP) for
the cell, mutations that affect the genes that code for oxidative
phosphorylation will likely result in cell dysfunction and death.
The organs most affected would be those that depend heavily on
mitochondria. The diseases that result are generally neuromuscu-
lar in nature, such as encephalopathies, myopathies, ataxias, and
retinal degeneration, but the mutations have pleiotropic effects,
meaning multiple different clinical traits are caused by a single
gene defect (Johns, 1995).

The most significant characteristic of mitochondrial diseases
caused by mutations in mtDNA is that they are all maternally
inherited. This is because the cytoplasm of the ovum is abun-
dant with mitochondria, but the sperm contain very few mito-
chondria. Therefore an individual’s mitochondria (and mtDNA)
are essentially all inherited from the mother. If the mother has
an mtDNA mutation, then all of her children will inherit that
mutation. When a mutation arises in the DNA of a mitochon-
drion in the cytoplasm of the ovum, it is at first one mutation
in one mitochondrion. However, as replication and division
of this mutated mitochondrion occur, they become randomly
distributed among the normal mitochondria and between the
daughter cells. One daughter cell by chance may contain a large
population of mitochondria with the mutation, but the other
has none or very little. Fertilization of the egg with a large pro-
portion of mitochondria containing the mutation would result
in an offspring that is at risk for manifesting a mitochondrial
disease. Leber hereditary optic neuropathy (LHON) is a well-
known mitochondrial disease in which rapid, bilateral loss of
central vision occurs as a result of a mutation in mitochondrial
DNA. Males and females are affected equally, and all affected
individuals are related through maternal lineage.

A second feature of mitochondrial diseases is that of variable
expression. Within each cell and tissue, there is a threshold for
energy production below which the cells will degenerate and
die. Organ systems with large energy requirements will be most
susceptible to mitochondrial abnormalities. Thus, if there is an
mtDNA mutation, the severity of the mitochondrial disease will
depend on the proportion of mitochondria with the mutation
that the individual inherited from his or her mother and the
susceptibility of different tissues to altered ATP metabolism.

In contrast, abnormalities of mitochondrial function
caused by mutations of genes encoded in the nuclear genome
will exhibit traditional Mendelian inheritance patterns; auto-
somal dominant, autosomal recessive and X-linked patterns of
mitochondrial disorders have been observed. A few mitochon-
drial diseases occur as sporadic somatic mutations and have
little or no recurrence risk. Table 2.4 lists some of the currently
known diseases of mitochondrial function and their inheri-
tance patterns.

Multifactorial Inheritance

Multifactorial inheritance is defined as traits or characteristics
produced by the action of several genes, with or without the
interplay of environmental factors. A number of structural
abnormalities occurring as isolated defects and not part of a
syndrome, such as cleft lip with or without cleft palate, open
neural tube defect (including anencephaly and spina bifida), and
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Table 2.4 Features of Some Disorders of Mitochondrial Function

Disease

Features

Genetics

Inheritance Pattern

Barth syndrome

Friedreich ataxia

Leber hereditary optic neuropathy
(LHON)

Leigh disease (subacute necrotizing
encephalomyelopathy)

MERRF

MELAS

MIDD

MNGIE

Dilated cardiomyopathy, cyclic
neutropenia, skeletal myopathy,
growth deficiency, abnormal
mitochondria

Limb movement abnormalities,
dysarthria, absent tendon reflexes

Blindness, rapid optic nerve death in
young adulthood

Infant onset progressive psychomotor
regression following viral illness,
hypotonia, peripheral neuropathy,
lactic acidosis

Myotonic epilepsy, ragged red fibers
in muscle, ataxia, sensorineural
deafness

Mitochondrial encephalopathy,
lactic acidosis, strokelike episodes,
sensorineural deafness

Maternally inherited diabetes and
deafness

Mitochondrial neurogastrointestinal
encephalopathy, childhood-onset

Nuclear DNA encoding mitochon-
drial protein tafazzin (TAZ gene)

Nuclear DNA encoding mitochon-
drial protein frataxin (FXN gene,
triplet repeat)

Mitochondrial DNA

Many genes:

20%-25% mitochondrial DNA
(includes neuropathy, ataxia, and
retinitis pigmentosa [NARP])

75%-80% nuclear DNA

Mitochondrial DNA

Mitochondrial DNA

Mitochondrial DNA

Nuclear DNA (TYMP gene) causes
destabilization of mitochondrial

X linked

Autosomal recessive

Maternal
Mitochondrial DNA:

maternal

Nuclear DNA: autosomal
recessive or X linked
Maternal

Maternal

Maternal

Autosomal recessive

gastrointestinal dysmotility,
peripheral neuropathy

DNA

cardiac defects, are examples of such conditions. When both par-
ents are normal and an affected child is produced, the chance
of recurrence is generally between 2% and 5% for any given
pregnancy. Because the underlying mechanisms by which the
genes and the environment interact to cause these conditions
are largely unknown, genetic counseling of recurrence risks must
measure the observed recurrence risks in collections of families
to generate a population-based empiric risk. These risk rates,
however, are modified by many factors including ethnicity, the
sex of the carrier parent, the sex of the affected parent and at-risk
offspring, the presence of the defect in one or both parents, the
number of affected family members, and consanguineous par-

entage (Kuller, 1996).

CHROMOSOMAL ABNORMALITIES

In general, genetic replication machinery of the cell is astonish-
ingly accurate, and there are many repair mechanisms the cell
uses to maintain fidelity of DNA copies. Thus the incidence of
any given single gene disorder, even in high prevalence popula-
tions, is relatively low. In contrast, the distribution of genetic
material during cell division by mitosis or meiosis is far more
prone to mistakes, so that on a population level the risk of chro-
mosome level genetic rearrangements occurs at least 100 times
more frequently than single gene disorders. Consider the rate
of 1 in 2500 for white babies affected by cystic fibrosis (the
most common inherited disease in this population), compared
with the estimation that an abnormal chromosome comple-
ment occurs in up to 4% of clinically recognized pregnancies
(Creasy, 2014).

A variety of chromosome abnormalities may occur during
meiosis or mitosis (see Chapter 1) leading to an abnormal karyo-
type, or chromosome complement visible under light microscopy.
Chromosome abnormalities fall into several general categories,
and many clinical conditions are associated with each type.

Numerical Chromosomal Abnormalities

Two terms are used in the description of numerical chromosomal
abnormalities: aneuploidy refers to an extra or missing chromo-
some, such as in trisomy 21 (Down syndrome) or monosomy X
(Turner syndrome), respectively; polyploidy refers to numerical
chromosome abnormalities in which there is an addition of an
entire complement of haploid chromosomes, such as in triploidy,
in which three haploid sets occur (69, XXX or XXY or XYY).
Numerical or aneuploid chromosome abnormalities involve
either autosomes or sex chromosomes. Most occur as the result
of nondisjunction during meiosis or mitosis in which homolo-
gous chromosome pairs fail to disjoin. The result in meiosis is
that one daughter cell receives two copies of the homologues and
the other receives none. Fertilization with a gamete containing a
normal chromosome complement will result in a zygote that is
either trisomic or monosomic (Fig. 2.7).

The majority of trisomic conceptions are nonviable, and
autosomal trisomies have been seen in abortus material in all
but chromosomes 1 and 17. However, trisomies 21, 18, 13, and
22 can result in live births and are associated with advanced
maternal age (Fig. 2.8). Trisomy 13 (Patau syndrome) occurs in
approximately 1/10,000 live births. The syndrome is character-
ized by prenatal growth restriction and multiple severe structural
defects involving the midline (holoprosencephaly, cleft lip/palate,
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Figure 2.7 Graphic representation of meiotic nondisjunction. (Courtesy of Edith Cheng, MD.)
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Figure 2.8 Trisomy 21 infant with karyotype demonstrating three separate chromosomes 21.
Interphase fluorescent in situ hybridization (FISH) illustration of screening for trisomy 271. Graph
illustrating the maternal age association and increasing risk for aneuploidy. Note that there is an
increased risk at the peripubertal ages as well. (Courtesy of Edith Cheng, MD.)

cardiac defects), and postaxial polydactyly. Trisomy 18 (Edwards
syndrome) is found in 1/6000 live births and is associated with
prenatal growth restriction, rocker bottom feet, and cardiac and
renal defects. Trisomy 21 is the most common viable autosomal
trisomy and has an incidence of 1/800 live births. The major-
ity (95%) of individuals with Down syndrome have complete

trisomy 21—that is, three separate copies of chromosome 21
because of maternal nondisjunction. However, about 2% to 3%
of individuals with clinical Down syndrome have a structural
rearrangement (Robertsonian translocation—to be discussed in
the next section), and another 1% to 3% are mosaic for trisomy
21 (Jones, 2000). Trisomy 22 has been seen in a few live-born
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individuals and is associated with severe neurologic impairment.
Monosomic states involving autosomes are extremely rare and
generally lethal.

Sex chromosome aneuploidy usually occurs in the trisomic
state. Monosomy Y is lethal and has never been seen in a clinical
situation or even in an abortus. In contrast, monosomy of the X
chromosome (known as Tirner syndrome) is the most common
chromosomal abnormality found in first trimester abortuses.
Because most 45,X conceptions are lethal, the actual incidence
of live female births is about 1/5000. At birth, Turner syn-
drome is characterized by lymphedema, hypotonia, and webbed
neck. Girls with Turner syndrome have short stature, a broad
chest with widely spaced nipples, cubitus valgus (widened car-
rying angle of the arms), and gonadal dysgenesis resulting in a
lack of secondary sex characteristics, amenorrhea, and infertil-
ity (Fig. 2.9). Other features include congenital heart disease
(coarctation of the aorta is the most common), kidney disease,
and hypertension in later life. Intelligence is generally normal
although spatial perception abnormalities are common (Jones,
2006). Hormonal supplementation during puberty allows girls
with Turner syndrome to develop secondary sex characteristics.

Unlike autosomal trisomies in which the majority are
maternally derived, the 45X karyotype occurs through

A M |W|_If_lnﬁ'._zhlf';,ﬁ_'MI|n|%'l_m

paternal nondisjunction and is not associated with advanced
maternal or paternal age. There is no increased recurrence for
45,X, which accounts for 50% of women with Turner syn-
drome. Another 30% to 40% of individuals are mosaic for the
45,X cell line and another cell line (usually 46,XX) because of
postzygotic nondisjunction during mitosis. The clinical fea-
tures of these women will vary depending on the proportion
of normal 46,XX cell lines present. However, females who
are mosaic with a 45,X/46,XY karyotype are at an increased
risk for gonadoblastoma. Therefore women suspected of hav-
ing Turner syndrome should have a chromosomal analysis,
not only for diagnosis but for exclusion of mosaicism for a
46,XY cell line. The remaining 10% to 20% of individuals
with Turner syndrome have a structural abnormality of the X
chromosome (Table 2.5).

Other trisomies involving the sex chromosomes are seen in
47, XXX, 47,XXY (Klinefelter syndrome), and 47,XYY karyo-
types. The incidence of 47,XXX is approximately 1/1000 live
female births and is due to maternal nondisjunction associated
with increasing maternal age. Most women are phenotypically
normal with the exception of possible mild developmental delay;
fertility is normal and there may be a slightly increased risk for
offspring with aneuploidy involving the sex chromosomes and

Figure 2.9 A, Photo of a 20-week fetus with Turner syndrome, 45,X. This fetus was diagnosed
during a routine 20-week ultrasound for anatomy and growth and was found to have a large cystic
hygroma and hydrops. The autopsy revealed a complex cardiac defect, abnormal kidneys, streaked
ovaries, and malrotation of the gut with the appendix in the left lower quadrant. B, A 17-year-old
woman with Turner syndrome. Note the short stature, poor sexual development, and increased
carrying angles at elbows. Subject also has webbing of the neck. (A, Courtesy of Drs. W. Tony Parks
and Corrine Fligner, Department of Pathology, University of Washington.)
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autosomes. Klinefelter syndrome, 47,XXY, is a common sex
chromosome abnormality associated with maternal age and
occurs in 1/1000 live male births. Clinical features include
tall gynecoid stature, gynecomastia (with an increased risk for
breast cancer), and testicular atrophy. Mental retardation is not a
typical feature, but affected individuals may have IQ scores that
are lower than those of their siblings. Nondisjunction during
spermatogenesis involving the Y chromosome leads to 47,XYY.
These males may be taller than average, but they are otherwise
phenotypically normal. Contrary to previous and outdated
observational studies, this sex chromosome aneuploidy is not
associated with an increased disposition to violent crime. How-
ever, behavioral problems such as attention deficit disorder may
be observed.

Nondisjunctional events during mitosis in the early embryo
(after fertilization) will produce individuals with cell popula-
tions containing different chromosome numbers. This condi-
tion, known as mosaicism, may involve the autosomes or the sex

Table 2.5 Karyotypes Discovered in Subjects with Phenotypic
Characteristics of Turner Syndrome

Karyotype Error

45X Deletion X

45,Xi(Xq) Deletion Xp, Isochromosome Xq
45 X,Xq Deletion Xp

45 X/46,XX Mosaicism

45 X/46,XX/47 XXX Mosaicism

45,X/46,XY Mosaicism

45,X/46,XY/47 XYY Mosaicism

45 XringX Ring chromosome

46,XX Phenotype with normal karyotype

Carrier of a balanced
reciprocal translocation

chromosomes. The actual phenotype depends on the proportion
of aneuploid and euploid cells in the embryo and in the specific
organs or tissues involved.

Structural Chromosome Abnormalities

Chromosome breaks and rearrangements may lead to no obvi-
ous phenotypic consequences (genetically balanced), loss or gain
of chromosomal material (genetically imbalanced) that produces
abnormalities, or abnormalities resulting from the interruption
of a critical gene at the breakpoint site on the chromosome.
Types of structural rearrangements include translocations (recip-
rocal and Robertsonian), insertions, inversions, isochromosomes,
duplications, and deletions. The rate of formation of balanced
rearrangements is generally very low, 1.6 x 104, although some
chromosomal segments (hot spots) are more prone to breakage
than others.

Balanced Reciprocal Translocations

Translocations occur as a result of a mutual and physical exchange
of chromosome (genetic) material between nonhomologous
chromosomes, or chromosomes that are not part of an identical
matched pair. There are two main types of translocations, recip-
rocal and Robertsonian. Balanced reciprocal translocations are
found in about 1/11,000 newborns. Figure 2.10 is an example
of a hypothetical balanced translocation between the short arms
(p arm) of two chromosomes. The carrier of a reciprocal bal-
anced translocation is usually phenotypically normal. However,
the carrier is at an increased risk for producing offspring who are
chromosomally abnormal. The viability of the genetically unbal-
anced gametes is highly dependent on the location and amount
of involved DNA. In general, however, the recurrence for an
unbalanced conception is 3% to 5% for male carriers and 10%

Pairing of chromosomes at meiosis
leads to 6 potential gametes

Adjacent (North-South)

Il
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Alternate(Diagonal)
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Unbalanced Unbalanced

Figure 2.10 Schematic representation of segregation patterns of a diploid gamete with a reciprocal
balanced translocation. Here, exchanges have occurred between the short arms of chromosomes 1
and 3. The two pairs of chromosomes pair in a quadriradial fashion. There are three potential axes in
which the cell can divide. Only two of the six potential gametes will be genetically balanced. (Courtesy

of Edith Cheng, MD.)
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to 15% for female carriers of reciprocal balanced translocations.
Recurrence risks depend on the chromosomes involved and the
size of the translocated segments.

A second and important type of translocation is the Robert-
sonian translocation. This is a structural rearrangement between
the acrocentric chromosomes: chromosome pairs 13, 14, 15, 21,
and 22. These chromosomes have a centromere that is severely
offset from the center such that the short arm (p arm) contains
minimal genetic material, which can be lost with little or no
functional consequence. In this structural rearrangement, the
short arms (p arms) of two nonhomologous chromosomes are
lost, and the long arms fuse at the centromere, forming a single
chromosome structure. Figure 2.11 is an example of a Robert-
sonian translocation involving chromosomes 14 and 21. The
phenotypically normal carrier of a Robertsonian translocation
has 45 chromosomes in each cell because the two acrocentric
chromosomes involved in the translocation have formed into
one chromosome structure. This Robertsonian translocation
carrier is genetically balanced—that is, he or she has two copies
of each chromosome. However, the gametes are at risk to be
unbalanced.

One important exception in translocation Down syndrome is
that associated with a 21g21q translocation. Here, the chromo-
some structure is composed of two chromosomes 21. Although
this chromosome rearrangement is extremely rare, this translo-
cation confers a 100% risk that the carrier will have abnormal
gametes and 100% of viable gametes will result in a concep-
tion with Down syndrome. The only other possible outcome is
monosomy 21, a complement that is miscarried early.
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Chromosome inversions occur when two breaks occur on
a chromosome followed by a 180-degree turn of the segment
and reinsertion at its original breakpoints. If the centromere is
included in the inverted segment, it is called a pericentric inver-
sion. If the centromere is not involved, then the inversion is
called a paracentric inversion. Chromosome inversions are gener-
ally considered balanced and usually do not confer an abnormal
phenotype unless one of the breakpoints disrupts a critical gene.
Inversions, however, do interfere with pairing at meiosis and can
result in gametes with chromosome abnormalities.

Isochromosomes occur as a result of the chromosome divid-
ing along the horizontal axis rather than the longitudinal axis
at the centromere. The result is a chromosome that has two
copies of one arm (p or q) and no copies of the other. Iso-
chromosomes involving autosomes are generally lethal because
the resultant conception will be both trisomic and monosomic
for genetic information. However, an isochromosome involv-
ing the long arm of the X chromosome (iso Xq) is compatible
with life.

Finally, deletions and duplications of chromosome segments
arise from unequal crossing over at meiosis or from crossing over
during pairing of inversions or reciprocal translocations. Breaks
resulting in loss of chromosome material at the tip are called
terminal deletions, and loss of chromosome material between
two breaks within a chromosome is called an interstitial dele-
tion. There are several well-documented terminal deletion syn-
dromes, including cri du chat (5p-) syndrome, characterized by
microcephaly, profound mental retardation, growth retardation,
a unique facial appearance, and a distinctive catlike cry.
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Karyotype demonstrating a Robertsonian translocation between chromosomes 13

and 14. Notice that there are only 45 chromosome structures, but this male is genetically diploid.

(Courtesy of Edith Cheng, MD.)
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For each of the previously described structural chromosome
rearrangements, counseling and prognosis in the prenatal diag-
nostic setting are critically dependent on comparison to parental
karyotypes. Phenotype correlations, particularly with balanced
translocations and inversions, may be highly variable and depen-
dent on whether the chromosomal break points disrupt critical
genes. If the rearrangement found in a fetal sample is inherited
from one of the parents, there is a higher likelihood of a normal
phenotype, whereas de novo structural rearrangements have an
increased risk of microscopic missing genetic material with phe-
notypic consequences.

Microdeletion/Duplication or Contiguous Gene Syndromes

The discussion in the previous section described only pheno-
types that were associated with chromosome abnormalities
visible with traditional cytogenetic techniques and light micros-
copy that imply involvement of large segments of chromosomes
containing a large number (hundreds) of genes. High-resolution
chromosome banding and advances in molecular cytogenetic
technology have revealed a new class of chromosome syndromes
known as microdeletions. These are contiguous gene syndromes
in which the involved chromosome region(s) are submicrosco-
pic and so small that a molecular cytogenetic technique such
as targeted fluorescent in situ hybridization (FISH), or some
form of sequence analysis, is necessary to localize the affected
region. Table 2.6 lists some of the more commonly recognized
syndromes, most of which are due to deletions; however, some
duplication syndromes have now been identified. The pheno-
types of these conditions are due to the absence (or duplica-
tion) of multiple contiguous genes within the involved region.
Fine mapping of the breakpoints in some of these conditions
has implicated unequal or abnormal recombination between
low-copy repetitive DNA sequences in the area of the deleted
or duplicated regions. The discovery of microdeletion/duplica-
tion or contiguous gene syndromes has been important in clini-
cal genetics and genetic counseling in that it finally provides
a diagnosis, recurrence risk, and prenatal diagnosis for a large
group of syndromes that previously had no cytogenetic con-
firmation. Moreover, these “naturally occurring” sequestered
small regions of contiguous genes have provided a powerful tool
for developmental geneticists to decipher the critical genes for
normal human development. For example, the 22q11 region
appears to be rich in genes responsible for specific congenital
heart defects and craniofacial anomalies. Importantly, microde-
letions/duplications have no age-associated risk of occurrence

(Wapner, 2012).

Table 2.6 Common Microdeletion/Contiguous Gene Syndromes

CHROMOSOME ABNORMALITIES
AND PREGNANCY OUTCOME

The incidence and types of chromosome abnormalities differ
among spontaneous abortions, stillbirths, and live births. Expe-
rience from pregnancies achieved by assisted reproductive tech-
nology indicates that 15% of fertilized ova fail to divide. Another
15% fail to implant, and 25% to 30% are aborted spontaneously
prior to formation of villi. Of the roughly 40% of fertilized ova
that survive the first missed menstrual period, as many as one
fourth are aborted spontaneously, so only about 30% to 35% of
fertilized ova actually result in live-born infants. Chromosome
and lethal genetic abnormalities play a major role in early losses
(Zinaman, 1996). This topic is discussed further in Chapter 16.
In continuing pregnancies, chromosome abnormalities occur
in 1 out of every 154 live births (0.6% overall incidence). The
breakdown by type of abnormality is as follows: 22% autosomal
trisomy (most commonly trisomy 21, followed by a much lower
incidence of trisomy 18 and trisomy 13), 37% sex chromosome
aneuploidy, and 41% structural abnormalities (including trans-
locations, insertions, inversions, isochromosomes, duplications,
and deletions). Trisomy 21 is the most commonly occurring sin-
gular genetic abnormality in live births, occurring at a rate of 1
in 830 live births (0.1%) (Creasy, 2014).

There is currently available technology to detect a wide range of
the previously described genetic and biochemical abnormalities in
a developing fetus. As a result, the indications to pursue screening
or diagnostic testing for a patient who is pregnant or considering
pregnancy include each of the following: known family history
of a specific disease, family history suggestive of hereditary neu-
rodevelopmental or cognitive disorders, ethnic background with
increased carrier frequency of certain diseases, personal history of
miscarriage or infertility, increased risk of aneuploidy related to
maternal age, or simply population-based screening risk.

GENETIC TESTING

Although genetic assessment in some form has become com-
monplace, it is critically important that providers and patients
carefully consider the objectives and potential results of the indi-
vidual testing options when selecting a test. In the case of aneu-
ploidy screening, the assayed markers only pertain to a subset

CHROMOSOME
Syndrome Incidence Location Abnormality Size (Mb)
Sotos Rare 535 Deletion 2.2
Smith-Magenis 1/25,000 17p11.2 Deletion and duplication 4
Williams-Beuren 1/20,000-1/50,000 7q11.23 Deletion 1.5-1.8
Charcot-Marie-Tooth Type la / HNPP 1/10,000 17p12 Duplication and deletion 1.5
DiGeorge/velocardiofacial 1/4,000 22q11.21-q11.23 Deletion 1.5
Cat’s eye Rare 22q11 Duplication 3
der(22) Emanuel Rare Duplication 3
Neurofibromatosis 1/40,000-1/80,000 17q11 Deletion 1.5
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of genetic material (usually the most common trisomies, affect-
ing chromosomes 21, 13, 18, and possibly sex chromosomes),
and abnormal results require follow up before any diagnosis can
be made. Measuring the value of screening tests is traditionally
based on sensitivity (detection rate), false-positive rate, and posi-
tive predictive value within a population. The predictive value
of these tests, or the chance that a positive or negative result is a
true positive or true negative, is highly dependent on the preva-
lence of the disease in the population.

Testing for a specific disease may be warranted by family history
or ethnic background, and prenatal diagnosis may potentially allow
interventions before the disease would have been detected in the
child clinically (Table 2.7). In some rare cases, diagnosis in utero
may allow the opportunity to preclude irreversible changes in early
development. However, the provider must relay the scope and accu-
racy of available testing modalities. For instance, a test that detects a
phenotypic manifestation of disease (such as biochemical screening
of hexosaminidase activity to assess for Tay-Sachs) is more sensitive
for detecting an affected fetus than a genetic sequence panel that
may include only a subset of the disease-causing mutations. Alter-
natively, combination testing “panels” may be available that allow
assessment for multiple diseases at once, but all tests are based on the
same molecular methods, such as DNA sequence or SNP analysis,
so sensitivity of detection for specific diseases may be sacrificed. The
increasing availability of these “expanded carrier screening panels”
has prompted the American College of Obstetricians and Gyne-
cologists to issue guidelines for patient consent prior to offering

expanded screening (Edwards, 2015):

1. Carrier screening of any nature is voluntary, and it is reason-
able to accept or decline.

2. Results of genetic testing are confidential and protected in
health insurance and employment by the Genetic Informa-
tion Non-Discrimination Act of 2008.

3. Conditions included on expanded carrier screening panels
vary in severity. Many are associated with significant adverse
outcomes such as cognitive impairment, decreased life expec-
tancy, and need for medical or surgical intervention.

4. Pregnancy risk assessment depends on accurate knowledge
of paternity. If the biologic father is not available for carrier
screening, accurate risk assessment for recessive conditions is
not possible.
A negative screen does not eliminate risk to offspring.
Because expanded carrier screening includes a large number
of disorders, it is common to identify carriers for one or more
conditions. In most cases, being a carrier of an autosomal
recessive condition has no clinical consequences for the indi-
vidual carrier. If each partner is identified as a carrier of a dif-
ferent autosomal recessive condition, offspring are not likely
to be affected.

7. In some instances, individuals may learn that they have two
pathogenic variants for a condition (homozygous or com-
pound heterozygous) and thus learn through carrier screening
that they have an autosomal recessive condition that could
affect their personal health. Some expanded screening panels
screen for selected autosomal dominant and X-linked condi-
tions, and likewise individuals may learn that they have one
of these conditions that might affect their health. Referral to
an appropriate specialist for medical management and genetic
counseling is indicated in such circumstances to review the
inheritance patterns, recurrence risks, and clinical features.

AN

Genetic Counseling and Risk Assessment

Ordering and sending a genetic test is simple, but the coun-
seling time to ensure appropriate interpretation of the results
(positive or negative) is crucial and often time consuming. The
role of the care providers (genetic counselors and physicians)
is to conduct nondirectional counseling of screening and diag-
nostic options to provide prospective parents with information
to optimize pregnancy outcomes based on their personal values
and preferences.

All patients considering genetic screening or testing should
have the opportunity to meet with providers who can perform
formal pedigrees, conduct patient education and counseling on
advantages and disadvantages of testing, and discuss the avail-
ability of screening and invasive diagnostic testing when needed.

Table 2.7 Common Autosomal Recessive Disorders in Ethnic Groups: Carrier Screening Recommended

Carrier Frequency  Frequency of Screening Test Detection
Ethnic Group Genetic Disorder  in Ethnic Group Carrier Couples  Available? Rate (%)
African ancestry Sickle cell disease HbS, 1:10 1:130 Hb electrophoresis 100
(HbS and Q) HBC, 1:20
Sickle cell S-p- MCV, Hb electrophoresis
thalassemia
a-Thalassemia MCV, DNA
Ashkenazi Jews (and Jews of Tay-Sachs disease 1:30 1:150 Hexosaminidase A level 98
unknown descent) Canavan disease 1:40 1:1600 DNA mutation
Familial 1/32 1:32 DNA mutation 99
dysautonomia
Chinese a-Thalassemia 1:625 MCV
French Canadian, Cajun Tay-Sachs disease Hexosaminidase A level
Mediterranean (Italian/Greek/ B-Thalassemia 1:900 MCV
Turks/Spaniards)
All patients seeking preconception  Cystic fibrosis 1:25-29 1:625 DNA mutation 80*

counseling (especially whites of
European origin)

Hb, Hemoglobin; MCV, mean corpuscular volume.

*Depends on ethnic group: 70% for southern European descent, 90% for northern European descent.
From Creasy RK, Resnik R, Greene MF, et al. Creasy and Resnik’s Maternal-Fetal Medicine Principles and Practice. 7th ed. Philadelphia: Elsevier; 2014.
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Before screening or testing, the patient needs to understand the
options that may ensue from a positive test result.

Biochemical and Sonographic Screening

Multiple screening options are available for detecting fetuses at
risk for the most common aneuploidy syndromes, namely triso-
mies 21, 18, and 13. The choice of test will depend on the gesta-
tional age at presentation, number of fetuses, previous obstetric
history, family history, availability of sonologists or sonographers
certified to detect or measure test parameters, and options or
preferences for pregnancy termination.

First trimester screening typically consists of serum measure-
ment of pregnancy-associated plasma protein A (PAPP-A) and
either free or total beta human chorionic gonadotropin (BhCG)
combined with sonographic measurement of a fluid collection
at the back of the fetal neck called the nuchal translucency (the
three measurements together are called “combined first trimes-
ter screening”). Nuchal translucency measurements are validated
for the specific gestational age window from 10%7weeks to 13%7
weeks as determined by crown-rump length, and guidelines for
measurement are standardized, which must be followed for the
test to maintain published detection rates. A nuchal translucency
measurement less than 3 mm is considered normal (Malone,
2005). The primary advantage of first trimester screening is ear-
lier results, which allow for greater privacy and broader options
of diagnostic testing and reproductive choices.

Second trimester biochemical screening for aneuploidy
(available between about 15 and 20 weeks gestation) combines
measurement of maternal serum alpha-fetoprotein (msAFP),
human chorionic gonadotropin (hCG), and unconjugated
estriol (to make up the “triple screen”), and it may include
inhibin A (called a “quad screen”). There are various iterations
of screening, which combine elements of both first and second
trimester screening measurements, and performance statistics
of these methods depend on the specific analytes included,
whether the measurements are independent of one another,
and the timing of risk calculation. The most favorable perfor-
mance statistics are achieved with the “integrated screening”
approach, which combines first trimester PAPP-A and nuchal
translucency with quad markers in the second trimester, and
results are not reported until all measurements are obtained.
This method has a Down syndrome detection rate of 94% to
96% with a false-positive rate of 5%, but the advantage of an
early result is lost if first trimester screening results are withheld
until second trimester screening results have been obtained
(Malone, 2005).

Abnormal results of some of the individual elements assayed
in aneuploidy screening are also predictive of adverse pregnancy
outcomes. For example, abnormal biochemical markers on both
first and second trimester screens have been associated with fetal

growth restriction, intrauterine fetal demise, preterm delivery,
Smith-Lemli-Opitz syndrome (low estriol), and oligohydram-
nios—albeit with low predictive value (Smith, 2006). Maternal
serum AFP (msAFP) is very useful for detection of neural tube
defects when measured between 16 and 18 weeks’ gestation; the
American College of Obstetricians and Gynecologists (ACOG)
recommendations include msAFP alone (not in conjunction
with the quad screen) as an adjunct test for women who choose
first trimester screening for aneuploidy (ACOG, 2007).

Cell-Free DNA Analysis Noninvasive

Prenatal Testing

Early attempts at noninvasive genetically based prenatal screen-
ing were focused on isolation of intact fetal cells within the
maternal circulation. To date, this technology has been unsuit-
able for clinical application due to multiple technologic obsta-
cles such as limited numbers of fetal cells, unreliable recovery
of fetal cells, and evidence that the cells persist long after preg-
nancy, thus complicating specificity in the setting of subsequent
pregnancies (Bianchi, 2002).

In contrast, the development of methods to identify fetally
derived cell-free DNA in maternal plasma has been more suc-
cessful (Lo, 1997). The initial application of technology to assess
cell-free fetal DNA was focused on single-gene disorders for
which the abnormal DNA sequence was known in the family,
or for determination of fetal gender in cases of families carrying
traits for X-linked recessive diseases.

‘The advent of next-generation sequencing, a high-throughput
method of sequencing millions of DNA fragments simultane-
ously in parallel, rapidly expanded the amount of data that can
be gathered from fetal DNA in maternal plasma in a time frame
amenable to prenatal screening applications. As a result, cell-
free DNA tests to screen for fetal aneuploidy moved quickly
through development and into clinical use by 2011 in the
United States and Asia, followed by Canada and Europe in
2012. The performance statistics for Down syndrome detec-
tion in a high-risk population are far better than any other
available methods (Table 2.8); however, the supplementary
predictive value of nuchal translucency measurement or bio-
chemical testing is lost (Gil, 2015). There are several available
platforms for cell-free fetal DNA analysis; providers should
be familiar with whether a chosen assay is designed to detect
all chromosomes or only selected chromosomal regions. Fur-
thermore, there is active debate over how to interpret results
that are insufficient or results that are discrepant from confir-
matory invasive testing. Causes of discrepant results include
low fetal fraction of DNA, confined placental mosaicism,
true fetal mosaicism, maternal sex chromosome abnormality,
organ transplant, co-twin demise, maternal chromosome dele-
tion, maternal tumor, and lab error. Inadequate fetal fraction

Table 2.8 Screening Test Performance: Prenatal Screening for Down Syndrome

Detection False-Positive PPV (High-Risk) Tri21 PPV (Low-Risk) Tri21
Test Rate Rate Prevalence 1:100 Prevalence 1:500
Combined First Tri (NT, PAPP-A, hCG) 80% 3% 21% 5%
Quad (AFP, hCG, inhibin A, estriol) 60% 3% 17% 4%
Sequential screen (Combined First Tri plus Quad) 97% 3% 24% 6%
Cell-free DNA (all methods combined, [Gil, 2015]) 99.2% 0.09% 91.3% 67.8%
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has been repeatedly demonstrated in a higher proportion of
women with elevated body mass index (BMI), and average fetal
fraction varies between ethnic groups. Interestingly, the aneu-
ploidy rate is much higher in samples with inadequate fetal
fraction than in the general population, suggesting that “no
readout” results should be considered a form of positive screen
(Norton, 2015).

Current guidelines from multiple U.S. and international
professional societies recommend the use of cell-free DNA
screening be limited to women with increased risk of fetal
aneuploidy. This includes women of advanced maternal age
(>35 years at delivery); women with ultrasound findings indi-
cating increased risk of trisomy 13, 18, or 21; prior pregnancy
history of a fetus with trisomy 13, 18, or 21; biochemical
screening result positive for increased risk of aneuploidy; or
known parental balanced Robertsonian translocation with
increased risk of trisomy 13 or 21. The relatively lower contri-
bution of Down syndrome to all congenital anomalies in a low-
risk cohort argues for the use of a screening tool with a broader
scope. Nonetheless, cell-free fetal DNA screening is an area of
active research and development, and detection capabilities for
a wider range of microdeletion/duplication syndromes may be
routine in the near future (Wapner, 2014).

There are promising data on testing applications for accurate
detection of fetal microdeletion syndromes such as 22q11.2
(DiGeorge), deletion 5p (cri du chat), and 1p36 (Noonan) using
an SNP-based noninvasive prenatal testing (NIPT) approach
(Wapner, 2015). Microdeletions are a significant cause of neuro-
cognitive abnormalities, and, importantly, they have no age asso-
ciated risk, so younger patients have a much higher likelihood of
having a child with a clinically significant microdeletion than of
having a child with trisomy 21. Thus validation of microdeletion
testing from cfDNA samples will significantly expand the utility
of NIPT in the general population.

DIAGNOSTIC TECHNIQUES FOR GENETIC
ABNORMALITIES

Invasive Prenatal Diagnostic Tests

For the goal of prenatal diagnosis, the most commonly employed
forms of genetic testing are chorionic villus sampling and amnio-
centesis to obtain cellular samples from pregnancy tissue for
cytogenetic analysis.

In the early days of prenatal diagnosis, invasive testing
options were offered to women with a high age-related risk
of aneuploidy. However, current ACOG recommendations are
that all women, regardless of age or risk, be offered biochemical
or ultrasound screening and invasive testing (ACOG, 2007).
The decision to pursue invasive testing must incorporate con-
siderations of level of risk that the fetus is affected, level of
risk associated with the procedure, and the patient’s personal
impression of the impact of having an affected child. Of note,
the risks involved with invasive testing may be much lower than
estimates that have been previously quoted since the advent of
invasive testing in the 1970s. Results of a meta-analysis that
included only contemporary large studies (published after the
year 2000, reporting greater than 1000 procedures) demon-
strated no significant difference in the risk of miscarriage prior
to 24 weeks gestation for women undergoing amniocentesis or
chorionic villus sampling (CVS) compared with those who do

not have invasive testing (Akolekar, 2015). Procedure-related
risk of miscarriage for amniocentesis was 0.1%, and for CVS
it was 0.2%.

Nevertheless, rates of performance of these invasive proce-
dures are significantly declining as screening tests with higher
detection rates and lower false-positive rates have become avail-
able (i.e., cell-free DNA screening). It is important to note that
the range of abnormalities that can be detected is far greater
with invasive testing than with any available noninvasive
screening tests.

CVS can be performed early in pregnancy (9 to 12 weeks’ ges-
tation), in which a biopsy of cytotrophoblast tissue is obtained
via ultrasound-guided transabdominal or transcervical route.
The patient should be aware of a small rate (1.1%) of indicated
follow-up testing to resolve issues from maternal cell contamina-
tion or placental mosaicism, but overall cytogenetic diagnosis is
successful in 99.7% of those tested (Ledbetter, 1990).

Amniocentesis, generally performed after 15 completed
weeks of pregnancy, involves ultrasound-guided transabdomi-
nal collection of amniotic fluid containing sloughed fetal cells
from skin, gastrointestinal tract, amnion and genitourinary
tract.

The predominant use for CVS or amniocentesis samples
is cytogenetic analysis. Cells can be analyzed directly or after
cell culture for about a week to synchronize cells in metaphase
for chromosomal Giemsa staining, or G-banding. With this
type of staining, each chromosome has a unique pattern. The
stained chromosomes are visualized under light microscopy,
and large deletions or rearrangements can be detected (resolu-
tion on the order of 5 million to 10 million base pairs, or Mb).
Higher resolution or more specific testing for known disease-
causing chromosome regions such as 22q11 requires molecu-
lar cytogenetic technology. The most widely used procedure is
fluorescent in situ hybridization (FISH). FISH takes advan-
tage of the complimentary nature of DNA. In this approach,
denatured DNA sequences labeled with a fluorescent dye
are hybridized onto denatured chromosomes that have been
immobilized onto a slide. The chromosomes are then viewed
with a wavelength of light that excites the fluorescent dye
(Fig. 2.12). FISH is a powerful tool to confirm or diagnose
syndromes that are due to microdeletions of segments of chro-
mosome material (Fig. 2.13).

At the individual gene level, disease-specific testing for fami-
lies that carry known genetic mutations may be performed on
cells from either of these invasive methods using polymerase
chain reaction (PCR)-based methods (discussed later). An
updated list of relatively common genetic conditions for which
DNA-based prenatal diagnosis is available is kept on the Genetic
Testing Registry website (www.ncbi.nlm.nih.gov/gtr).

Another powerful diagnostic and investigational tool for
human chromosome analysis directly expanded from FISH
technology is comparative genome hybridization (CGH).
CGH is used to measure differences in copy number or dos-
age of a particular chromosome segment. Its initial application
was in the study of gene dosage in normal and cancer cell lines
(Fig. 2.14). This technology has since come into widespread
use due to automated platforms allowing for assessment of
thousands or even millions of DNA molecules at once and
rapidly decreasing cost (see Chromosomal Microarray, pre-
sented later).
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WCP: Chromosomes 1 and 4

Figure 2.12 Example of fluorescent in situ hybridization (FISH)
with whole-chromosome DNA (whole-chromosome paint [WCP])
from chromosomes 1 (red signal) and 4 (green signal) hybridized
onto a metaphase nucleus containing all 46 chromosomes. This
FISH study revealed a translocation of a piece of material from
chromosome 4 onto chromosome 1. (Courtesy of Lisa Shaffer, PhD,
Washington State University.)

Deletion of 11p

Figure 2.13 Example of FISH technology in the diagnosis of
microdeletion syndromes. Here, standard karyotyping appears to be
normal. However, using FISH microdeletion probes, this child was
discovered to have a submicroscopic deletion (arrow) of the terminal
section of the long arm of chromosome 1. The other chromosome
containing the red signal is the normal chromosome. (Courtesy of
Lisa Shaffer, PhD, Washington State University.)

Molecular Genetic Analysis Techniques

Polymerase Chain Reaction, Southern Blot, Restriction
Fragment Length Polymorphism, Linkage

The use of polymerase chain reaction (PCR) permits rapid ampli-
fication of a sequence of DNA or multiple different sequences
simultaneously for analysis. This is essentially a form of clon-
ing, because PCR can selectively amplify a single sequence of
DNA or RNA several billion-fold in only a few hours. By taking
advantage of the double-stranded complementary pairing char-
acteristics of DNA, the PCR reaction separates (denatures) the
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Figure 2.14 Schematic example of how microarray technology can
be used to study or compare gene expression patterns from different
sources. Here it is used to compare the gene expression profiles of
two different tumors. However, one can easily substitute DNA from
two individuals with diabetes. (Courtesy of Edith Cheng, MD.)

two strands and uses each strand as a template to synthesize two
more copies (Fig. 2.15). Target sequences of DNA flanked by
primers undergo repeated cycles of heat penetration, hybridiza-
tion with primers, and DNA synthesis, resulting in an exponen-
tial amplification of the target DNA sequence. The amplified
DNA sequences can then be “cut” by bacterial enzymes, called
restriction endonucleases, which recognize and cut specific nucleo-
tide sequences (restriction sites) in the double-stranded DNA
molecule. Each enzyme recognizes a unique sequence of nucleo-
tides, usually a palindrome of four to eight base pairs (bp) in
length. Because of this sequence specificity, the pattern of DNA
fragments resulting from restriction endonuclease digestion will
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Figure 2.15 Schematic representation of the polymerase chain reaction (PCR). (Courtesy of Edith

Cheng, MD.)

be unique to each gene sequence. The resulting fragments are
separated by gel electrophoresis, transferred (blotted) onto a
membrane, and hybridized with a radioactively labeled probe
with known sequence. This method, known as Southern blot-
ting, permits identification of specific DNA fragments of inter-
est and, in some cases, the number of copies of the fragment.
Figure 2.16 is an example of how Southern blotting is used to
detect the sickle cell gene. Mutations within a gene or near a
gene can also alter the recognition sites of restriction endonucle-
ases, which will generate an altered length of DNA fragment
containing the gene of interest. These restriction fragment length
polymorphisms (RFLPs) can be used to follow the transmission
of a gene in a family.

When “direct testing” is not possible, as is the case when
the disease-causing gene has not been isolated, when the
gene is too large to sequence, or when a mutation cannot
be directly found, indirect testing using linkage analysis is
the alternative strategy. The simplest explanation for this con-
cept is that DNA markers located (or tightly linked) to the
presumptive disease-causing gene/mutation are used as road
maps to identify the travel or passage of the gene from an

affected parent to an at-risk offspring. This strategy requires
that the affected individual has markers that are informa-
tive—in other words, unique or distinctive from markers of
the nonaffected individual. Multiple family members, both
affected and unaffected, must have DNA available for link-
age analysis in order for this approach to be informative. The
“markers” are often RFLPs. Figure 2.17 uses autosomal domi-
nant breast cancer as an example of how linkage studies are
used to predict the inheritance of a gene for which direct
mutational analysis is not possible.

Chromosomal Microarray

Chromosomal microarray is a high-throughput technique to
detect relative “dose” of genetic material by comparison to a ref-
erence standard. A microarray generally consists of a thin slice
of glass or silicon about the size of a postage stamp on which
threads of synthetic nucleic acids are arrayed. Sample probes are
added to the chip, and matches are read by an electronic scan-
ner. The resolution of chromosomal microarray is on the order
of 10 to 400 kb, or more than 100-fold greater resolution than
traditional G-banding karyotyping.
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Figure 2.16 Schematic representation of the Southern blot procedure—in this case, for diagnosis
of sickle cell disease. Genomic DNA from the carrier parents, an unaffected daughter, and the affected
son is extracted from a sample of peripheral blood. The DNA samples are digested with restriction
enzymes and fragmented into smaller pieces. In this case, the restriction enzyme Mstll is used
specifically because it recognizes the normal sequences that encompass the codons for glutamic acid
at position 6 of the hemoglobin A polypeptide. The DNA fragments are separated based on size by gel
electrophoresis, then they are transferred (blotted) onto a nitrocellulose filter. The DNA of the filter
paper is then hybridized with a specifically labeled DNA probe containing the sequences of interest.
The fluorescent or radioactive probe is visualized as bands at sites where the genomic DNA has
hybridized with the labeled DNA. (Courtesy of Edith Cheng, MD.)
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Figure 2.17 Hypothetical autosomal dominant condition illustrat-
ing the principle of indirect mutational analysis. Genetic markers A,
B, C, and D are used. In this pedigree, it appears that the condition
segregates (travels) with marker C. Therefore the male and female
in generation I, who did not inherit marker C, are not expected to
manifest the condition. (Courtesy of Edith Cheng, MD.)

There are two general platforms in common use for genome
assessment. The first is a form of comparative genomic hybrid-
ization, or “array CGH.” In brief, two genomic libraries are
mixed and hybridized to a panel of reference sequences such
that relative “doses” of hybridized sequence can be quantitated.
Using this platform, a patient’s genome is compared with a nor-
mal control, and readout is expressed by comparative intensity
between the patient and the control (Snijders, 2001).

The second popular platform is an SNP array. In an SNP
array, probes are chosen from DNA locations known to vary by
a single base pair. A patient’s DNA is hybridized to the array
(note this platform does not require a normal standard), and
readout is by absolute intensity of signal from bound DNA
fragments. This method can detect more abnormalities than
just copy number, such as uniparental disomy, determine
zygosity, parent of origin for a given mutation, and maternal
cell contamination (Beaudet, 2008).

In neonatal and pediatric studies, microarray results have
revealed underlying genetic etiologies for 15% to 20% of cases
with previously unexplained developmental delay, intellectual
disability, or congenital anomalies. Only about 3% of these
cases would have been diagnosed by traditional karyotype
(Miller, 2010).

In contrast to neonatal studies, which have the advantage
of correlating genomic findings with complete physical exam
and behavioral phenotype, prenatal applications are limited to
phenotypic findings that can be detected by ultrasound. Several
studies have demonstrated the incremental diagnostic utility of
chromosomal microarray analysis in the setting of a fetus with
one or more anomalies on ultrasound but normal karyotype.
A prospective National Institute of Child Health and Human
Development (NICHD) study identified clinically relevant
copy number variants by microarray in 6% of anomalous fetuses
with a normal karyotype (Wapner, 2012). Furthermore, the
likelihood of identifying either pathogenic CNV or CNV of
uncertain significance was more likely in fetuses with multiple
anomalies, whereas for isolated findings, the greatest yield was
in cardiac and renal anomalies (Donnelly, 2014). Chromosomal
microarray is considered the first-line test of an individual with
unexplained birth defects or mental retardation, or in unex-
plained stillbirth (Hillman, 2015).

Clinicians and genetic counselors must continue to exercise
reasonable caution when interpreting results of microarray find-
ings. Accurate genotype-phenotype correlations will require

ongoing expansion of CNV databases. Many CNV may have
dose-dependent phenotypic effects or may be modified by the
presence of other genotypic variants.

Traditionally, screening modalities focused on diseases that
significantly affect quality of life and have a fetal, neonatal, or
early childhood onset and well-defined phenotype. In the post-
genome era with high-throughput microarray technology, the
identification of molecular alterations in DNA may reveal pre-
viously unrecognized genetic variants associated with disease.
Yet variant recognition currently outstrips our ability to inter-
pret these alterations. Previously unreported and relatively rare
variants with unknown phenotypes will be identified, which
requires skilled counseling and interpretation to help patients
decide what to do with this information. Informing patients of
variants of uncertain significance may generate significant anxi-
ety and negative anticipation. Learning that one’s fetus has an
abnormality with unquantifiable risks of consequences naturally
fosters apprehension, may lead to ambiguity about continuing
the pregnancy, and has the potential to cast a shadow of worry in
the parents’ minds throughout the life of the child.

Preimplantation Genetic Diagnosis and
Preimplantation Genetic Screening

Preimplantation genetic diagnosis (PGD) refers to single cell
extraction and genetic analysis from either an embryo or the
polar body from an oocyte during the process of in vitro fer-
tilization (see also Chapter 1). Initial impetus was to decrease
the chances of propagating known genetic disorders in a family.
The earliest application was in the setting of a patient known
to carry an X-linked recessive gene, so only female embryos (by
definition unaffected by the disease of interest) were transferred
to the uterus. Since that time, PGD also has become readily
available for diagnosis of translocations, single-gene disorders,
and inherited mutations that are known to cause cancer sus-
ceptibility syndromes.

In contrast to disease-causing genetic abnormalities, there
have been numerous studies attempting to use chromosomal
aneuploidy screening of a single preimplantation cell (preim-
plantation genetic screening [PGS]) to improve assisted repro-
ductive technology outcomes. All of the initial studies were
based on FISH analysis of the single preimplantation cell, and
none of these were able to demonstrate improved live birth
rates following selection of embryos designated euploid by this
method, thus ACOG did not recommend PGS for manage-
ment of recurrent miscarriage or recurrent implantation failures
(ACOG, 2009). More recently, however, SNP and PCR-based
screening methods have been developed and are shown to be
more comprehensive and accurate than FISH-based methods
for aneuploidy diagnosis in embryo biopsy. A randomized trial
using PGS to transfer a single euploid embryo demonstrated
improved pregnancy rates compared with untested blastocyst
transfer while decreasing the incidence of multiple pregnancies
(Forman, 2013).

Sequencing

Sequencing determines the complete nucleotide sequence, or
specific order of nucleotides in a gene. By listing the full code,
variations from an accepted “normal” (reference or consensus
sequence) may be discovered. This has the potential to uncover
pathogenic variants as well as benign variants and, given our
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limited understanding of how the genome is translated, will
certainly identify variants of uncertain significance to clinical
phenotype.

Clinical use of sequence data from the whole exome (pro-
tein-coding region of DNA), or ultimately the whole genome,
is considered the next frontier in genetic diagnostic techniques.
Whole-exome sequencing continues to raise the bar of expecta-
tion for molecular diagnosis with genetic analysis methods. The
first large series of clinically applied whole exome analysis touted
a 25% molecular diagnosis rate among all patients referred for
phenotypes suggesting potential genetic component, and among
patients in the study with a neurologic phenotype, molecular
diagnosis was as high as 33% (Yang, 2013).

Goals of this magnitude have come within reach through
development of next-generation sequencing. The original tech-
nique of sequencing, called Sanger sequencing, involves syn-
thesizing multiple copies of DNA that is complementary to a
single-stranded template of interest using nucleotide-specific
chain terminators. This generates synthesized fragments of
varying length that can be arranged by size, and the reactions
containing each terminating base (A, T, G, or C) are kept sepa-
rated. Then, by “reading” the terminating base of the synthe-
sized copies from smallest to largest, the sequence of the original
single-stranded template is revealed. This molecular method was
revolutionary, but very time consuming, labor intensive, and lim-
ited to relatively short DNA sequences. The quest to uncover the
sequence of all 3 billion bases in the human genome propelled
extraordinary improvements in scale, speed, and data manage-
ment. Next-generation sequencing involves preparation of a full
DNA library (no longer one small segment at a time) by ampli-
fying (making many copies) and fragmenting the DNA source
of interest (genomic DNA, coding DNA). The DNA library
now consists of thousands or even millions of small overlapping
DNA copy fragments, which are physically bound to a solid
surface (platform specific, often beads or glass slides). The frag-
ments are loaded into specialized multiplex machines for parallel
sequencing; in other words, the sequence of every fragment on
the surface can be assayed simultaneously. Individual sequence
reads are subsequently aligned (recall the expected overlap due to
random fragmentation of many identical copies of DNA) using
various bioinformatics platforms for comparison to a reference
sequence. The full set of aligned reads reveals the entire sequence
of the starting DNA product. Thus next-generation sequencing
can apply the concept of Sanger sequencing to an entire genome
with results produced in matter of hours.

At present, the practical clinical application of sequencing is
to search one or many genes (or the whole genome) for a caus-
ative mutation in the setting of a recognized abnormal pheno-
type. Particularly in pediatric literature, sequencing has been
reported to identify the genetic cause in cases of rare malforma-
tion syndromes and previously unexplained neurodevelopmen-
tal morbidity. Sequencing can be useful in prenatal counseling
or diagnosis if the specific mutation can be identified for a previ-
ous child affected by a genetic disorder. Consider, for example, a
family with a child diagnosed with cystic fibrosis, but only one
parent has one of the known CF mutations. Sequencing of the
CF gene in the proband, or first affected child, may reveal the
previously unrecognized causative mutation in that family.

Data generated from sequencing methods are vast. The pri-
mary limitation of both whole-exome sequencing (WES) and

whole-genome sequencing (WGS) is that accurate interpreta-
tion lags behind the ability to generate sequence data because
sequencing is high throughput, but there are currently no simi-
lar high-throughput assays of function to assess putative patho-
logic sequence findings. There is enough natural variation in the
human genome that any putative finding requires rigorous vali-
dation at the level of sequence, molecular function, and interac-
tion within the full biologic system.

There are many interrogation tools to assess protein-coding
portions of the genome. However, the comprehension of the
remaining 98.5% of DNA sequence is relatively nascent, with
no current way to assay functional loss or gain from these regions
(Goldstein, 2013).

All cancer is genetic. However, most cancer is not inherited.
For a normal cell line to be transformed into a malignant cell
line, several genetic mutations in that somatic cell line must
occur that alter cell growth and differentiation. All cells have
mechanisms to either repair a mutation or inhibit growth and
replication if errors in DNA occur. Thus before malignancy can
arise, most cancer cells have to “escape” those repair functions.
The first mutations must occur in either DNA repair genes or
genes that suppress growth of abnormal cells (the genes that
maintain the integrity of the genome). Subsequent mutations
are then passed on to daughter cells. Increasing cell replica-
tions occur, and as mutations build up, some will allow the cell
line to grow abnormally and often confer biologic advantages
over surrounding normal cells. When “enough” DNA change
occurs, the resulting abnormal cells are capable of metastasizing,
thereby usurping resources of vital organs and, without treat-
ment, eventually may lead to death. This process of multiple
sequential mutations is called the “multistep process of cancer.”
In 5% to 10% of families with cancer, there is a germline (inher-
ited) mutation that predisposes certain tissues to begin to move
through the multistep series of mutations more easily. More than
50 inherited cancer syndromes have been described, although
the majority of these are inherited through highly penetrant
mutations in a dominant fashion. These inherited cancer genes
do not cause cancer; rather they allow cancer to “happen more
easily.” Inherited cancer syndromes that affect female organs are
listed in (Table 2.9).

Carefully regulated cellular processes, such as differentiation,
proliferation, and programmed cell death, are altered in cancer
cells. The stages of carcinogenesis are termed initiation (single
initial proliferative cell), promotion (acquired selective growth
advantage), progression (tumor characteristics become irrevers-
ible), and metastasis (process by which cells are displaced). Types
of genes and genetic mechanisms involved in malignancy may
be grouped into four categories: oncogenes, tumor suppressor
genes, DNA repair genes, and epigenetic mechanisms.

Oncogenes (gain of function) behave as growth-promoting
genes, and they act in a genetically dominant manner. In other
words, only one abnormal copy of the gene will produce a clini-
cally relevant phenotype due to increased gene function. They
originate from normal cellular genes called proto-oncogenes.
The proto-oncogenes have normal functions within a cell to
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Table 2.9 Inherited Cancer Syndromes Affecting Gynecologic Organ
Systems

Gene Name/
Location

BRCAT, 17921

Body Part Cancer Syndrome

Inherited breast-ovarian cancer
(autosomal dominant; tumor
suppressor gene, involved in
the maintenance of genomic
stability)

Inherited breast-ovarian cancer
(autosomal dominant; tumor
suppressor gene, involved in
the maintenance of genomic
stability)

Li-Fraumeni (autosomal
dominant; regulates the
cell-cycle arrest that is
required to permit repair of

Breast

BRCA2,13q12.3

p53,17p13.1

DNA damage)
Cowden PTEN, 10923.31
Peutz-Jeghers LKBT,19p13.3
RIGASE CDKN2A, 9p21.3
p14arf CDKN2A, 9p21.3
Endometrium  Chordoma
Cowden

Lynch syndrome (HNPCC)
Peutz-Jeghers

Fallopian Inherited breast-ovarian cancer ~ BRCAT
tube Inherited breast-ovarian cancer ~ BRCA2
Ovarian Basal cell nevus
Inherited breast-ovarian cancer  BRCAT
Inherited breast-ovarian cancer ~ BRCA2
Lynch syndrome (HNPCC)
Peutz-Jeghers
Vulva Fanconi

HNPCC, Hereditary nonpolyposis colorectal cancer.

control and enhance cell growth. Oncogene activation (through
mutation) can lead to either increased expression of proteins or
changes in structure and function of a proto-oncogene’s product.
For example, the HER 2/neu receptor may be overexpressed by
an oncogene. Only a few inherited cancer syndromes involve
oncogenes. Examples include the RET, CDK4, and KIT onco-
genes. The RET oncogene is the underlying cause of multiple
endocrine neoplasia (MEN type 2). These individuals have an
increased risk to develop endocrine tumors.

Tumor suppressor genes restrain cell growth in damaged cells;
therefore loss of the tumor suppressor gene through mutation
leads to increased cell proliferation of abnormal cells and can-
cer development. They account for the majority of autosomal
dominant cancer syndromes. Some examples include BRCAI
and BRCA2 genes, and the p53 gene (Li-Fraumeni syndrome).
Tumor suppressor genes are dominantly inherited. However,
on the cellular level, they are recessive. In other words, a cell
must have two genetic hits (one hit to each copy of the gene
in question) before the cell can head down the multistep pro-
cess to cancer. The first hit is inherited, and the second hit is
acquired.

DNA repair genes identify and mend DNA replication errors
made during replication. When they are nonfunctional, repli-
cation errors can lead to cancer development. Lynch syndrome

(hereditary nonpolyposis colorectal cancer [HNPCC]) has at
least four mismatch repair genes (MLH1, MSH2, MSHG6, and
PMS2) that predispose an individual to colon cancer and uterine
cancer. One could imagine these genes as editors that find and
correct spelling errors. Loss of their function allows mutations
to accumulate and leads the daughter cells down the path of
the multistep process of cancer. There are other genes that con-
centrate on repairing DNA sequences that were damaged by an
external source such as radiation. Some examples include Fan-
coni anemia, Bloom syndrome, ataxia-telangiectasia, and xero-
derma pigmentosum. These are the few cancer syndromes that
follow an autosomal recessive pattern of inheritance.

Epigenetic mechanisms, as discussed previously, involve alter-
ations in patterns of DNA methylation or DNA packaging (3D
structure determined by histone interaction and nucleosome
positioning). Cancer cells are frequently characterized by global
loss of DNA methylation with paradoxical hypermethylation at
CpG islands of certain promoters. Coupled with aberrant pack-
aging that may expose inappropriate genetic areas to allow tran-
scription, the overall consequence is abnormal gene expression,
either increased or decreased. One can use this clinically to try
and identify the 3% to 5% of patients with endometrial cancer
that have Lynch syndrome. Lynch syndrome differs from other
hereditary cancer syndromes in that the actual tumor tissue can
be screened for Lynch syndrome using immunohistochemistry
(IHC) for the four mismatch repair proteins (MLH1, MSH2,
MSHG6, PMS2), microsatellite instability (MSI) analysis, and
MLHI1 hypermethylation testing. Positive tests will require con-
firmatory diagnostic testing, but they help guide germline genetic
testing. In an attempt to identify Lynch syndrome in women
with endometrial cancer, the Society of Gynecologic Oncology
Clinical Practice Statement on Screening for Lynch Syndrome
in Endometrial Cancer recommends that all women who are
diagnosed with endometrial cancer should undergo systematic
clinical screening for Lynch syndrome (review of personal and
family history) or molecular screening. Molecular screening of
endometrial cancers for Lynch syndrome is the preferred strategy
when resources are available (SGO, 2014).

When considering a family history of cancer, one should
first obtain a complete history, including who has and who
has not had cancer in the family. This information will help
determine to which group the family likely belongs: average
risk (sporadic—somatic cell changes), moderate risk (common
exposures—somatic cell changes or low penetrance genes), or
high risk (inherited cancer genes—germline mutations). For
certain cancer syndromes, computer models are available to
help determine the chance a family has an inherited cancer
syndrome. It is important to note that taking a detailed family
history involves more than asking who has had cancer. One
important factor to be cognizant of is the difference between
primary cancers, recurrences, and metastatic disease. Patients
rarely understand the subtleties of these important distinctions
and inadvertently report inaccurate information. It is common
for a woman to tell her physician about a family member who
was treated for uterine cancer. Upon detailed history taking the
physician finds that the woman had a procedure for cervical
dysplasia. This type of information is critical to sort this out
in order to provide a risk estimate. Once it is determined to
which group the person belongs, then an estimation of that
person’s risk to develop cancer can be determined, and, finally,
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an individualized cancer screening recommendations can be
agreed upon. Generally, at-risk patients should be referred to
genetic counselors or medical geneticists with particular exper-
tise in cancer genetics.

With the advent of next-generation sequencing there are sev-
eral commercial entities providing fast and relatively inexpen-
sive tumor DNA sequencing that has not only revolutionized
the genetic research on cancer but also created potentially new
therapeutic opportunities as well. Tumor specimens can be
tested for a “panel” of genes with a known association to cancer
and specifically looking for genetic mutations that are “action-
able” mutations, in that pharmacologic agents exist, that target
these mutations. Different tumor types can have genetic features
in common, making them treatable with the same drugs aimed
at the genetic defect. Consider Herceptin, the first cancer drug
approved for use with a DNA test to determine who should
receive it (now there is also a protein-based test). The U.S. Food
and Drug Administration (FDA) cleared it in 1998 to target
breast cancers that overexpress the HER2 gene, a change that
drives the cancer cells to multiply. The same mutation has been
found in gastric, ovarian, and other cancers. As a result of test-
ing, the drug was approved in 2010 to treat patients with gastric
cancers that overexpress the HER2 gene. The potential applica-
tion of the next-generation sequencing technology is vast but
still needs to be subject to scientific scrutiny before it replaces
more standard treatment options.

Commonly identified “pitfalls” of identifying genetic anomalies
that lead to formidable counseling challenges include variants
of unknown significance (VOUS), identification of adult-
onset disease or parental presymptomatic disorders, revelation

of nonpaternity, unsuspected consanguinity, findings linked to
diseases with variable expressivity, or microdeletions involving
a gene linked to cancer development or progression. There are
also growing concerns that complete sequence data may lead
to overstated associations of disease with findings of genetic
variation.

Prenatal genetic discovery, whether through cell-free DNA
screening or direct analysis techniques such as chromosomal
microarray or whole-exome sequencing, may have especially
precarious consequences. There is a relative paucity of infor-
mation when basing disease prediction on genetic information
alone. Due to variations in strength of association with a given
phenotype, differences in penetrance, and potential influence of
other genetic or environmental factors on disease phenotype, the
weight of the evidence for the reported finding must be carefully
considered before irrevocable action such as pregnancy termina-
tion or fetal treatment is undertaken. The potential impact even
goes beyond the possibility of pregnancy termination. Consider
the effect of incidental findings such as Mendelian diseases with
adult-onset symptoms, or inherited mutations of cancer-associ-
ated genes. This raises the risk of labeling the unborn child as
well as the parents or extended family with a predestined illness.
Furthermore, these findings may cause considerable unfounded
anxiety throughout pregnancy and into childhood, depending
on the strength of disease association.

At the outset of the Human Genome Project in 1990, the
National Human Genome Research Institute established the
Ethical, Legal, and Social Implications (ELSI) Program, a com-
ponent of the extramural genomics research program of the
National Institutes of Health (NIH) (McEwen, 2014). This pro-
gram has focused on four high-priority areas: the use and inter-
pretation of genetic information, clinical integration of genetic
technology, issues surrounding genetics research, and public
and professional education about these issues. Research such as
the programs funded under ELSI are essential to establish basic
guidelines; however, the uses and influence of genetic/genomic
diagnosis are vast, and ultimately the individual provider must
assume responsibility for pursuing and interpreting the informa-
tion conscientiously.

KEY POINTS

m Virtually all human diseases have an underlying genetic
component. All health care professionals need a basic level
of familiarity with genetics and genomics, as this is an
integral part of mainstream medicine.

m Genetic variation between healthy individuals exists in the
form of SNPs and CNVs providing different “doses” of a
large repeated DNA sequence at a given genetic locus, or
alterations in three-dimensional DNA structures called
epigenetic modification.

m Naturally occurring variations in genetic sequence, such as
SNPs, may mediate an individual’s susceptibility to disease
or responsiveness to a particular medication.

# The human genome contains about 3 billion base pairs, of
which only about 1.5% makes up the exome, or protein-
coding portion. The remaining 98.5% of the human
genetic sequence encodes biologically active nucleic acid

molecules, which are an active area of molecular biology
research.

m Genetic pathology can arise from alteration in the
sequence of a gene, changes in the normal amount of a
gene product, or sequence changes in regulatory regions,
which prevent the cell from expressing the intended gene
product.

m When a heterozygous individual who has an autosomal
dominant trait mates with a normal individual, 50% of
their offspring will have the trait.

B When two individuals who carry an autosomal recessive
trait mate, 25% of their offspring will demonstrate the
trait and 50% will be carriers.

m X-linked recessive characteristics are transmitted from
maternal carriers to male offspring and will affect 50% of
the male offspring.

Continued

Obstetrics & Gynecology Books Full

45


http://ebookobgyne.net/

46  Part| BASIC SCIENCE

KEY POINTS—cont’d

The mechanism of trinucleotide repeat disorders is DNA
misalignment during meiosis, which leads to unstable
dynamic expansion of the number of three-nucleotide repeats
within the gene as it is passed from generation to generation,
causing progressively more severe manifestations of disease.
Prader-Willi and Angelman syndromes demonstrate

the concept that certain regions of genetic material are
imprinted and depend on dose and inheritance from two
separate gametes for normal function.

The phenotype and severity of disorders that affect the
mitochondria are determined by the source of the genetic
material (nuclear or mitochondrial DNA), the proportion
of affected mitochondria inherited by the cell, as well as the
threshold for energy production needed in the affected cell.
In general, if a couple produces an offspring with a multi-
factorial defect and the problem has never occurred in the
family, it can be expected to be repeated in 2% to 5% of
subsequent pregnancies.

Individuals who carry balanced rearrangements of genetic
material are phenotypically normal, but their gametes are
at risk for unbalanced genetic content, which may lead to
infertility or recurrent pregnancy loss.

Nondisjunctional events have been described in every
autosome except chromosomes 1 and 17. Live births can
result from nondisjunctional events involving chromo-
somes 21, 18, 13, or 22, and these occur more commonly
with advancing maternal age.

There are screening and diagnostic tests available for
prenatal diagnosis of a large number of genetic diseases
and syndromes. Indications for testing may include family
history of a specific disease or recurrent clinical phenotype,
ethnic background with increased carrier frequency of a
certain disease, poor obstetric outcome history, increased
maternal age, or population-based prevalence risk.

In genetic counseling, the role of the care providers
(genetic counselors and physicians) is to conduct nondi-
rectional counseling of screening and diagnostic options
in order to provide prospective parents with information
to optimize pregnancy outcomes based on their personal
values and preferences. Before screening or testing, the
patient needs to understand the options that may ensue
from a positive test result.

Genetic screening based on cell-free fetal DNA is currently
recommended only for women with increased risk of fetal
aneuploidy.

Akolekar R, Beta J, Picciarelli G, et al. Procedure-related risk of miscarriage fol-
lowing amniocentesis and chorionic villus sampling: a systematic review and
meta-analysis. Ultrasound Obster Gynecol. 2015;45(1):16-26.

Amberger JS, Bocchini CA, Schiettecatte F, et al. OMIM.org: Online Mende-
lian Inheritance in Man (OMIM®), an online catalog of human genes and
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American College of Obstetricians and Gynecologists (ACOG). ACOG Com-
mittee Opinion No. 430: preimplantation genetic screening for aneuploidy.
Obster Gynecol. 2009;113(3):766-767.

m Definitive diagnosis of a genetic disease in the prenatal
period requires tissue diagnosis obtained through invasive
testing methods such as preimplantation genetic diagnosis,
chorionic villus sampling, or amniocentesis.

m With next-generation sequencing, it is possible to deter-
mine the complete sequence data for an individual exome
(protein-coding region) or genome (complete genetic
material). However, accurate interpretation of these data is
limited by unknown function of natural genetic variation
and noncoding DNA regions, which make up the majority
of the sequence.

m All cancer is genetic. However, most cancer is not inherited.
For a normal cell line to be transformed into a malignant
cell line, several genetic mutations in that somatic cell line
must occur that alter cell growth and differentiation.

m In 5% to 10% of families with cancer, there is a germline
(inherited) mutation that predisposes certain tissues to
become malignant.

m Types of genes and genetic mechanisms involved in malig-
nancy may be grouped into four categories: oncogenes,
tumor suppressor genes, DNA repair genes, and epigenetic
mechanisms of aberrant DNA packaging.

m Oncogenes (gain of function) behave as growth-promoting
genes, and they act in a genetically dominant manner. In
other words, only one abnormal copy of the gene will pro-
duce a clinically relevant phenotype due to increased gene
function.

m Tumor suppressor genes restrain cell growth in damaged
cells; therefore loss of the tumor suppressor gene through
mutation leads to increased cell proliferation of abnormal
cells and cancer development. They account for the major-
ity of autosomal dominant cancer syndromes.

m DNA repair genes identify and mend DNA replication
errors made during replication. When they are nonfunc-
tional, replication errors can lead to cancer development.

m Epigenetic mechanisms involve alterations in patterns of
DNA methylation or DNA packaging (3D structure deter-
mined by histone interaction and nucleosome positioning).

m Lynch syndrome has a prevalence of 3% to 5% in all
patients with newly diagnosed endometrial cancer.

m In patients with endometrial cancer, the actual tumor
tissue can be screened for Lynch syndrome using
IHC for the four mismatch repair proteins (MLH1,
MSH2, MSHG6, and PMS2), MSI analysis, and MLH1
hypermethylation testing,.
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The organs of the female reproductive tract are classi-
cally divided into the external and the internal genitalia.
The external genital organs are present in the perineal area
and include the mons pubis, clitoris, urinary meatus, labia
majora, labia minora, vestibule, Bartholin glands, and peri-
urethral glands. The internal genital organs are located in the
true pelvis and include the vagina, uterus, cervix, oviducts,
ovaries, and surrounding supporting structures. This chapter
integrates the basic anatomy of the female pelvis with clinical
situations.

Embryologically, the urinary, reproductive, and gastroin-
testinal tracts develop in close proximity. This relationship
continues throughout a woman’s life span. In the adult, the
reproductive organs are in intimate contact with the lower
urinary tract and large intestines. Because of the anatomic
proximity of the genital and urinary systems, altered patho-
physiology in one organ often produces symptoms in an
adjacent organ. The gynecologic surgeon should master the
intricacy of these anatomic relationships to avoid surgical
complications. The clinician must also appreciate that wide
individual differences in anatomic detail exist among patients.
Understanding these variations is one of the greatest chal-
lenges of clinical medicine.

This chapter focuses on the norms of human anatomy; it
does not duplicate the completeness of an anatomic text or
surgical atlas.

EXTERNAL GENITALIA

Vulva

The vulva, or pudendum, is a collective term for the external
genital organs that are visible in the perineal area. The vulva
consists of the following: the mons pubis, labia majora, labia
minora, hymen, clitoris, vestibule, urethra, Skene glands, Bar-
tholin glands, and vestibular bulbs (Fig. 3.1).

The boundaries of the vulva extend from the mons pubis
anteriorly to the rectum posteriorly and from one lateral geni-
tocrural fold to the other. The entire vulvar area is covered by
keratinized, stratified squamous epithelium. The skin becomes
thicker, more pigmented, and more keratinized as the distance
from the vagina increases.

MONS PUBIS

The mons pubis is a fatty, rounded eminence that develops hair
after puberty. It is directly anterior and superior to the symphysis
pubis. The hair pattern, or escutcheon, of most women is trian-
gular. Genetic and racial differences produce a variety of normal
hair patterns, with approximately one in four women having a
modified escutcheon that has a diamond (male-like) pattern.

LABIA MAJORA

The labia majora are two large, longitudinal, cutaneous folds of
adipose and fibrous tissue. Each labium majus is approximately 7
to 8 cm in length and 2 to 3 cm in width. The labia extend from
the mons pubis anteriorly to become lost in the skin between the
vagina and the anus in the area of the posterior fourchette. The
skin of the outer convex surface of the labia majora is pigmented
and covered with hair follicles. The thin skin of the inner sur-
face does not have hair follicles but has many sebaceous glands.
Histologically the labia majora have both sweat and sebaceous
glands (Fig. 3.2). The apocrine glands are similar to those of the
breast and axillary areas. The size of the labia is related to fat
content. Usually the labia atrophy after menopause. The labia
majora are homologous to the scrotum in the male. The clinical
significance of the hair-bearing areas of the vulva is that condi-
tions that involve the skin, such as vulvar intraepithelial neopla-
sia (VIN), may be found as deep as 3 mm below the surface as it
can involve the skin down the hair shafts. That is not the case in
the non—hair-bearing areas, such as the labia minora, where the
full thickness of the epidermis is usually no more than 1 mm.
Hence, treatment of the non—hair-bearing areas would not have
to be any deeper than 1 mm to be effective, whereas treatment of
the hair-bearing areas would have to be at least 3 mm in depth to
cover the potentially deeper skin down the hair shafts.

LABIA MINORA

The labia minora, or nymphae, are two small, red cutaneous
folds that are situated between the labia majora and the vagi-
nal orifice. They are more delicate, shorter, and thinner than the
labia majora. Anteriorly, they divide at the clitoris to form supe-
riorly the prepuce and inferiorly the frenulum of the clitoris.
Histologically they are composed of dense connective tissue with
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Figure 3.1 The structures of the external genitalia that are collectively called the vulva. (Modified
from Pritchard JA, MacDonald PC, Gant NF. Williams’ Obstetrics. 17th ed. New York: Appleton-Cen-
tury-Crofts; 1985:8.)

Figure 3.2 Histologic section from the labia majora. Note the
eccrine glands and ducts. HF, Hair follicles; SG, sebaceous glands.
(From Stevens A, Lowe ). Human Histology. 3rd ed. Philadelphia:
Elsevier; 2002:346.)

erectile tissue and elastic fibers, rather than adipose tissue. The
skin of the labia minora is less cornified and has many sebaceous
glands but no hair follicles or sweat glands. The labia minora
and the breasts are the only areas of the body rich in sebaceous
glands but without hair follicles. Among women of reproductive
age, there is considerable variation in the size of the labia minora.
They are relatively more prominent in children and postmeno-
pausal women. The labia minora are homologous to the penile
urethra and part of the skin of the penis in males.

HYMEN

The hymen is a thin, usually perforated membrane at the
entrance of the vagina. There are many variations in the structure
and shape of the hymen. The hymen histologically is covered
by stratified squamous epithelium on both sides and consists of

fibrous tissue with a few small blood vessels. Small tags, or nod-
ules, of firm fibrous material, termed carunculae myrtiformes, are
the remnants of the hymen identified in adult females.

CLITORIS

The clitoris is a short, cylindric, erectile organ at the superior
portion of the vestibule. The normal adult glans clitoris has a
width less than 1 cm, with an average length of 1.5 to 2 cm. Pre-
vious childbearing may influence the size of the clitoris, but age,
weight, and oral contraceptive use do not change the anatomic
dimensions. Usually, only the glans is visible, with the body of
the clitoris positioned beneath the skin surface. The clitoris con-
sists of a base of two crura, which attach to the periosteum of
the symphysis pubis. The body has two cylindric corpora caver-
nosa composed of thin-walled, vascular channels that function as
erectile tissue (Fig. 3.3). The distal one third of the clitoris is the
glans, which has many nerve endings. The clitoris is the female
homologue of the penis in the male.

VESTIBULE

The vestibule is the lowest portion of the embryonic urogenital
sinus. It is the cleft distal to the vagina between the labia minora
that is visualized when the labia are held apart. The vestibule
extends from the clitoris to the posterior fourchette. The orifices
of the urethra and vagina and the ducts from Bartholin glands
open into the vestibule. Within the area of the vestibule are the
remnants of the hymen and numerous small mucinous glands.

URETHRA

The urethra is a membranous conduit for urine from the uri-
nary bladder to the vestibule. The female urethra measures 3.5
to 5 cm in length. The mucosa of the proximal two thirds of
the urethra is composed of stratified transitional epithelium,
whereas the distal one third is stratified squamous epithelium.
The distal orifice is 4 to 6 mm in diameter, and the mucosal
edges grossly appear everted.

Obstetrics & Gynecology Books Full

49


http://ebookobgyne.net/

50

Part| BASIC SCIENCE

Figure 3.3 A histologic section of the clitoris. Note the two corpus
cavernosa (CC), the septum (S), and the fibrous-collagenous sheath
(F). Multiple nerve endings may be seen surrounding the clitoris. PC,
Pacinian touch corpuscles. (From Stevens A, Lowe J. Human Histol-
ogy. 3rd ed. Philadelphia: Elsevier; 2002:346.)

SKENE GLANDS

Skene glands, or paraurethral glands, are branched, tubular glands
that are adjacent to the distal urethra. Usually Skene ducts run par-
allel to the long axis of the urethra for approximately 1 cm before
opening into the distal urethra. Sometimes the ducts open into the
area just outside the urethral orifice. Skene glands are the largest of
the paraurethral glands; however, many smaller glands empty into
the urethra. Skene glands are homologous to the prostate in the male.

BARTHOLIN GLANDS

Bartholin glands are vulvovaginal glands that are located imme-
diately beneath the fascia at about 4 and 8 o’clock, respectively,
on the posterolateral aspect of the vaginal orifice. Each lobu-
lated, racemose gland is about the size of a pea. Histologically
the gland is composed of cuboidal epithelium (Fig. 3.4). The
duct from each gland is lined by transitional epithelium and
is approximately 2 cm in length. Bartholin ducts open into a
groove between the hymen and the labia minora. Bartholin
glands are homologous to Cowper glands in the male.

VESTIBULAR BULBS

The vestibular bulbs are two elongated masses of erectile tissue
situated on either side of the vaginal orifice. Each bulb is imme-
diately below the bulbocavernosus muscle. The distal ends of
the vestibular bulbs are adjacent to Bartholin glands. They are
homologous to the bulb of the penis in the male.

CLINICAL CORRELATIONS

The skin of the vulvar region is subject to both local and general
dermatologic conditions. The intertriginous areas of the vulva

NS . ) ;
Figure 3.4 A histologic section of a Bartholin gland. Note the
multiple alveoli draining into a central duct. (From Shea CR, Stevens
A, Dalziel KL, Robboy SJ. Vulva. In: Robboy SJ, Anderson MC, Russell P,
eds. Pathology of the Female Reproductive Tract. Edinburgh: Churchill
Livingstone; 2002:36.)

Figure 3.5 Photograph of left Bartholin duct cyst. (From Di Donato
V, Bellati F, Casorelli A, et al. CO, laser treatment for Bartholin gland
abscess: ultrasound evaluation of risk recurrence. / Minim Invasive
Gynecol. 2013;20[3]:346-352.)

remain moist, and obese women are particularly susceptible to
chronic infection. The vulvar skin of a postmenopausal woman
is sensitive to topical cortisone and testosterone but insensitive
to topical estrogen. The most common large cystic structure
of the vulva is a Bartholin duct cyst (Fig. 3.5). This condition
may become painful if the cyst develops into an acute abscess.
Chronic infections of the periurethral glands may result in one
or more urethral diverticula. The most common symptoms of
a urethral diverticulum are similar to the symptoms of a lower
urinary tract infection: urinary frequency, urgency, and dysuria.
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Figure 3.6 A schematic drawing of a cross section of the female pelvis, demonstrating the H shape
of the vagina. Note the surrounding levator ani muscle. (Modified from Pritchard JA, MacDonald PC,
Gant NF. Williams’ Obstetrics. 17th ed. New York: Appleton-Century-Crofts; 1985:12.)

Vulvar trauma such as straddle injuries frequently results in
large hematomas or profuse external hemorrhage. The richness
of the vascular supply and the absence of valves in vulvar veins
contribute to this complication. The abundant vascularity of
the region promotes rapid healing, with an associated low inci-
dence of wound infection in episiotomies or obstetric tears of
the vulva. The subcutaneous fatty tissue of the labia majora and
mons pubis are in continuity with the fatty tissue of the anterior
abdominal wall. Infections in this space such as cellulites and
necrotizing fasciitis are poorly contained and may extend cepha-

lad in rapid fashion.

INTERNAL GENITALIA
VAGINA

The vagina is a thin-walled, distensible, fibromuscular tube that
extends from the vestibule of the vulva to the uterus. The poten-
tial space of the vagina is larger in the middle and upper thirds.
The walls of the vagina are normally in apposition and flactened
in the anteroposterior diameter. Thus the vagina has the appear-
ance of the letter H in cross section (Fig. 3.6).

The axis of the upper portion of the vagina lies faitly close to the
horizontal plane when a woman is standing, with the upper portion
of the vagina curving toward the hollow of the sacrum. In most
women an angle of at least 90 degrees is formed between the axis of
the vagina and the axis of the uterus (Fig. 3.7). The vagina is held in
position by the surrounding endopelvic fascia and ligaments.

The lower third of the vagina is in close relationship with
the urogenital and pelvic diaphragms. The middle third of
the vagina is suspended by the lower portion of the cardi-
nal ligaments and supported by the levator ani muscles.
The upper third is suspended by the upper portions of

the cardinal ligaments and the parametria. The vagina of

reproductive-age women has numerous transverse folds,
vaginal rugae. They help provide accordion-like distensibil-
ity and are more prominent in the lower third of the vagina.
The cervix extends into the upper part of the vagina. The
spaces between the cervix and attachment of the vagina are
called fornices. The posterior fornix is considerably larger
than the anterior fornix; thus the anterior vaginal length is
approximately 6 to 9 cm in comparison with a posterior vagi-
nal length of 8 to 12 cm. Vaginal length is increased slightly
by a woman’s weight and height. Age, conversely, leads to a
shortening of vaginal length. A study by Tan and colleagues
noted a decrease of 0.08 cm per 10 years. Menopause leads
to further shortening.

Histologically the vagina is composed of four distinct layers.
The mucosa consists of a stratified, nonkeratinized squamous epi-
thelium (Fig. 3.8). If the environment of the vaginal mucosa is
modified, as in uterine prolapse, then the epithelium may become
keratinized. The squamous epithelium is similar microscopically
to the exocervix, although the vagina has larger and more frequent
papillae that extend into the connective tissue. The normal vagina
does not have glands. The next layer is the lamina propria, or
tunica. It is composed of fibrous connective tissue. Throughout
this layer of collagen and elastic tissue is a rich supply of vascular
and lymphatic channels. The density of the connective tissue in
the endopelvic fascia varies throughout the longitudinal axis of the
vagina. The muscular layer has many interlacing fibers. However,
an inner circular layer and an outer longitudinal layer can be iden-
tified. The fourth layer consists of cellular areolar connective tissue
containing a large plexus of blood vessels.

The vascular system of the vagina is generously supplied
with an extensive anastomotic network throughout its length.
The vaginal artery originates either directly from the uterine
artery or as a branch of the internal iliac artery arising poste-
rior to the origin of the uterine and inferior vesical arteries.
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Figure 3.7 A median sagittal section through the pelvis. The peritoneum is shaded blue. Note
the proximal vagina at a diagonal axis and in a near 90-degree juxtaposition to the uterus. In
this woman, the uterus is anteflexed. (From Standring S, ed. Gray’s Anatomy. 39th ed. Edinburgh:

Churchill Livingstone; 2005:1321.)

The vaginal arteries may be multiple arteries on each side of
the pelvis. There is an anastomosis with the cervical branch o
the uterine artery to form the azygos arteries. Branches of the
internal pudendal, inferior vesical, and middle hemorrhoidal
arteries also contribute to the interconnecting network and the
longitudinal azygos arteries.

The venous drainage is complex and accompanies the arte-
rial system. Below the pelvic floor, the principal venous drainage
occurs via the pudendal veins. The vaginal, uterine, and vesi-
cal veins, as well as those around the rectosigmoid, all provide
venous drainage of the venous plexuses surrounding the middle
and upper vagina.

The nerve supply of the vagina comes from the autonomic
nervous system’s vaginal plexus, and sensory fibers come from
the pudendal nerve. Pain fibers enter the spinal cord in sacral
segments two to four. There is a paucity of free nerve endings in
the upper two thirds of the vagina.

The lymphatic drainage is characterized by its wide distribu-
tion and frequent crossovers between the right and left sides of
the pelvis. In general the primary lymphatic drainage of the upper
third of the vagina is to the external iliac nodes, the middle third of
the vagina drains to the common and internal iliac nodes, and the
lower third has a complex and variable distribution, including the
common iliac, superficial inguinal, and perirectal nodes.

CLINICAL CORRELATIONS

In clinical practice, anatomic descriptions of pelvic organs are derived
from Latin roots, such as the word vagina, which is derived from the
Latin word for sheath. In contrast, the names for surgical procedures
of pelvic organs are derived from Greek roots. Colpectomy, colporrha-
phy and colposcopy are derived from kolpos (fold), the Greek word for
the vagina, or hysterectomy (Greek) versus uterus (Latin).

Clinicians should consider the H shape of the vagina when they
insert a speculum and inspect the walls of the vagina. The posterior
fornix is an important surgical landmark, because it provides direct
access to the cul-de-sac of Douglas. The distal course of the ure-
ter is an essential consideration in vaginal surgery. Ureteral injury
can result from vaginally placed sutures to obtain hemostasis with
vaginal lacerations. The anatomic proximity and interrelationships
of the vascular and lymphatic networks of the bladder and vagina
are such that inflammation of one organ can produce symptoms
in the other. For example, vaginitis sometimes produces urinary
tract symptoms such as frequency and dysuria.

The Gartner duct cyst, a cystic dilation of the embryonic
mesonephros (Fig. 3.9), is usually present on the lateral wall of
the vagina. However, in the lower third of the vagina these cysts
are present anteriorly and may be difficult to distinguish from a
large urethral diverticulum.
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Figure 3.8 Histologic section of the vaginal squamous epithelium
(M). Submucosa (S) is well vascularized (lamina propria). SM, Smooth
muscle. (From Stevens A, Lowe J. Human Histology. 3rd ed. Philadel-
phia: Elsevier; 2002:347.)

An interesting phenomenon is the source of vaginal lubri-
cation during intercourse. For years there was speculation on
how an organ without glands is able to “secrete” fluid. Vaginal
lubrication occurs from a transudate produced by engorgement
of the vascular plexuses that encircle the vagina. This richness
of vascularization allows many drugs to readily enter the sys-
temic circulation when placed in the vagina. Medications that
are absorbed vaginally go directly into the systemic circulation,
bypassing the liver and its metabolism on the first round through
the circulation.

The anatomic relationship between the long axis of the vagina
and other pelvic organs may be altered by pelvic relaxation resulting
primarily from the trauma of childbirth. Atrophy or weakness of
the endopelvic fascia and muscles surrounding the vagina may result
in the development of a cystocele, rectocele, or enterocele, all pos-
sibly contributing to a vaginal vault prolapse. One of many popular
operations for vaginal vault prolapse is fixation of the vaginal apex
to the sacrospinous ligament. A rare complication of this operation
is massive hemorrhage, usually from the arterial or venous branches
of the inferior gluteal or pudendal vasculature.

CERVIX

The lower, narrow portion of the uterus is the cervix. The word
cervix originates from the Latin word for neck. The Greek word

5 i y i | 1 %
Figure 3.9 Mesonephric duct remnant in the vaginal wall. (From

Robboy SJ, Anderson MC, Russell P, eds. Pathology of the Female
Reproductive Tract. Edinburgh: Churchill Livingstone; 2002:77.)

for neck is trachelos, and when the cervix is removed, the surgi-
cal procedure is termed trachelectomy. The cervix may vary in
shape from cylindric to conical. It consists of predominantly
fibrous tissue in contrast to the primarily muscular corpus of
the uterus.

The vagina is attached obliquely around the middle of
the cervix; this attachment divides the cervix into an upper,
supravaginal portion and a lower segment in the vagina called
the portio vaginalis (Fig. 3.10). The supravaginal segment
is covered by peritoneum posteriorly and is surrounded by
loose, fatty connective tissue—the parametrium—anteriorly
and lacerally.

The canal of the cervix is fusiform, with the widest diameter
in the middle. The length and width of the endocervical canal
varies; it is usually 2.5 to 3 cm in length and 7 to 8 mm at its
widest point. The width of the canal varies with the parity of
the woman and changing hormonal levels. The cervical length
increases in pregnancy, with maximal length in the second tri-
mester. The cervical canal opens into the vagina at the external
os of the cervix. In the majority of women, the external os is in
contact with the posterior vaginal wall. The external os is small
and round in nulliparous women. The os is wider and gaping fol-
lowing vaginal delivery. Often lateral or stellate scars are residual
marks of previous cervical lacerations.

The mucous lining of the endocervical canal of nulliparous
women is arranged in longitudinal folds, called plicae palma-
tae, with secondary branching folds, the arbor vitae (Fig. 3.11).
These folds, which form a herringbone pattern, disappear fol-
lowing vaginal delivery.

A single layer of columnar epithelium lines the endocervical
canal and the underlying glandular structures. This specialized
epithelium secretes mucus, which facilitates sperm transport.
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Figure 3.10 A schematic drawing of a posterior view of the cervix, uterus, fallopian tube, and

ovary. Note that the cervix is divided by the vaginal attachment into an external portio segment and a
supravaginal segment. Note that the uterus is composed of the dome-shaped fundus, the muscular
body, and the narrow isthmus. Note the fimbria ovarica, or ovarian fimbria, attaching the oviduct

to the ovary. (Modified from Clemente CD. Anatomy: A Regional Atlas of the Human Body. 3rd ed.
Baltimore-Munich: Urban & Schwarzenberg; 1987.)

Figure 3.11 An electron micrograph of the endocervical canal,
demonstrating the arbor vitae. These folds and crypts provide a
reservoir for sperm. (From Singer A, Jordan JA. The anatomy of the
cervix. In Jordan JA, Singer A, eds. The Cervix. Philadelphia: WB Saun-
ders; 1976:18.)

An abrupt transformation usually is seen at the junction of
the columnar epithelium of the endocervix and the nonkera-
tinized stratified squamous epithelium of the portio vaginalis _ :
Fig. 3.12). The stratified squamous epithelium of the exocer- . o . ' '
(. & 3 ). cCsq P Figure 3.12 A histologic section through the squamocolum-
vix is identical to the lining of the vagina. inction of th N he ab P ion f
The d fbromuscular cervical stroma is composed bri- nar junction of the cervix. Note the abrupt transformation from
¢ dense, p p squamous to columnar epithelium. (From Standring S, ed. Gray’s

marily of collagenous connective tissue and mucopolysaccharide  Angtomy. 39th ed. Edinburgh: Churchill Livingstone; 2005:1335.)
ground substance. The collagen framework and ground sub-

stance are sensitive to hormonal effects. The connective tissue
contains approximately 15% smooth muscle cells and a small
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Figure 3.13 A low-power histologic section of the cervix. The
stroma (S) has a small amount of smooth muscle. The ectocervix
(ECx) is covered in stratified squamous epithelium. The endocervix
(ECC) is lined by tall columnar cells. NF, Nabothian follicles, a normal
finding; TZ, transformation zone. (From Stevens A, Lowe J. Human
Histology. 3rd ed. Philadelphia: Elsevier; 2002:349.)

amount of elastic tissue (Fig. 3.13). However, there are few mus-
cle fibers in the distal portions of the cervix.

It is not surprising that the cervical and uterine vascu-
lar supplies are interrelated. The arterial supply of the cer-
vix arises from the descending branch of the uterine artery.
The cervical arteries run on the lateral side of the cervix and
form the coronary artery, which encircles the cervix. The azy-
gos arteries run longitudinally in the middle of the anterior
and posterior aspects of the cervix and the vagina. There are
numerous anastomoses between these vessels and the vagi-
nal and middle hemorrhoidal arteries. The venous drainage
accompanies these arteries. The lymphatic drainage of the
cervix is complex, involving multiple chains of nodes. The
principal regional lymph nodes are the obturator, common
iliac, internal iliac, external iliac, and visceral nodes of the
parametria. Other possible lymphatic drainage includes the
following chains of nodes: superior and inferior gluteal,
sacral, rectal, lumbar, aortic, and visceral nodes over the pos-
terior surface of the urinary bladder. The stroma of the endo-
cervix is rich in free nerve endings. Pain fibers accompany the
parasympathetic fibers to the second, third, and fourth sacral
segments.

CLINICAL CORRELATIONS

The major arterial supply to the cervix is located on the lateral
cervical walls at the 3 and 9 o’clock positions, respectively. There-
fore a deep figure-of-eight suture through the vaginal mucosa
and cervical stroma at 3 and 9 o'clock helps to reduce blood
loss during procedures such as cone biopsy. If the gynecologist is
overzealous in placing such a hemostatic suture high in the vagi-
nal fornix, it is possible to compromise the course of the distal
ureter just before it enters the bladder.

The transformation zone of the cervix is an important ana-
tomic landmark for clinicians. This area encompasses the
transition from stratified squamous epithelium to columnar
epithelium. Most cervical dysplasia develops within this trans-
formation zone. The position of a woman’s transformation zone,
in relation to the long axis of the cervix, depends on her age and
hormonal status. When the female is young the transformation
zone is located further out on the cervical portio: this is called an
ectropion. This is a normal finding, especially during pregnancy.
As a woman ages, the transformation zone migrates higher up
the endocervical canal.

The endocervix is rich in free nerve endings. Occasionally,
women experience a vasovagal response during transcervical
instrumentation of the uterine cavity. Serial cardiac monitoring
during insertion of intrauterine devices demonstrates a reflex
bradycardia in some women. The sensory innervation of the
exocervix is not as concentrated or sophisticated as that of the
endocervix or external skin. Therefore usually the exocervix may
be cauterized by either cold or heat without major discomfort to
the patient.

The lymphatic drainage of the cervix is fairly organized as
described earlier. Similar to other disease sites, sentinel lymph
node (SLN) mapping and biopsy for cervical cancer is replacing
the more traditional full lymphadenectomies in favor of fewer
complications, specifically lymphedema. Sentinel lymph node
mapping in cervical cancer was first described in 1999 by Echt
and coworkers when they injected 13 patients who had early
stage cervical cancer with a blue dye, lymphazurin, and identi-
fied SLNs in 15% (Echt, 1999). This technique has been refined
over the years and is now performed using near-infrared fluores-
cence imaging and indocyanine green (ICG) with detection of
SLNs in 85% to 90% of cases.

UTERUS

The uterus is a thick-walled, hollow, muscular organ located
centrally in the female pelvis. Adjacent to the uterus are the uri-
nary bladder anteriorly, the rectum posteriorly, and the broad
ligaments laterally (Figs. 3.7 and 3.14). The uterus is globular
and slightly flattened anteriorly; it has the general configuration
of an inverted pear. The short area of constriction in the lower
uterine segment is termed the isthmus (Fig. 3.15). The dome-
shaped top of the uterus is termed the fundus. The lower edge of
the fundus is described by an imaginary line drawn between the
site of entrance of each oviduct. The size and weight of the nor-
mal uterus depend on previous pregnancies and the hormonal
status of the individual. The uterus of a nulliparous woman is
approximately 8 cm long, 5 cm wide, and 2.5 cm thick and
weighs 40 to 50 g. In contrast, in a multiparous woman, each
measurement is approximately 1.2 cm larger, and normal
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Figure 3.14 The organs of the female pelvis. The uterus is surrounded by the bladder anteriorly, the
rectum posteriorly, and the folds of the broad ligaments laterally. (Modified from Clemente CD. Anat-
omy: A Regional Atlas of the Human Body. 3rd ed. Baltimore-Munich: Urban & Schwarzenberg; 1987.)

Figure 3.15 A surgical specimen of a uterus that has been
opened. (From Robboy SJ, Anderson MC, Russell P, eds. Pathology
of the Female Reproductive Tract. Edinburgh: Churchill Livingstone;
2002:241.)

uterine weight is 20 to 30 g heavier. The upper limit for weight
of a normal uterus is 110 g. The capacity of the uterus to enlarge
during pregnancy results in a 10- to 20-fold increase in weight
at term. After menopause the uterus atrophies in both size and
weight.

The cavity of the uterus is flattened and triangular. The ovi-
ducts enter the uterine cavity at the superolateral aspects of the
cavity in the areas designated the cornua. In the majority of
women, the long axis of the uterus is both anteverted in respect
to the long axis of the vagina and anteflexed in relation to the
long axis of the cervix. However, a retroflexed uterus is a normal
variant found in approximately 25% of women.

The uterus has three layers, similar to other hollow abdomi-
nal and pelvic organs. The thin, external serosal layer makes
up the visceral peritoneum. The peritoneum is firmly attached
to the uterus in all areas except anteriorly at the level of the

internal os of the cervix, where it is only loosely attached. The
wide middle muscular layer is composed of three indistinct
layers of smooth muscle. The outer longitudinal layer is con-
tiguous with the muscle layers of the oviduct and vagina. The
middle layer has interlacing oblique, spiral bundles of smooth
muscle and large venous plexuses. The inner muscular layer
is also longitudinal. The endometrium is a reddish mucous
membrane that varies from 1 to 6 mm in thickness, depending
on hormonal stimulation (Fig. 3.16). The uterine glands are
tubular and composed of tall columnar epithelium. The cells of
the endometrial stroma resemble embryonic connective tissue
with scant cytoplasm and large nuclei (Fig. 3.17). The endome-
trium may be divided into an inner stratum basale and an outer
stratum functionale. The stratum functionale may be further
subdivided into an inner compact stratum and a more superfi-
cial spongy stratum. Only the stratum functionale responds to
fluctuating hormonal levels.

The uterine and ovarian arteries provide the arterial blood
supply of the uterus. The uterine arteries are large branches of
the hypogastric arteries, whereas the ovarian arteries originate
directly from the aorta. The veins of the pelvic organs accom-
pany the arteries. Therefore venous drainage from the fundus
goes to the ovarian veins and blood from the corpus exits via
the uterine veins into the iliac veins. The lymphatic drain-
age of the uterus is complex. The lymphatics from the fundus
and the body of the uterus go to the aortic, lumbar, or pelvic
nodes surrounding the iliac vessels, especially the internal iliac
nodes. However, it is possible for metastatic disease from the
uterus to be found in the superior inguinal nodes transported
via lymphatics in the round ligament, or directly spread to the
paraaortic nodes. Surprisingly, the lymphatic drainage of the
uterus is not that different from the lymphatic drainage of the
cervix.

In contrast to other pelvic organs, the afferent sensory nerve
fibers from the uterus are in close proximity to the sympathetic
nerves. Afferent nerve fibers from the uterus enter the spinal

Obstetrics & Gynecology Books Full


http://ebookobgyne.net/

3 Reproductive Anatomy

Appearances

Focal decidua Decidua Extensive
@ around spiral decidua. Stromal
S | Loose stroma. Same as Loose stroma, Stromal . throughout X .
o ¥ " " . Loose stroma arteries. Prominent crumbling.
3 Mitoses proliferative [scanty mitoses edema stroma. Some
o Edema B — granulated Hemorrhage
prominent lymphocytes
Microscopic features of
functional zone BlsEEs
. Some .
Q .Stralght.to subnuclear Extensive Dilated glands.| - pyj5tq glands with irregular Prominent GETES:
o | tightly coiled Some tli "sawtooth" " " Secretory
2 tubules VERLEES SUIBLEIEER subnuclear 'ou ne. 0 glands BEAIBEl exhaustion
& h X otherwise as vacuoles Luminal secretion glands L
Mitoses . : vacuoles Regenerating
proliferative R
epithelium

Figure 3.16 The endometrium is responsive to the hormonal changes of the menstrual cycle.
Glands and stroma change activity and thus histologic appearance throughout the cycle. (From
Robboy SJ, Anderson MC, Russell P, eds. Pathology of the Female Reproductive Tract. Edinburgh:

Churchill Livingstone; 2002:248.)
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Figure 3.17 Low-power histologic section of proliferative endome-

trium. (From Robboy S), Anderson MC, Russell P, eds. Pathology of the
Female Reproductive Tract. Edinburgh: Churchill Livingstone; 2002:248.)

cord at the eleventh and twelfth thoracic segments. The sym-
pathetic nerve supply to the uterus comes from the hypogas-
tric and ovarian plexus. The parasympathetic fibers are largely
derived from the pelvic nerve and from the second, third, and
fourth sacral segments.

CLINICAL CORRELATIONS

Removal of the uterus is termed hysterectomy, which is derived
from the Greek word hystera, meaning womb. The symptoms of
primary dysmenorrhea are treated successfully in most women
by prostaglandin synthetase inhibition. Usually a woman’s pain
is controlled by oral medication. However, it is possible to allevi-
ate uterine pain by cutting the sensory nerves that accompany
the sympathetic nerves. This operation is termed a presacral neu-
rectomy. During the operation, the gynecologist must be careful
to avoid injuring the ureters and also careful to control hemor-
rhage from vessels in the retroperitoneal space.

The position of the fundus of the uterus in relation to the
long axis of the vagina is quite variable. Not only are there dif-
ferences among individual women, but also in the same woman
differences occur secondary to normal activity. In some women
the uterus is anteflexed or anteverted, whereas in others the
normal position is retroflexed or retroverted. In the 1930s and
1940s, a retroflexed uterus was believed to be one of the primary
causes of pelvic pain. To alleviate this condition, many women
underwent an anterior uterine suspension. Modern gynecolo-
gists have abandoned the suspension operation as a treatment
for pelvic pain.

The arterial blood supply enters the uterus on its lateral mar-
gins. This relationship allows morcellation of an enlarged uterus
to facilitate removal of multiple myomas without appreciably
increasing blood loss during vaginal hysterectomy.

Methods of transcervical female sterilization, designed
to occlude the tubal ostia at the uterine cornua, are effective
and commonly used (Essure). Prior to the application of this
method, procedures that blindly injected caustic solutions into
the uterine cornua had a high failure rate. Individual differences
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Figure 3.18
left and indocyanine green on the right. (From Sinno AK, Fader AN, Roche KL, et al. A comparison of

colorimetric versus fluorometric sentinel lymph node mapping during robotic surgery for endometrial
cancer. Gynecol Oncol. 2014;134[2] :281-286.)

in the size and shape of the uterine cavity and muscular spasm
of this region are the primary reasons that sufficient amounts of
the caustic chemicals did not reach the fallopian tubes in up to
20% of patients.

Similar to the lymphatic drainage of the cervix, the lymphatic
drainage of the uterus has also been studied. Sentinel lymph nodes
can also be found on either side of the pelvis/paraaortic areas in
85% to 90% of cases using near-infrared fluorescence imaging
and indocyanine green (ICG) (Abu-Rustum, 2014) (Fig. 3.18).

OVIDUCTS

The paired uterine tubes, more commonly referred to as the fal-
lopian tubes or oviducts, extend outward from the superolateral
portion of the uterus and end by curling around the ovary. The
oviducts are also referred to using the prefix salpingo-, from the
Greek salpinx, meaning a tube. The tubes are contained in a free
edge of the superior portion of the broad ligament. The mesen-
tery of the tubes, the mesosalpinx, contains the blood supply and
nerves. The uterine tubes connect the cornua of the uterine cavity
and the peritoneal cavity. The ostia into the endometrial cavity are
1.5 mm in diameter, whereas the ostia into the abdominal cavity
are approximately 3 mm in diameter.

Intraoperative view of sentinel lymph node mapping with isosulfan blue dye on the

The oviducts are between 10 and 14 cm in length and slightly
less than 1 cm in external diameter. Each tube is divided into
four anatomic sections. The uterine intramural, or interstitial,
segment is 1 to 2 cm in length and is surrounded by myome-
trium. The isthmic segment begins as the tube exits the uterus
and is approximately 4 cm in length. This segment is narrow, 1 to
2 mm in inside diameter, and straight. The isthmic segment has
the most highly developed musculature. The ampullary segment
is 4 to 6 cm in length and approximately 6 mm in inside diam-
eter. It is wider and more tortuous in its course than other seg-
ments. Fertilization normally occurs in the ampullary portion of
the tube. The infundibulum is the distal trumpet-shaped portion
of the oviduct. From 20 to 25 irregular finger-like projections,
termed fimbriae, surround the abdominal ostia of the tube. One
of the largest fimbriae is attached to the ovary, the fimbria ovarica.

The tube contains numerous longitudinal folds, called plicae,
of mucosa and underlying stroma. Plicae are most prominent in
the ampullary segment (Fig. 3.19). The mucosa of the oviduct
has three different cell types. Columnar ciliated epithelial cells
are most prominent near the ovarian end of the tube and overall
compose 25% of the mucosal cells (Fig. 3.20). Secretory cells,
also columnar in shape, compose 60% of the epithelial lining and
are more prominent in the isthmic segment. Narrow peg cells are
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Figure 3.19 The fallopian tube. A, Schematic representation. Note that the intramural segment
is within the uterine body. B, Low-power histologic section from the ampulla. C, Section from the
isthmus of the tube. D, Section from the isthmus. Note the thick muscular wall. (A, B, and D, From
Stevens A, Lowe J. Human Histology. 3rd ed. Philadelphia: Elsevier; 2002:354; C, From Robboy SJ,
Anderson MC, Russell P, eds. Pathology of the Female Reproductive Tract. Edinburgh: Churchill Living-
stone; 2002:416.)

found between secretory and ciliated cells and are believed to
be a morphologic variant of secretory cells. The stroma of the
mucosa is sparse. However, there is a thick lamina propria with
vascular channels between the epithelium and muscular layers.
The smooth muscle of the tube is arranged into inner circular
and outer longitudinal layers. Between the peritoneal surface of
the tube and the muscular layer is an adventitial layer that con-
tains blood vessels and nerves.

The arterial blood supply to the oviducts is derived from ter-
minal branches of the uterine and ovarian arteries. The arteries

anastomose in the mesosalpinx. Blood from the uterine artery
supplies the medial two thirds of each tube. The venous drain-
age runs parallel to the arterial supply. The lymphatic system is
separate and distinct from the lymphatic drainage of the uterus.
Lymphatic drainage includes the internal iliac nodes and the
aortic nodes surrounding the aorta and the inferior vena cava at
the level of the renal vessels. The tubes are innervated by both
sympathetic and parasympathetic nerves from the uterine and
ovarian plexuses. Sensory nerves are related to spinal cord seg-
ments T11, T12, and L1.
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CLINICAL CORRELATIONS

The majority of ectopic pregnancies occur in the oviduct. The
acute abdominal and pelvic pain that women with an ectopic
pregnancy experience is believed to be caused by hemorrhage.
The most catastrophic bleeding associated with ectopic preg-
nancy occurs when the implantation site is in the intramural
segment of the tube.

The isthmic segment of the oviduct is the preferred site to
apply an occlusive device, such as a clip, for female sterilization.
The right oviduct and appendix are often adjacent. Clinically
it may be difficult to differentiate inflammation of the tube
from acute appendicitis. Accessory tubal ostia are discovered fre-
quently and always connect with the lumen of the tube. These
accessory ostia are usually found in the ampullary portion of the
tube.

The wide mesosalpinx of the ampullary segment of the tube
allows torsion of the tube, which occasionally results in ischemic
atrophy of the ampullary segment. Paratubal or paraovarian cysts

Figure 3.20 Electron micrograph of the tubal mucosa from the

ampulla. CC, Ciliated cells; SC, secretory cells. (From Stevens A, Lowe
). Human Histology. 3rd ed. Philadelphia: Elsevier; 2002:354.)
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can reach 5 to 10 cm in diameter and occasionally are confused
with ovarian cysts before surgery.

Although a definitive anatomic sphincter has not been
identified at the uterotubal junction, a temporary physiologic
obstruction has been identified during hysterosalpingography.
Sometimes clinicians may alleviate this temporary obstruction
by giving the patient intravenous sedation, a paracervical block,
or intravenous glucagon.

OVARIES

The paired ovaries are light gray, and each one is approximately
the size and configuration of a large almond. The surface of
the ovary of adult women is pitted and indented from previ-
ous ovulations. The ovaries contain approximately 1 to 2 mil-
lion oocytes at birth. During a woman’s reproductive lifetime,
about 8000 follicles begin development. The growth of many
follicles is blunted in various stages of development; however,
approximately 300 ova eventually are released. The size and
position of the ovary depend on the woman’s age and par-
ity. During the reproductive years, ovaries weigh 3 to 6 g and
measure approximately 1.5 cm x 2.5 cm x 4 cm. As a woman
ages, the ovaries become smaller and firmer in consistency. The
long axis of the ovary is vertical in a nulliparous woman who
is standing, and the ovary rests in a depression of peritoneum
named the ovarian fossa. Immediately adjacent to the ovarian
fossa are the external iliac vessels, the ureter, and the obturator
vessels and nerves.

Three prominent ligaments determine the anatomic mobil-
ity of the ovary (Fig. 3.21). The posterior portion of the broad
ligament forms the mesovarium, which attaches to the anterior
border of the ovary. The mesovarium contains the arterial anas-
tomotic branches of the ovarian and uterine arteries, a plexus of
veins, and the lateral end of the ovarian ligament. The ovarian
ligament is a narrow, short, fibrous band that extends from the

Uterine fundus
Uterine body

of broad
ligament

Intravaginal

Mesometrium .
cervix of uterus

Figure 3.21 The posterior aspect of the broad ligament—spread out to demonstrate the ovary.
(From Standring S, ed. Gray’s Anatomy. 39th ed. Edinburgh: Churchill Livingstone; 2005:1322.)
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lower pole of the ovary to the uterus. The infundibulopelvic liga-
ment, or suspensory ligament of the ovary, forms the superior
and lateral aspect of the broad ligament. This ligament contains
the ovarian artery, ovarian veins, and accompanying nerves. It
attaches the upper pole of the ovary to the lateral pelvic wall.
The ovary is subdivided histologically into an outer cortex
and an inner medulla (Fig. 3.22). The ovarian surface is covered
by a single layer of cuboidal epithelium, termed the germinal
epithelium. This term is a misnomer because the cells are similar
to those of the coelomic mesothelium, which forms the peri-
toneum, and because the germinal epithelium is not related to
the histogenesis of graafian follicles. If the ovary is transected,
numerous transparent, fluid-filled cysts are noted throughout
the cortex. Microscopically these are graafian follicles in various
stages of development, active or regressing corpus luteum, and
atretic follicles. The stroma of the cortex is composed primar-
ily of closely packed cells around the follicles. These specialized
connective tissue cells form the theca. The medulla contains the
ovarian vascular supply and a loose stroma. The specialized poly-
hedral hilar cells are similar to the interstitial cells of the testis.
Each of the ovarian arteries arises directly from the aorta
just below the renal arteries. They descend in the retroperito-
neal space, cross anterior to the psoas muscles and internal iliac
vessels, and enter the infundibulopelvic ligaments, reaching the
mesovarium in the broad ligament. The ovarian blood supply
enters through the hilum of the ovary. The venous drainage of
the ovary collects in the pampiniform plexus and consolidates

into several large veins as it leaves the hilum of the ovary. The
ovarian veins accompany the ovarian arteries, with the left ovar-
ian vein draining into the left renal vein, whereas the right ovar-
ian vein connects directly with the inferior vena cava.

The lymphatic drainage of the ovaries is primarily to the aor-
tic nodes adjacent to the great vessels at the level of the renal
veins. Metastatic disease from the ovary occasionally takes a
shorter course to the iliac nodes. The autonomic and sensory
nerve fibers accompany the ovarian vasculature in the infundib-
ulopelvic ligament. They connect with the ovarian, hypogastric,
and aortic plexuses.

CLINICAL CORRELATIONS

The size of the “normal” ovary during the reproductive years
and the postmenopausal period is important in clinical prac-
tice. Before menopause a normal ovary may be up to 5 cm in
length. Thus a small physiologic cyst may cause an ovary to
be 6 to 7 cm in diameter. In contrast, the normal atrophic
postmenopausal ovary usually cannot be palpated during pel-
vic examination.

It is important to emphasize that the ovaries and surround-
ing peritoneum are not devoid of pain and pressure receptors.
Therefore it is not unusual for a woman during a routine pelvic
examination to experience discomfort when normal ovaries are

palpated bimanually.

Early primary Late primary Secondary  Tertiary (graafian follicle)
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Figure 3.22 A schematic drawing of the ovary. Note the single layer of cuboidal epithelium called
the germinal epithelium. Note the graafian follicles in different stages of development. (From Stan-
dring S, ed. Gray’s Anatomy. 39th ed. Edinburgh: Churchill Livingstone; 2005:1324.)
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Attempts have been made to alleviate chronic pelvic pain by
performing an ovarian denervation operation by cutting and
ligating the infundibulopelvic ligaments. This operation has
been abandoned because of the high incidence of cystic degen-
eration of the ovaries, which resulted from the interruption of
their primary blood supply that was associated with the neurec-
tomy procedure.

The close anatomic proximity of the ovary, ovarian fossa,
and ureter is emphasized in surgery to treat severe endome-
triosis or pelvic inflammatory disease. It is important to iden-
tify the course of the ureter to facilitate removal of all of the
ovarian capsule that is adherent to the peritoneum and sur-
rounding structures so as to avoid immediate ureteral injury
and residual retroperitoneal ovarian remnants in the future.
Prophylactic oophorectomy is performed at the time of pel-
vic operations in many peri- and postmenopausal women.
Sometimes bilateral oophorectomy is technically more diffi-
cult when associated with a vaginal procedure in contrast to
an abdominal or laparoscopic hysterectomy. Vaginal removal
of the ovaries may be facilitated by identifying the anatomic
landmarks, similar to the abdominal approach, and sepa-
rately clamping the round ligaments and infundibulopelvic
ligaments.

VASCULAR SYSTEM OF THE PELVIS

Several generalizations should be made in describing the net-
work of arteries that bring blood to the female reproductive
organs. The arteries are paired, bilateral, and have multiple
collaterals (Fig. 3.23). The arteries enter their respective
organs laterally and then unite with anastomotic vessels from
the other side of the pelvis near the midline. There is a long-
standing teaching generalization that the pelvic reproduc-
tive viscera lie within a loosely woven basket of large veins
with numerous interconnecting venous plexuses. The arter-
ies thread their way through this interwoven mesh of veins
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Round ligament
Body of uterus
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Vagina

Fundus of uterus

to reach the pelvic reproductive organs, giving off numerous
branching arcades to provide a rich blood supply.

ARTERIES

Inferior Mesenteric Artery

The inferior mesenteric artery, a single artery, arises from the
aorta approximately 3 cm above the aortic bifurcation. It sup-
plies part of the transverse, descending and sigmoid colon, as
well as the rectum, and terminates as the superior hemorrhoidal
artery. The inferior mesenteric artery is occasionally torn dur-
ing node dissections performed in staging operations for gyne-
cologic cancer. Because of the rich collateral circulation from the
middle and inferior hemorrhoidal arteries, as well as the mar-
ginal artery of Drummond, the inferior mesenteric artery can be
ligated without compromise of the distal portion of the colon.

Ovarian Artery

The ovarian arteries originate from the aorta just below the renal
vessels. Each one courses in the retroperitoneal space, crosses
anterior to the ureter, and enters the infundibulopelvic liga-
ment. As the artery travels medially in the mesovarium, numer-
ous small branches supply the ovary and oviduct. The ovarian
artery unites with the ascending branch of the uterine artery in
the mesovarium just under the suspensory ligament of the ovary.

Common lliac Artery

The bifurcation of the aorta occurs at the level of the fourth lum-
bar vertebra, forming the two common iliac arteries. Each com-
mon iliac artery is approximately 5 cm in length before the vessel
divides into the external iliac and hypogastric arteries.

Hypogastric Artery (Internal lliac Artery)

The hypogastric arteries are short vessels, approximately 3 to 4
cm in length. Throughout their course they are in close proximity
to the ureters, which are anterior, and to the hypogastric veins,
which are posterior. Most commonly (variations are frequent),

Uteroovarian ligament

Tubal branch of uterine artery

Ovarian
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of uterine artery
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Figure 3.23 The arteries of the reproductive organs. Note the paired arteries entering laterally and
freely anastomosing with each other. (Modified from Clemente CD. Anatomy: A Regional Atlas of the
Human Body. 3rd ed. Baltimore-Munich: Urban & Schwarzenberg; 1987.)
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each hypogastric artery branches into an anterior and a posterior
division (or trunk). The branching is usually 2 cm from the com-
mon iliac. The posterior trunk gives off three parietal branches:
the iliolumbar, lateral sacral, and superior gluteal arteries. The
anterior trunk has nine branches. The three parietal branches are
the obturator, internal pudendal, and inferior gluteal arteries.
The six visceral branches include the umbilical, middle vesical,
inferior vesical, middle hemorrhoidal, uterine, and vaginal arter-
ies. The superior vesical artery usually arises from the umbilical
artery. 'The individual branches of the hypogastric artery may
vary from one woman to another.

Uterine Artery

The uterine artery arises from the anterior division of the hypo-
gastric artery and courses medially toward the isthmus of the
uterus. Approximately 2 c¢m lateral to the endocervix, it crosses
over the ureter and reaches the lateral side of the uterus. The
ascending branch of the uterine artery courses in the broad liga-
ment, running a tortuous route to finally anastomose with the
ovarian artery in the mesovarium (Fig. 3.24). Through its cir-
cuitous route in the parametrium, the uterine artery gives off
numerous branches that unite with arcuate arteries from the
other side. This series of arcuate arteries develops radial branches
that supply the myometrium and the basalis layer of the endo-
metrium. The arcuate arteries also form the spiral arteries of the
functional layer of the endometrium. The descending branch of
the uterine artery produces branches that supply both the cervix
and the vagina. In each case the vessels enter the organ laterally
and anastomose freely with vessels from the other side.

VAGINAL ARTERY

The vaginal artery may arise either from the anterior trunk of the
hypogastric artery or from the uterine artery. It supplies blood to
the vagina, bladder, and rectum. There are extensive anastomoses
with the vaginal branches of the uterine artery to form the azygos
arteries of the cervix and vagina.

Fimbriae of
uterine tube

Left ovarian artery

Ovary

Mesometrium

Left uterine artery

Mesosalpinx

Internal Pudendal Artery
This artery is the terminal branch of the hypogastric artery and
supplies branches to the rectum, labia, clitoris, and perineum.

VEINS

The venous drainage of the pelvis begins in small sinusoids that
drain to numerous venous plexuses contained within or imme-
diately adjacent to the pelvic organs. Invariably there are numer-
ous anastomoses between the parietal and visceral branches of
the venous system. In general the veins of the female pelvis and
perineum are thin walled and have few valves.

The veins that drain the pelvic plexuses follow the course
of the arterial supply. Their names are similar to those of the
accompanying arteries. Often multiple veins run alongside a
single artery. One special exception is the venous drainage of
the ovaries. The left ovarian vein empties into the left renal vein,
whereas the right ovarian vein connects directly with the inferior
vena cava.

CLINICAL CORRELATIONS

Although the external iliac artery and its branches do not sup-
ply blood directly to the pelvic viscera, they are important land-
marks in surgical anatomy. The fact that the external iliac artery
gives rise to the obturator artery in 15% to 20% of women must
be considered in radical cancer operations with associated node
dissections of the obturator fossa. The external iliac artery also
gives rise to the inferior epigastric artery. The inferior epigastric
artery should be avoided when performing laparoscopic opera-
tive procedures.

In certain clinical situations associated with profuse hem-
orrhage from the female pelvis, hypogastric artery ligation is
performed. Because of the extensive collateral circulation, this
operation does not produce hypoxia of the pelvic viscera but
reduces hemorrhage by decreasing the arterial pulse pressure.

Uterine tube

Ligament of ovary

Uterus

Figure 3.24 A photograph of an injected specimen demonstrating the rich anastomoses of the
uterine and ovarian arteries. (From Warwick R, Williams PL. Gray’s Anatomy. 35th ed. Edinburgh:

Churchill Livingstone; 1973:1361.)
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Box 3.1 Collateral Arterial Circulation of the Pelvis

Branches from Aorta

Ovarian artery—anastomoses freely with uterine artery

Inferior mesenteric artery—continues as superior hemorrhoidal
artery to anastomose with middle and inferior hemorrhoidal
arteries from hypogastric and internal pudendal

Lumbar and vertebral arteries—anastomose with iliolumbar artery
of hypogastric

Middle sacral artery—anastomoses with lateral sacral artery of
hypogastric

Branches from External lliac Artery

Deep iliac circumflex artery—anastomoses with iliolumbar and
superior gluteal of hypogastric

Inferior epigastric artery—gives origin to obturator artery in 25% of
cases, providing additional anastomoses of external iliac with
medial femoral circumflex and communicating pelvic branches

Branches from Femoral Artery

Medial femoral circumflex artery—anastomoses with obturator and
inferior gluteal arteries from hypogastric

Lateral femoral circumflex artery—anastomoses with superior glu-
teal and iliolumbar arteries from hypogastric

From Mattingly RF, Thompson ]D. Te Linde’s Operative Gynecology. 6th ed. Phila-
delphia: JB Lippincott; 1985.

The extent of collateral circulation after hypogastric artery liga-
tion depends on the site of ligation and may be divided into
three groups (Box 3.1).

In cases of intractable pelvic hemorrhage, it may be necessary
to supplement the effects of bilateral hypogastric artery ligation
with ligation of the anastomotic sites between the ovarian and
uterine vessels. Ligation of the terminal end of the ovarian artery
(utero-ovarian ligament) preserves the direct blood supply to the
ovaries and minimizes the fear of subsequent cystic degenera-
tion of the ovaries that may occur after ligation of the vessels
in the infundibulopelvic ligaments. Arterial embolization pro-
vides an alternative approach to ligation. A catheter is advanced
under fluoroscopic visualization, and small particulate material
is injected to produce hemostasis in the bleeding vessels. This
less invasive technique, when appropriate, may preserve fertility.
A rare condition that presents an interesting challenge to the cli-
nician is a congenital arteriovenous (A-V) malformation in the
female pelvis. Most of these A-V fistulas are treated with preop-
erative embolism and subsequent operative ligation.

One of the treatments for repetitive embolization arising
from thrombosis is the placement of a vascular umbrella into
the inferior vena cava. Collateral circulation exists between
the portal venous system of the gastrointestinal tract and the
systemic venous circulation through anastomosis in the pel-
vis, especially in the hemorrhoidal plexus. The pelvic veins also
anastomose with the presacral and lumbar veins. Thus though
rare, patients may develop trophoblastic emboli to the brain
without the trophoblast being filtered by the capillary system
in the lungs.

LYMPHATIC SYSTEM
EXTERNAL ILIAC NODES

The external iliac nodes are immediately adjacent to the external
iliac artery and vein (Figs. 3.25 and 3.26). There are two distinct

Aortic nodes
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Superior gluteal nodes

External iliac
nodes /

Inferior gluteal nodes

Internal iliac

Figure 3.25 Schematic view of the pelvic lymph nodes. (From
Plentl AA, Friedman EA. Lymphatic System of the Female Genitalia.
Philadelphia: WB Saunders; 1971:13.)

groups, one situated lateral to the vessels and the other posterior
to the psoas muscle. The distal portion of the posterior group is
enclosed in the femoral sheath. Most of the lymphatic channels
to this group of nodes originate from the vulva, but there are also
channels from the cervix and lower portion of the uterus. The
external iliac nodes receive secondary drainage from the femoral
and internal iliac nodes.

INTERNAL ILIAC NODES

The internal iliac nodes are found in an anatomic triangle whose
sides are composed of the external iliac artery, the hypogastric
artery, and the pelvic sidewall. Included in this clinically impor-
tant area are nodes with special designation, including the nodes
of the femoral ring, the obturator nodes, and the nodes adjacent
to the external iliac vessels. This rich collection of nodes receives
channels from every internal pelvic organ and the vulva, includ-
ing the clitoris and urethra. The sentinel lymph nodes from the
cervix and uterus are frequently found within the internal iliac
chain of nodes, most commonly, inferior and medial to the
bifurcation of iliac vein.

COMMON ILIAC NODES

The common iliac nodes are a group of nodes located adjacent to
the vessels that bear their name and are between the external iliac
and aortic chains. Most of these nodes are found lateral to the
vessels. To remove this chain, it is necessary to dissect the com-
mon iliac vessels away from their attachments to the psoas muscle,
as well as the genitofemoral nerve, which is commonly encased
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Figure 3.26 A lateral view of the female pelvis demonstrating the extensive lymphatic network.
Note that most of the lymphatic channels follow the courses of the major vessels. (Modified from
Clemente CD. Anatomy: A Regional Atlas of the Human Body. 3rd ed. Baltimore-Munich: Urban &

Schwarzenberg; 1987.)

in lymph nodes. This group receives lymphatics from the cervix,
uterus, ovary, and the upper portion of the vagina. Secondary lym-
phatic drainage from the internal iliac, external iliac, superior glu-
teal, and inferior gluteal nodes flows to the common iliac nodes.

INFERIOR GLUTEAL NODES

A small group of lymph nodes, the inferior gluteal nodes, are
located in anatomic proximity to the ischial spines and are adja-
cent to the sacral plexus of nodes. It is difficult to remove these
nodes surgically. The nodes receive lymphatics from the cervix,
the lower portion of the vagina, and Bartholin glands. This
group of nodes secondarily drains to the internal iliac, common
iliac, superior gluteal, and subaortic nodes.

SUPERIOR GLUTEAL NODES

The superior gluteal nodes are a group of nodes found near the
origin of the superior gluteal artery and adjacent to the medial
and posterior aspects of the hypogastric vessels. The superior glu-
teal nodes receive primary lymphatic drainage from the cervix
and the vagina. Efferent lymphatics from this chain drain to the
common iliac, sacral, or subaortic nodes.

SACRAL NODES

The sacral nodes are found over the middle of the sacrum in
a space bounded laterally by the sacral foramina. These nodes
receive lymphatic drainage from both the cervix and the vagina.
Secondary drainage from these nodes runs in a cephalad direc-
tion to the subaortic nodes.

SUBAORTIC NODES

‘The subaortic nodes are arranged in a chain and are located below
the bifurcation of the aorta, immediately anterior to the most caudal

portion of the inferior vena cava and over the fifth lumbar vertebra.
The primary drainage to this chain of nodes is from the cervix, with
a few lymphatics from the vagina. This group is the first secondary
chain to receive the efferent lymphatics as lymph flow progresses in
a cephalad direction from the majority of other pelvic nodes.

AORTIC NODES

The many aortic nodes are immediately adjacent to the aorta
on both its anterior and lateral aspects, predominantly in the
furrow between the aorta and inferior vena cava. Primary lym-
phatics drain from all the major pelvic organs, including the
cervix, uterus, oviducts, and especially the ovaries. The aortic
chain receives secondary drainage from the pelvic nodes. In gen-
eral, primary afferent lymphatics drain into the nodes over the
anterior aspects of the aorta, whereas secondary efferent drainage
from other pelvic nodes is found in those nodes situated lateral
and posterior to the aorta.

RECTAL NODES

The rectal nodes are found subfascially and in the loose con-
nective tissue surrounding the rectum. Primary drainage from
the cervix flows to the superior rectal nodes, and drainage from
the vagina appears in the rectal nodes in the anorectal region.
Secondary drainage from the rectal nodes goes to the subaortic
and aortic groups.

PARAUTERINE NODES

The number of lymph nodes in the group of parauterine nodes is
small; most frequently there is a single node immediately lateral
to each side of the cervix and adjacent to the pelvic course of the
ureter. Though anatomists frequently do not comment about the
parauterine nodes, the group receives special attention in radi-
cal surgical operations to treat uterine or cervical malignancy.
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Figure 3.27 A lymphangiogram of the pelvis and lumbar areas. This radiograph shows the course
of the lymphatics from the deep femoral nodes into the iliac nodes. Note the extensive network
of nodes in the inguinal region. (From Clemente CD. A Regional Atlas of the Human Body. 3rd ed.

Baltimore-Munich: Urban & Schwarzenberg; 1987.)

Primary drainage to this node originates in the vagina, cervix,
and uterus. Secondary drainage from this node is to the internal
iliac nodes on the same side of the pelvis.

SUPERFICIAL FEMORAL NODES

The superficial femoral nodes are a group of nodes found in the
loose, fatty connective tissue of the femoral triangle between the
superficial and deep fascial layers. These lymph nodes receive
lymphatic drainage from the external genitalia of the vulvar
region, the gluteal region, and the entire leg, including the foot.
Efferent lymphatics from this group of nodes penetrate the fascia
lata to enter the deep femoral nodes (Fig. 3.27).

DEEP FEMORAL NODES

The deep femoral nodes are located in the femoral sheath, adja-
cent to both the femoral artery and the vein within the femoral
triangle. The femoral triangle is the anatomic space lying imme-
diately distal to the fold of the groin. The boundaries of the
femoral triangle are the sartorius and adductor longus muscles
and the inguinal ligament. Each space contains, from medial to
lateral, the femoral vein, artery, and nerve. This chain receives
the primary lymphatics for the lower extremity and receives sec-
ondary efferent lymphatics from the superficial lymph nodes and
thus the vulva. This group of lymph nodes is in direct continuity
with the iliac and internal iliac chains.

CLINICAL CORRELATIONS

A precise knowledge of pelvic lymphatics is important for the
gynecologic oncologist who is surgically determining the extent of
spread of a pelvic malignancy. Aortic and pelvic lymphadenectomy

operations require precise knowledge of normal anatomy and pos-
sible anomalies in both the urinary and vascular systems. The fact
that most lymphatic metastatic spread from ovarian carcinoma
occurs in a cephalad direction should be emphasized. This explains
the importance of sampling paraaortic nodes in staging operations
for some ovarian and uterine malignancy. In carcinoma of the
vulva, lymphatic drainage is usually unilateral for cancers that are
clearly lateral to the midline but may drain to either side with mid-
line or near midline lesions of the pelvis (Coleman, 2013). Thus
bilateral node sampling is important for midline lesions, although
most vulvar cancers less than 4 cm in size can be managed with
SLN mapping and biopsy; limiting the extent of nodal dissection
and hopefully limiting morbidity as well. Frequently, the SLN
from vulvar cancer surgery can be found just inferior and lateral to
the pubic tubercle (Fig. 3.28).

Pelvic hemorrhage, usually from venous bleeding, is the most
common acute complication of a lymph node dissection because
most pelvic lymph nodes are in anatomic proximity to major
pelvic vessels. Lymphocysts in the retroperitoneal space are the
most common chronic complication associated with radical
node dissections.

For many years it was believed that all the superficial femoral
nodes drained to a sentinel node called the Cloguer node. The
Cloquet node, by the present classification system, would be one
of the most distal and medial of the nodes in the external iliac
chain. The Cloquet node is only of historical interest, because
the assumption is neither anatomically nor clinically correct.

INNERVATION OF THE PELVIS
INTERNAL GENITALIA

The innervation of the internal genital organs is supplied pri-
marily by the autonomic nervous system. The sympathetic
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Figure 3.28 Photo of blue vulvar sentinel lymph node with blue
lymphatic channel leading to the node. (Courtesy of Fidel A. Valea,
MD.)

portion of the autonomic nervous system originates in the tho-
racic and lumbar portions of the spinal cord, and sympathetic
ganglia are located adjacent to the central nervous system. In
contrast, the parasympathetic portion originates in cranial
nerves and the middle three sacral segments of the cord, and
the ganglia are located near the visceral organs. Although the
fibers of both subdivisions of the autonomic nervous system
frequently are intermingled in the same peripheral nerves,
their physiologic actions are usually directly antagonistic. As
a broad generalization, sympathetic fibers in the female pelvis
produce muscular contractions and vasoconstriction, whereas
parasympathetic fibers cause the opposite effect on muscles and
vasodilation.

The semantics of pelvic innervation are confusing and
imprecise. A plexus is a mixture of preganglionic and post-
ganglionic fibers; small, inconsistently placed ganglia; and
afferent (sensory) fibers. Throughout both the anatomic and
surgical literature, a plexus may also be termed a nerve. For
example, the superior hypogastric plexus is also called the pre-
sacral nerve.

Although autonomic nerve fibers enter the pelvis by sev-
eral routes, most are contained in the superior hypogastric
plexus, which is a caudal extension of the aortic and infe-
rior mesenteric plexuses. The superior hypogastric plexus
is found in the retroperitoneal connective tissue. It extends
from the fourth lumbar vertebra to the hollow over the
sacrum. In its lower portion the plexus divides to form the
two hypogastric nerves, which run laterally and inferiorly.
These nerves fan out to form the inferior hypogastric plexus

in the area just below the bifurcation of the common iliac
arteries. The nerve trunks descend farther into the base of the
broad ligament, where they join with parasympathetic fibers
to form the pelvic plexus. Both motor fibers and accompa-
nying sensory fibers reach the pelvic plexus from S2, S3,
and S4 via the pelvic nerves, or nervi erigentes. The pelvic
plexus is found adjacent to the coccygeus muscle and sacro-
spinous ligaments. This “complex” is richly vascularized. The
motor fibers to the levator ani (levator ani nerve) arise from
the S2 to S4 nerve roots (primarily S3 and S4), traversing
perpendicular to the muscle bundles and branching out to
innervate the muscle fibers. The levator ani nerve does not
innervate the anal sphincter, but the nerve is responsible for
pelvic floor support. The pudendal nerve fibers also origi-
nate from the sacral plexus, with nerve fibers from S2 to S4.
From the pelvic plexus, secondary plexuses are adjacent to
all pelvic viscera, namely, the rectum, anus, urinary bladder,
vagina, and Frankenhiuser plexus in the uterosacral liga-
ments. The Frankenhiuser plexus is extensive and contains
both myelinated and nonmyelinated fibers passing primarily
to the uterus and cervix, with a few fibers passing to the uri-
nary bladder and vagina. The ovarian plexus, like the blood
supply to the ovaries, is not part of the hypogastric system.
The ovarian plexus is a downward extension of the aortic and
renal plexuses.

It is impossible to separate afferent, sensory fibers from pel-
vic organs into morphologically independent tracts. Most fibers
accompany the vascular system from the organ and then enter
plexuses of the autonomic nervous system before eventually
entering white rami communicates to the cell bodies in dorsal
root ganglia of the spinal column. The major sensory fibers from
the uterus accompany the sympathetic nerves, which enter the
nerve roots of the spinal cord in segments T11 and T12. Thus
referred uterine pain is often located in the lower abdomen. In
contrast, afferents from the cervix enter the spinal cord in nerve
roots of S2, S3, and S4. Referred pain from cervical inflamma-
tion and uterine irritation is characterized as low back pain in the
lumbosacral region.

EXTERNAL GENITALIA

The pudendal nerve and its branches supply the majority of both
motor and sensory fibers to the muscles and skin of the vul-
var region. The pudendal nerve arises from the second, third,
and fourth sacral roots. It has an interesting course in which it
initially leaves the pelvis via the greater sciatic foramen. Next,
it crosses beneath the ischial spine, running on the medial side
of the internal pudendal artery. The pudendal nerve then reen-
ters the pelvic cavity and travels in Alcock canal, which runs
along the lateral aspects of the ischial rectal fossa. As the nerve
reaches the urogenital diaphragm, it divides into three branches:
the inferior hemorrhoidal, the deep perineal, and the superficial
perineal (Fig. 3.29). The dorsal nerve of the clitoris is a terminal
branch of the deep perineal nerve.

The skin of the anus, clitoris, and medial and inferior aspects
of the vulva is supplied primarily by distal branches of the
pudendal nerve. The vulvar region receives additional sensory
fibers from three nerves. The anterior branch of the ilioingui-
nal nerve sends fibers to the mons pubis and the upper part of
the labia majora. The genital femoral nerve supplies fibers to the
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Figure 3.29 A posterior view of the female perineum demonstrating the pudendal nerve emerging
externally. The nerve divides into three segments as it passes out of the pelvis: the inferior hemor-
rhoidal nerve and the deep and superficial perineal nerves. The clitoral nerve is the terminal branch of
the deep perineal nerve. (Modified from Mattingly RF, Thompson JD. Te Linde’s Operative Gynecology.

6th ed. Philadelphia: JB Lippincott; 1985:49.)

labia majora, and the posterior femoral cutaneous nerve supplies
fibers to the inferoposterior aspects of the vulva.

CLINICAL CORRELATIONS

An unusual but troublesome postoperative complication of
gynecologic surgery is injury to the femoral nerve. During
abdominal hysterectomy, the femoral nerve may be compro-
mised by pressure from the lateral blade of a self-retaining
retractor in the area adjacent to where the femoral nerve pen-
etrates the psoas muscle. During vaginal surgery, the femoral
nerve may be injured from exaggerated hyperflexion of the
legs in the lithotomy position, because hyperflexion produces
stretching and compression of the femoral nerve as it courses
under the inguinal ligament.

Because of the low density of nerve endings in the upper two
thirds of the vagina, women are sometimes unable to determine
the presence of a foreign body in this area. This explains how a
“forgotten tampon” may remain unnoticed for several days in
the upper part of the vagina until its presence results in a symp-
tomatic discharge, abnormal bleeding, or odor. Infrequent but
serious complications of pudendal nerve block are hematomas
from trauma to the pudendal vessels and intravascular injection
of anesthetic agents. The vessels or nerves are in close anatomic
proximity to the ischial spine.

The fallopian tube is one of the most sensitive of the pelvic
organs when crushed, cut, or distended, a fact that is appreci-
ated in performing tubal ligations with the patient under local
anesthesia. Damage to the obturator nerve during radical pelvic
operations does not affect the pelvis directly. Although the nerve
has an extensive pelvic course, its motor fibers supply the adduc-
tors of the thigh, and its sensory fibers innervate skin over the
medial aspects of the thigh. Stitches placed during sacrospinous

ligament fixation for pelvic support may interfere with neural
roots S2 to S4 and the muscle pudendal and levator ani nerves.

DIAPHRAGMS AND LIGAMENTS
PELVIC DIAPHRAGM

'The pelvic diaphragm is a wide but thin muscular layer of tissue that
forms the inferior border of the abdominopelvic cavity. Composed
of a broad, funnel-shaped sling of fascia and muscle, it extends from
the symphysis pubis to the coccyx and from one lateral sidewall to
the other. The primary muscles of the pelvic diaphragm are the leva-
tor ani and the coccygeus (Fig. 3.30). This structure is the evolu-
tionary remnant of the tail-wagging muscles in lower animals. The
endopelvic fascia is another term often used interchangeably with
the pelvic diaphragm. The pelvic diaphragm and endopelvic fascia are
terms used to characterize the connective tissue, the support for the
pelvis, and the pelvic floor. The pelvic diaphragm is composed of
collagen, elastic tissue, and muscle.

The muscles of the pelvic diaphragm are interwoven for
strength, and a continuous muscle layer encircles the terminal
portions of the urethra, vagina, and rectum. The levator ani
muscles constitute the greatest bulk of the pelvic diaphragm and
are divided into three components, which are named after their
origin and insertion: pubococcygeus, puborectalis, and iliococ-
cygeus. Studies using magnetic resonance imaging (MRI) and
three-dimensional ultrasound validate the change in terminol-
ogy from pubococcygeus muscle to a more accurate name—the
pubovisceral muscle. This grouping of the intermediate com-
ponent of the levator ani muscle lies posterior to the pubic
bone and may be visualized as pubovaginalis, puboanalis, and
puboperinealis muscle bundles. These three bundles constitute
the pubovisceralis. Cadaveric dissection has also validated the
imaging studies. The puborectalis component of the levator ani
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Figure 3.30 A superior view of the pelvic diaphragm and the pelvic floor. The primary muscles that
compose this funnel-shaped sling are the coccygeus and the levator ani. (Modified from Mattingly RF,
Thompson JD. Te Linde’s Operative Gynecology. 6th ed. Philadelphia: Lippincott; 1985:41.)

muscle is dorsal to the rectum and helps form the sling support-
ing the rectum. The coccygeus is a triangular muscle that occu-
pies the area between the ischial spine and the coccyx.

The paired levator ani muscles act as a single muscle and func-
tionally are important in the control of urination, in parturition,
and in maintaining fecal continence. The pelvic diaphragm is
important in supporting both abdominal and pelvic viscera and
facilitates equal distribution of intraabdominal pressure during
activities such as coughing.

UROGENITAL DIAPHRAGM

‘The urogenital diaphragm, also called the triangular ligament, is
a strong, muscular membrane that occupies the area between the
symphysis pubis and ischial tuberosities (Fig. 3.31) and stretches
across the triangular anterior portion of the pelvic outlet. The
urogenital diaphragm is external and inferior to the pelvic dia-
phragm. Anteriorly, the urethra is suspended from the pubic bone
by continuations of the fascial layers of the urogenital diaphragm.
The free edge of the diaphragm is strengthened by the superficial
transverse perineal muscle. Posteriorly, the urogenital diaphragm
inserts into the central point of the perineum. Situated farther
posteriorly is the ischiorectal fossa. Located more superficially are
the bulbocavernosus and ischiocavernosus muscles.

The urogenital diaphragm has two layers that enfold and
cover the striated, deep transverse perineal muscle. This muscle
surrounds both the vagina and the urethra, which pierce the dia-
phragm. The pudendal vessels and nerves, the external sphincter
of the membranous urethra, and the dorsal nerve to the clitoris
are also found within the urogenital diaphragm. The deep trans-
verse perineal muscle is innervated by branches of the pudendal
nerve. The major function of the urogenital diaphragm is to sup-
port the urethra and maintain the urethrovesical junction.

LIGAMENTS

The pelvic ligaments are not classic ligaments but are thicken-
ings of retroperitoneal fascia and consist primarily of blood and

lymphatic vessels, nerves, and fatty connective tissue. Anatomists
call the retroperitoneal fascia subserous fascia, whereas surgeons
refer to this fascial layer as endopelvic fascia. The connective tissue
is denser immediately adjacent to the lateral walls of the cervix
and the vagina.

Broad Ligaments

The broad ligaments are a thin, mesenteric-like double reflec-
tion of peritoneum stretching from the lateral pelvic sidewalls
to the uterus (Fig. 3.32). They become contiguous with the
uterine serosa, and thus the uterus is contained within two
folds of peritoneum. These peritoneal folds enclose the loose,
fatty connective tissue termed the parametrium. The broad liga-
ments afford minor support to the uterus but are conduits for
important anatomic structures. Within the broad ligaments are
found the following structures: oviducts; ovarian and round
ligaments; ureters; ovarian and uterine arteries and veins; para-
metrial tissue; embryonic remnants of the mesonephric duct,
Wolffian body, and secondary two ligaments; the mesovarium;
and the mesosalpinx. The round ligament is composed of
fibrous tissue and muscle fibers. It attaches to the superoan-
terior aspect of the uterus, anterior and caudal to the oviduct,
and runs via the broad ligament to the lateral pelvic wall. I,
too, offers little support to the uterus. The round ligament
crosses the external iliac vessels and enters the inguinal canal,
ending by inserting into the labia majora in a fanlike fashion.
In the fetus a small, finger-like projection of the peritoneum,
known as Nuck canal, accompanies the round ligament into
the inguinal canal. Generally, the canal is obliterated in the
adult woman.

Cardinal Ligaments

The cardinal, or Mackenrodt, ligaments extend from the lat-
eral aspects of the upper part of the cervix and the vagina to
the pelvic wall. They are a thickened condensation of the sub-
serosal fascia and parametria between the interior portion of
the two folds of peritoneum. The cardinal ligaments form the
base of the broad ligaments, laterally attaching to the fascia
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Figure 3.31 A, Schematic views of the perineum demonstrating superficial structures. Note the
two layers of the urogenital diaphragm enfolding the deep transverse perineal muscle. B, Schematic
views of the perineum demonstrating superficial structures and deeper structures. (Modified from
Pritchard JA, MacDonald PC, Gant NF. Williams’ Obstetrics. 17th ed. New York: Appleton-Century-

Crofts; 1985:14.)

over the pelvic diaphragm and medially merging with fibers
of the endopelvic fascia. Within these ligaments are found
blood vessels and smooth muscle. The cardinal ligaments help
to maintain the anatomic position of the cervix and the upper
part of the vagina and provide the major support of the uterus
and cervix.

Uterosacral Ligaments

The uterosacral ligaments extend from the upper portion of the
cervix posteriorly to the third sacral vertebra. They are thickened
near the cervix and then run a curved course around each side of
the rectum and subsequently thin out posteriorly. The external
surface of the uterosacral ligaments is formed by an inferopos-
terior fold of peritoneum at the base of the broad ligaments.
The middle of the uterosacral ligaments is composed primarily

of nerve bundles. The uterosacral ligaments serve a role in the
anatomic support of the cervix.

CLINICAL CORRELATIONS

The posterior fibers of the levator ani muscles encircle the rec-
tum at its junction with the anal canal, thereby producing an
abrupt angle that reinforces fecal continence. Surgical repair of
a displacement or tear of the rectovaginal fascia and levator ani
muscles resulting from childbirth is important during posterior
colporrhaphy. Normal position of the female pelvic organs in
the pelvis depends on mechanical support from both fascia and
muscles. Vaginal delivery sometimes results in dysfunction of
the anal sphincter. The etiology of this problem may be direct
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Figure 3.32 A schematic drawing of the broad ligament, posterior view. Note the many structures
contained within the broad ligament. Note the posterior aspect of the rectouterine fold, called the
cul-de-sac, or pouch, of Douglas. (Modified from Clemente CD. Anatomy: A Regional Atlas of the

Human Body. 3rd ed. Baltimore-Munich: Urban & Schwarzenberg; 1987.)

injury to the striated muscles of the pelvic floor or damage to the
pudendal and presacral nerves (levator ani nerves) during labor
and delivery.

The round ligament is an important surgical landmark in
making the initial incision into the parietal peritoneum to gain
access to the retroperitoneal space. Direct visualization of the
retroperitoneal course of the ureter is an important step in many
pelvic operations, including dissections in women with endome-
triosis, pelvic inflammatory disease, large adnexal masses, broad
ligament masses, and pelvic malignancies. A cyst of the Nuck
canal may be confused with an indirect inguinal hernia. When
a large amount of fluid is placed in the abdominal cavity, post-
operative bilateral labial edema may develop in some women
because of patency of the canal of Nuck.

During pelvic surgery, traction on the uterus makes the
uterosacral and cardinal ligaments more prominent. There is a
free space approximately 2 to 4 cm below the superior edge of
the broad ligament. In this free space there are no blood vessels,
and the two sides of the broad ligament are in close proximity.
Often gynecologic surgeons utilize this area to facilitate clamp-
ing of the anastomosis between the uterine and ovarian arteries.

NONGENITAL PELVIC ORGANS
URETERS

The ureters are whitish, muscular tubes, 28 to 34 cm in length,
extending from the renal pelvis to the urinary bladder. The ureter
is divided into abdominal and pelvic segments. The diameters
vary. The abdominal segment is approximately 8 to 10 mm in
diameter. The pelvic segment is approximately 4 to 6 mm. A
congenital anomaly of a double, or bifid, ureter occurs in 1%

to 4% of females. Ectopic ureteral orifices may occur in either
the urethra or the vagina. The abdominal portion of the right
ureter is lateral to the inferior vena cava. The course of the left
ureter is similar to its counterpart on the right side in that it runs
downward and medially along the anterior surface of the psoas
major muscle.

The iliopectineal line serves as the marker for the pelvic portion
of the ureter. The ureters run along the common iliac artery and
then cross over the iliac vessels as they enter the pelvis (Fig. 3.33).
There is a slight variation between the two sides of the female pel-
vis. The right ureter tends to cross at the bifurcation of the com-
mon iliac artery, whereas usually the left ureter crosses 1 to 2 cm
above the bifurcation.

'The ureters follow the descending, convex curvature of the pos-
terolateral pelvic wall toward the perineum. Throughout its course,
the ureter is retroperitoneal in location. The ureter can be found
on the medial leaf of the parietal peritoneum and in close proxim-
ity to the ovarian, uterine, obturator, and superior vesical arteries
(Fig. 3.34). The uterine artery lies on the anterolateral surface of
the ureter for 2.5 to 3 cm. At approximately the level of the ischial
spine, the ureter changes its course and runs forward and medially
from the uterosacral ligaments to the base of the broad ligament.
There the ureter enters into the cardinal ligaments. In this location
the ureter is approximately 1 to 2 cm lateral to the uterine cervix
and is surrounded by a plexus of veins. A cross-sectional study
by Hurd and colleagues, using computed tomography of women
with normal anatomy, evaluated the distance from the ureter to
the lateral aspect of the cervix. The measurement of the closest
distance in any individual woman was (median of all subjects) 2.3
cm + 0.8 cm (Hurd, 2001). However, the authors noted that in
12% of women, the ureter was less than 0.5 cm from the cervix
(Fig. 3.35). This finding emphasizes the caution needed in surgery

Obstetrics & Gynecology Books Full


http://ebookobgyne.net/

External Psoas
Obturator n. iliac a.

Peritoneum
muscle

Genital-
femoral n.

Superior  Uterine a. Internal Internal iliaca. ~ Common
vesical iliac Ureter  (hypogastric) iliac a.
artery vein

Figure 3.33 Photograph taken during a dissection of the lateral pelvic wall at the time of a radical
hysterectomy. Note the ureter coursing over the common iliac artery in close proximity to the bifur-
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Figure 3.34 A schematic drawing of the female pelvis, lateral view, demonstrating the ureter’s
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Figure 3.35 Average location of the ureters in relation to the
cervix. A, Sagittal view representing the plane from the computed
tomography cut noted in B. The most proximal point from the ureter
to the cervix. Bars represent standard deviation. (From Hurd WW,
Chee SS, Gallagher KL, et al. Location of the ureters in relation to

the uterine cervix by computed tomography. Am J Obstet Gynecol.
2001;184:338.)

to prevent ureteral injury. This close proximity also underscores
the fact that ureteral injury may be unavoidable in some women.
The ureter then runs upward (ventral) and medially in the vesical
uterine ligaments to obliquely pierce the bladder wall. Just before
entering the base of the bladder, the ureter is in immediate contact
with the anterior vaginal wall and the inferolateral aspect of the
space of Retzius.

The ureter has a rich arterial supply with numerous anasto-
moses from many small vessels that form a longitudinal plexus in
the adventitia of the ureter, commonly referred to as the Waldeyer
sheath. The parent vessels that send branches to this arterial plexus
surrounding the ureter include the renal, ovarian, common iliac,

hypogastric, uterine, vaginal, vesical, middle hemorrhoidal, and
superior gluteal arteries. The ureter is resistant to injury result-
ing from devascularization unless the surgeon strips the adventitia
from the muscular conduit. In general, the blood supply of the
abdominal ureter comes from medial sources and the blood sup-
ply of the pelvic ureter originates from lateral sources.

URINARY BLADDER

‘The urinary bladder is a hollow muscular organ that lies between
the symphysis pubis and the uterus. The size and shape of the
bladder vary with the volume of urine it contains. Similarly, the
anatomic proximity to other pelvic organs depends on whether
the bladder is full or empty. The superior surface of the bladder
is the only surface covered by peritoneum. The inferior portion
is immediately adjacent to the uterus. The urachus is a fibrous
cord extending from the apex of the bladder to the umbilicus.
The urachus, which is the adult remnant of the embryonic allan-
tois, is occasionally patent for part of its length. The base of the
bladder lies directly adjacent to the endopelvic fascia over the
anterior vaginal wall. The bladder neck and connecting urethra
are attached to the symphysis pubis by fibrous ligaments. The
prevesical or retropubic space of Retzius is the area lying between
the bladder and symphysis pubis and is bounded laterally by the
obliterated hypogastric arteries. This space extends from the fas-
cia covering the pelvic diaphragm to the umbilicus between the
peritoneum and transversalis fascia.

The mucosa of the anterior surface of the bladder is light red
and has numerous folds. The inferoposterior surface delineated
by the two ureteral orifices and the urethral orifice is the trigone.
The trigone is a darker red than the rest of the bladder mucosa
and is free of folds. When the bladder is empty, the ureteral ori-
fices are approximately 2.5 cm apart. This distance increases to
5 cm when the bladder is distended. The muscular wall of the
bladder, the detrusor muscles, is arranged in three layers. The
arterial supply of the bladder originates from branches of the
hypogastric artery: the superior vesical, inferior vesical, and
middle hemorrhoidal arteries. The nerve supply to the bladder
includes sympathetic and parasympathetic fibers, with the exter-
nal sphincter supplied by the pudendal nerve.

RECTUM

The rectum is the terminal 12 to 14 cm of the large intestine.
The rectum begins over the second or third sacral vertebra,
where the sigmoid colon no longer has a mesentery. After the
large intestine loses its mesentery, its anatomic posterior wall is
in close proximity to the curvature of the sacrum. Anteriorly,
peritoneum covers the upper and middle thirds of the rectum.
The lowest one third is below the peritoneal reflection and is in
close proximity to the posterior wall of the vagina. The rectum
empties into the anal canal, which is 2 to 4 cm in length. The
anal canal is fixed by the surrounding levator ani musculature
of the pelvic diaphragm (see Fig. 3.5). The external sphincter
of the anal canal is a circular band of striated muscle. Stud-
ies of the cross-sectional anatomy of the external anal sphinc-
ter by both ultrasound and magnetic resonance imaging have
identified two distinct layers of the external anal sphincter.
With MRI with three-dimensional reconstruction, Hsu and
colleagues noted three separate components to the external

Obstetrics & Gynecology Books Full

73


http://ebookobgyne.net/

74

Part| BASIC SCIENCE

sphincter: a main muscle body, a separate encircling subcu-
taneous band of muscles, and bilateral wing-shaped muscle
bands that attach near the ischiopubis (Hsu, 2005). They are a
subcutaneous and a deep layer. The rectum, unlike other areas
of the large intestine, does not have teniae coli or appendices
epiploicae. The arterial supply of the rectum is rich, originating
from five arteries: the superior hemorrhoidal artery, which is a
continuation of the inferior mesenteric, the two middle hem-
orrhoidal arteries, and the two inferior hemorrhoidal arteries.
Approximately 10% of carcinomas of the large bowel occur
within the rectum. Therefore during rectal examination special
empbhasis to palpate the entire circumference of the rectum, not
just the area of the rectovaginal septum, is an important part of
screening for colon cancer.

CLINICAL CORRELATIONS

The anatomic proximity of the ureters, urinary bladder, and rec-
tum to the female reproductive organs is a major consideration
in most gynecologic operations. Surgical compromise of the ure-
ter may occur during clamping or ligating of the infundibulo-
pelvic vessels, clamping or ligating of the cardinal ligaments, or
wide suturing in the endopelvic fascia during an anterior repair,
even with apparent normal anatomy and utmost surgical care.
Particular attention to the proximity of the distal ureter to the
anterior vagina is very important. Operative injuries to the blad-
der or ureter occur in approximately 1 out of 100 major gyne-
cologic operations. Bladder injuries are approximately five times
more common than ureteral injuries. Two of the classic ways to
differentiate a ureter from a pelvic vessel are (1) visualization of
peristalsis after stimulation by a surgical instrument and (2) visu-
alization of Auerbach plexuses, which are numerous, wavy, small
vessels that anastomose over the surface of the ureter. Injury to
the ureter or bladder during urethropexy operations for genuine
stress incontinence is common. Therefore many surgeons rou-
tinely inject indigo carmine and either open the bladder or per-
form cystoscopy near the end of the operative procedure.

For years, gynecologic teachers have referred to the area in
the base of the broad ligament near the cervix where the uterine
artery crosses the ureter as the area where “water flows under the
bridge.”

The urinary bladder, if properly drained, will heal rapidly
after a surgical insult if the blood supply to the bladder wall is
not compromised. This capacity allows the gynecologist to use
suprapubic cystostomy tube without fear of fistula formation.

There are many different surgical techniques for the repair of
urinary stress incontinence. They usually involve either suspen-
sion of the periurethral tissues or bladder neck itself. Occasion-
ally, these surgical procedures are complicated by a significant
amount of postoperative venous bleeding. A subfascial hema-
toma may extend as high as the umbilicus in the space of Retzius.
One of the most common causes of female urinary incontinence
is defective connective tissue, especially in the periurethral con-
nective tissue, the pubourethral ligaments, and pubococcygeus
muscles.

Rectal injury may occur during vaginal hysterectomy with
associated posterior colporrhaphy. In the middle third of the
vagina, the distance between vaginal and rectal mucosa is only
a few millimeters, and usually the connective tissue is densely

Figure 3.36 Laparoscopic visualization of a normal pelvis. The
probe is elevating the uterus to expose the cul-de-sac of Douglas.
(Courtesy of Burke Beller.)

adherent and should be separated by sharp dissection. The rec-
tum bulges anteriorly into the vagina in this area, producing a
further challenge during the operative procedure.

OTHER STRUCTURES
CUL-DE-SAC OF DOUGLAS

The cul-de-sac of Douglas is a deep pouch formed by the most
caudal extent of the parietal peritoneum. The cul-de-sac is a
potential space and is also called the rectouterine pouch or fold
(Figs. 3.32 and 3.36). It is anterior to the rectum, separating
the uterus from the large intestine. The parietal peritoneum of
the cul-de-sac covers the cervix and upper part of the posterior
vaginal wall then reflects to cover the anterior wall of the rectum.
The pouch is bounded on the lateral sides by the peritoneal folds
covering the uterosacral ligaments.

PARAMETRIA

The parametria are the coats of extraperitoneal fatty and fibrous
connective tissues adjacent to the uterus. The parametria lie
between the leaves of the broad ligament and in the contiguous
area anteriorly between the cervix and bladder. This connective
tissue is thicker and denser adjacent to the cervix and vagina,
where it becomes part of the connective tissue of the pelvic floor.
The parametria may also thicken in response to radiation, pelvic
cancer, infection, or endometriosis.

PARAVESICAL AND PARARECTAL SPACES

The paravesical and pararectal spaces are actually potential spaces
that become true spaces when developed by the surgeon. Devel-
opment of these spaces is useful in pelvic lymph node dissec-
tion and in radical pelvic surgery because it makes the anatomic
landmarks so clear. The paravesical space is bordered medially by
the bladder and upper vagina and is contiguous with, but lateral
to, the space of Retzius. Laterally, it is bordered by the obturator
fossa and the external iliac vessels. Inferiorly it is bordered by
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the pubic ramus, and superiorly it is bordered by by the cardinal
ligament.

The pararectal space is developed by dissecting the adventi-
tial tissue within the broad ligament, between the ureter (medi-
ally), and the internal iliac vessels (laterally). More deeply, the
medial border is the rectum. Superiorly, the pararectal space is
limited by the sacral hollow. Inferiorly, it is limited by the car-
dinal ligament, containing the uterine artery. The paravesical
and pararectal spaces are actually potential spaces that become
true spaces when developed by the surgeon. Development of
these spaces is useful in pelvic lymph node dissection and in
radical pelvic surgery because the anatomic landmarks become
so clear.

The parametria and cul-de-sac of Douglas are important ana-
tomic landmarks in advanced pelvic infection and neoplasia.
Intrauterine infection, cervical carcinoma, and endometrial
carcinoma may penetrate the endocervical stroma or the

KEY POINTS

myometrium and secondarily may invade the loose connective
tissue of the parametria.

‘The pouch of Douglas is easily accessible in performing trans-
vaginal surgical procedures. Posterior colpotomy is frequently
chosen for drainage of a pelvic abscess occurring in the cul-de-
sac of Douglas.

When the paravesical and pararectal spaces have been devel-
oped and the uterus is held on traction medially, the pelvic
anatomy, including the ureter, internal and external iliac ves-
sels, obturator fossa, and the cardinal ligament, with the uterine
artery crossing the ureter, can be clearly and readily identified.

Many women with uterine prolapse have an associated entero-
cele, which is a hernia that protrudes between the uterosacral
ligaments. Occasionally the cul-de-sac of Douglas is obliterated
by the inflammatory process associated with either endometrio-
sis or advanced malignancy.
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m The labia majora are homologous to the scrotum in the
male. The labia minora are homologous to the penile ure-
thra and a portion of the skin of the penis in males.

m The clitoris is the female homologue of the penis in the
male. Skene glands are homologous to the prostate gland
in the male.

m The average length of the clitoris is 1.5 to 2 cm. Clinically,
in determining clitoromegaly width is more important
and should be less than 1 cm, for it is difficult to actually
measure the length of the clitoris.

m The female urethra measures 3.5 to 5 cm in length. The
mucosa of the proximal two thirds of the urethra is com-
posed of stratified transitional epithelium, and the distal
one third is stratified squamous epithelium.

m When a woman is standing, the axis of the upper portion
of the vagina lies close to the horizontal plane, with the
upper portion of the vagina curving toward the hollow of
the sacrum.

m The vaginal length increases with weight and height, and it
decreases with age.

m The lower third of the vagina is in close anatomic relation-
ship to the urogenital and pelvic diaphragms.

m The middle third of the vagina is supported by the levator
ani muscles and the lower portion of the cardinal ligaments.

m The primary lymphatic drainage of the upper third of the
vagina is to the external iliac nodes, the middle third of the
vagina drains to the common and internal iliac nodes, and
the lower third has a wide lymphatic distribution, includ-
ing the common iliac, superficial inguinal, and perirectal
nodes.

m Descriptive terms for pelvic organs are derived from the
Latin root, whereas terms relating to surgical procedures
are derived from the Greek root.

m The length and width of the endocervical canal vary. The
width of the canal varies with the parity of the woman
and changing hormonal levels. It is usually 2.5 to 3 cm in
length and 7 to 8 mm at its widest point.

m The fibromuscular cervical stroma is composed primarily
of collagenous connective tissue and ground substance.
The connective tissue contains approximately 15% smooth
muscle cells and a small amount of elastic tissue.

m The major arterial supply to the cervix is located in the
lateral cervical walls at the 3 and 9 o’clock positions.

m The pain fibers from the cervix accompany the parasym-
pathetic fibers to the second, third, and fourth sacral seg-
ments.

m The transformation zone of the cervix encompasses the
border of the squamous epithelium and columnar epithe-
lium. The location of the transformation zone changes on
the cervix depending on a woman’s hormonal status.

m The uterus of a nulliparous woman is approximately 8 cm
long, 5 cm wide, and 2.5 cm thick and weighs 40 to 50 g.
In contrast, in a multiparous woman each measurement is
approximately 1.2 cm larger and normal uterine weight is
20 to 30 g heavier. The maximal weight of a normal uterus
is 110 g.

m In the majority of women, the long axis of the uterus is
both anteverted in respect to the long axis of the vagina
and anteflexed in relation to the long axis of the cervix.
However, a retroflexed uterus is a normal variant found in
approximately 25% of women.

m The uterine and ovarian arteries provide the arterial
blood supply of the uterus. The uterine arteries are large
branches of the anterior division of the hypogastric arter-
ies, whereas the ovarian arteries originate directly from
the aorta.

Continued
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m Afferent nerve fibers from the uterus enter the spinal cord m The pelvic diaphragm is important in supporting both
at the eleventh and twelfth thoracic segments. abdominal and pelvic viscera and facilitates equal distribu-
m The oviducts are 10 to 14 cm in length and are composed tion of intraabdominal pressure during activities such as
of four anatomic sections. Closest to the uterine cavity is coughing. The levator ani muscles constitute the greatest
the interstitial segment, followed by the narrow isthmic bulk of the pelvic diaphragm.
segment, then the wider ampullary segment, and distally m The major function of the urogenital diaphragm is to sup-
the trumpet-shaped infundibular segment. port the urethra and maintain the urethrovesical junction.
m The right oviduct and appendix are often anatomically m Contained within the broad ligaments are the following
adjacent. Clinically it may be difficult to differentiate structures: oviducts, ovarian and round ligaments, ureters,
inflammation of the upper portion of the genital tract and ovarian and uterine arteries and veins, parametrial tissue,
acute appendicitis. embryonic remnants of the mesonephric duct and Wolff-
® During the reproductive years, the ovaries measure ian body, and two secondary ligaments.
approximately 1.5 cm x 2.5 cm x 4 cm. m The cardinal ligaments provide the major support to the
m The ovary in nulliparous women rests in a depression of uterus.
peritoneum named the fossa ovarica. Immediately adjacent m A congenital anomaly of a double, or bifid, ureter occurs
to the ovarian fossa are the external iliac vessels, the ureter, in 1% to 4% of females.
and the obturator vessels and nerves. m When the urinary bladder is empty, the ureteral orifices are
m Three prominent ligaments determine the anatomic mobil- approximately 2.5 cm apart. This distance increases to 5
ity of the ovary: the mesovarian, the ovarian ligament, and cm when the bladder is distended.
the infundibulopelvic ligament. m The distal ureter enters into the cardinal ligament. In this
m The arterial supply of the pelvis is paired, bilateral, and has location the ureter is approximately 1 to 2 cm lateral to the
multiple collaterals and numerous anastomoses. uterine cervix and is surrounded by a plexus of veins. In
m The extent of collateral circulation after hypogastric artery approximately 12% of women, the cervix will be less than
ligation depends on the site of ligation and may be divided 0.5 cm from the cervix.
into three groups: branches from the aorta, branches from m Two ways of distinguishing the ureter from pelvic vessels
the external iliac arteries, and branches from the femoral are (1) identification of peristalsis after stimulation with
arteries. a surgical instrument and (2) identification of Auerbach
m The internal iliac nodes are found in an anatomic triangle plexuses.
whose sides are composed of the external iliac artery, m Surgical compromise of the ureters may occur during
the hypogastric artery, and the pelvic sidewall. This rich clamping or ligating of the infundibulopelvic vessels,
collection of nodes receives channels from every internal clamping or ligating of the cardinal ligaments, or wide
pelvic organ and the vulva, including the clitoris and suturing in the endopelvic fascia during an anterior repair.
urethra. m The following three important axioms should be in the

The femoral triangle is the anatomic space lying imme-
diately distal to the fold of the groin. The boundaries of
the femoral triangle are the sartorius and adductor longus
muscles and the inguinal ligament.

The pudendal nerve and its branches supply the majority
of both motor and sensory fibers to the muscles and skin
of the vulvar region.

‘The femoral nerve may be compromised by pressure on the
psoas muscle during abdominal surgery and by hyperflex-
ion of the leg during vaginal surgery.

forefront of decision making during difficult gynecologic
surgery: (1) do not assume that the anatomy of the left
and right side of the pelvis are invariably identical mir-

ror images; (2) during difficult operations with multiple
adhesions, operate from known anatomic areas into the
unknown; and (3) from the sage advice of a distinguished
Canadian gynecologist, Dr. Henry McDuff: “If the disease
be rampant and the anatomy obscure, and the plans of dis-
section not pristine and pure, do not be afraid, nor faint of
heart, try the retroperitoneum, it’s a great place to start.”
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Reproductive Endocrinology

Neuroendocrinology, Gonadotropins, Sex Steroids,
Prostaglandins, Ovulation, Menstruation, Hormone Assay

Nataki C. Douglas, Roger A. Lobo

The endocrine regulation of the reproductive system is very
complex. Much information has been obtained since the 1980s,
and new information is constantly becoming available. It would
be impossible to include all of the findings in a single chapter.
Thus this chapter presents only the basic information required
to understand this complex topic. More detailed and in-depth
information is found in the several books that have been dedi-
cated to this subject.

Successful function of the reproductive system requires the
involvement of several organs, none of which acts independently.
This chapter discusses the physiology of the hypothalamic-
pituitary-ovarian (HPO) axis. For ease of understanding, each
organ will be discussed first as an individual unit; information
will include the central nervous system control of gonadotropin-
releasing hormone (GnRH), the primary neurohormone control-
ling the whole reproductive endocrine axis, the GnRH action on
the anterior pituitary and the resultant secretion of the gonado-
tropins, the gonadotropins action on the ovaries and the release
of gonadal steroids, and finally the action of these sex steroids on
the uterus and cervix. Although it is fair to state that the HPO
axis is driven by the hypothalamus and its release of GnRH, it
is important to point out that normal function of the hypo-
thalamic-pituitary-ovarian endocrine axis requires a remarkable
information flow and coordination between each of these organs,
as exemplified by the existing inhibitory and stimulatory feed-
back loops. Their relevance will become obvious in the discussion
of the menstrual cycle, which will close the chapter.

HYPOTHALAMUS AND GnRH

The reproductive process begins in the brain, through the acti-
vation of the initial hormonal signal that will release gonado-
tropins from the pituitary gland. This hormone released by the
hypothalamus is gonadotropin-releasing hormone (GnRH),
a decapeptide (10 amino acids) (Fig. 4.1). The GnRH gene
(situated on the short arm of chromosome 8) encodes for a 92
amino acids precursor molecule, composed of a signal peptide
sequence, the GnRH sequence itself, a posttranscriptional pro-
cessing signal (3 amino acids long), and a 56-amino acid peptide

known as GnRH-associated peptide (GAP). (Several forms of
the GnRH decapeptide have been identified, the principal of
which is GnRH-2, which differs from GnRH by 3 amino acids.
It is found in several areas of the body, where it may subserve
functions unrelated to those of GnRH. Its role in fertility, if any,
remains to be determined.)

ANATOMY

Relationship of the Olfactory and

GnRH Systems in Early Fetal Life

Surprisingly, GnRH-synthesizing neurons do not originate
within the brain, like the majority of all neurons. Rather, GnRH
neurons derive from progenitor cells in the embryonic olfac-
tory placode where they develop. In a particular journey unique
for a neuron, GnRH neurons migrate toward the brain during
early fetal life to reach the locations that they will occupy dur-
ing adult life. This migration of GnRH neurons over long dis-
tances and through changing molecular environments suggests
that numerous factors, local and possibly external, influence this
process at its different stages. Such factors play critical roles, such
as mediating the adhesion of GnRH neurons to changing sur-
faces along their voyage, promoting cytoskeleton remodeling, or
modulating axonal guidance.

Functional connections between GnRH neurons and the
hypophyseal portal system that will transport GnRH to the ante-
rior pituitary gland are established by about 16 weeks of fetal life.
Migration failure of GnRH neurons and the resultant lack of
the establishment of functional connections are characteristic of
patients with Kallmann syndrome, who show hypogonadotropic
hypogonadism accompanied by anosmia (Tsai, 2006). In the
19-week old fetus with X-linked Kallmann syndrome, the GnRH
neurons accompanying the olfactory nerves have been shown to be
arrested in their voyage within the meninges, and therefore contact
with the brain and the hypophyseal portal system is not established.

GnRH Neuronal System

In the adult, neurons producing GnRH are present in several
hypothalamic nuclei as well as other parts of the brain. However,
the majority of GnRH neurons controlling the HPO axis are
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Figure 4.1 The 10-amino acid sequence of gonadotropin-releasing hormone (GnRH). (From Klerzky
OA, Lobo RA. Reproductive neuroendocrinology. In: Mishell DR, Davajan V, Lobo RA, eds. Infertility,
Contraception and Reproductive Endocrinology. 3rd ed. Cambridge, MA: Blackwell Scientific; 1991.)

located within the anterior hypothalamus and primarily within
the medial basal hypothalamus, with the greatest number in the
primate within the arcuate nucleus. The 92 amino acid GnRH
precursor is released into the axons of these neurons and cleaved
during transport to yield GnRH and GAP. (The biologic func-
tion of GAP or fragments thereof remains to be clarified.)

A substantial number of GnRH axons terminate within the
external zone of the median eminence (infundibulum) where
GnRH is released. This area is the site of an important cap-
illary plexus, with a fenestrated epithelium similar to that of
peripheral capillaries, which allows passage of large molecules.
(These capillaries differ from brain capillaries, which are not
fenestrated. Thus the median eminence is viewed as an area
outside the blood-brain barrier.) This pathway is the most rel-
evant one in regard to the control of the pituitary-ovarian axis
(Fig. 4.2, A). Another substantial projection of GnRH axons
is through circumventricular organs, the major of which is the
organum vasculosum of the lamina terminalis (OVLT). These
areas are also outside the blood-brain barrier. (The function of
GnRH release into these areas remains somewhat unknown.
One role may be to enable the release of GnRH into cerebro-
spinal fluid [CSF], perhaps to facilitate actions of GnRH in
other areas of the brain. GnRH levels have been found to be
elevated in CSF as opposed to being minimal in peripheral
blood.) Another possible route of GnRH release may involve
specialized ependymal cells, referred to as tanycytes. These have
been found to extend from the lumen of the third ventricle to
the external zone of the median eminence.

Transport of GnRH to the Anterior Pituitary

The capillary plexus of the external median eminence, into which
GnRH is released, collects into several hypophyseal portal
vessels, which descend along the pituitary stalk to terminate

within another capillary plexus (hence the term porzal) within the
anterior lobe of the pituitary (see Fig. 4.2, B). (Unlike the poste-
rior lobe of the pituitary, also referred to as the neurohypophysis,
the anterior lobe has no direct blood supply and receives all of
its vascularization from this portal system.) The vascular arrange-
ment whereby GnRH as well as other neurohormones reach the
anterior pituitary is very important to the proper function of
the endocrine system: it allows for the rapid (within minutes)
and undiluted transport of relatively small amounts of neuro-
hormones to the pituitary. This is especially crucial to GnRH,
because this neurohormone has a short half-life of about 2 to
4 minutes (it is rapidly degraded by peptidases in blood; as a
consequence, GnRH is not measurable in peripheral blood) and
because of its pulsatile mode of release (discussed later).

PHYSIOLOGY

GnRH Pulse Generator

Studies have shown that GnRH is characteristically released
intermittently, in a pulsatile fashion. Hence comes the concept of
the GnRH pulse generator responsible for the pulsatile release
of the hormone. GnRH pulses occur at about hourly intervals
(Fig. 4.3). The rising edge of each GnRH pulse is abrupt, such
that GnRH can increase by a factor of 50 within 1 minute. Each
GnRH pulse is preceded by an increase in multiunit activity
within the area of the arcuate nucleus.

Mechanisms Responsible for GnRH Pulsatility

The cellular basis and the mechanisms that determine the timing
of the increase in multiunit activity resulting in pulsatile GnRH
activity are still under study. First, there is a growing consensus
that pulsatile activity originates from an inherent pace-making
activity of the GnRH neuron itself: in vitro data have shown that
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Figure 4.2 A, Nuclear organization of the hypothalamus, shown diagrammatically in a sagittal
plane as viewed from the third ventricle. Rostral area is to the left and caudal area is to the right. Fast
transport of GnRH pulses released into the median eminence from axons originating from GnRH
neurons in the arcuate nucleus occurs through the portal vessels derived from the capillary plexus in
the median eminence. B, The pituitary stalk and several individual hypophyseal portal veins trans-
porting hypothalamic neurohormones to the anterior pituitary in a nonhuman primate. (A, Modified
from Moore RY. Neuroendocrine mechanisms: cells and systems. In: Yen SSC, Jaffe R, eds. Reproductive
Endocrinology: Physiology, Pathophysiology and Clinical Management. Philadelphia: WB Saunders; 1986.

B, Courtesy of Drs. Peter Carmel and Michel Ferin.)

individual neurons have the capacity of spontaneous oscillations
in activity. In this case, such activity would also require a synchro-
nized action from enough neurons to provide a discrete GnRH
pulse. Intercommunication between GnRH neurons may occur
through gap junctions between such neurons, which have been
demonstrated, and through synaptic forms of interaction between
cells. Second, evidence has identified a key role of kisspeptin

(KISS1), a product of the K7SS1 gene, and its receptor (GPR54
or KISSIR) in the regulation of GnRH release (Skorupskaite,
2014). Kiss1 neurons have been found to directly innervate and
stimulate GnRH neurons. In humans, mutations or targeted dele-
tions of KISS1 or of its receptor cause hypogonadotropic hypo-
gonadism. Patients with these mutations, however, do not have
anosmia, unlike those with Kallmann syndrome, suggesting that
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Figure 4.3 GnRH release by the hypothalamus is pulsatile. Shown in the upper panel are hourly
GnRH pulses over an 8-hour period in an ovariectomized monkey in the absence of ovarian steroid
modulation. Note the concordance of LH pulses (lower panel). (From Xia L, Van Vugt D, Alston EJ,

et al. A surge of gonadotropin-releasing hormone accompanies the estradiol-induced gonadotropin
surge in the rhesus monkey. Endocrinology. 1992;131:2812.)

there are no major deficits in the embryonic migration of olfactory
or GnRH neurons. KISS1 neurons within the arcuate nucleus
(rodents) and infundibular nucleus (humans) express the estro-
gen, progesterone, and androgen receptors, and KISS1 signaling
in the brain is implicated in mediating sex steroid feedback loops,
especially during the preovulatory GnRH/luteinizing hormone
(LH) surge. Kisspeptin has been used to induce egg maturation in
women undergoing in vitro fertilization therapy, with subsequent
fertilization of the mature eggs, embryo transfer into the uterus,
and successful human pregnancy (Jayasena, 2014). There is the
potential for routine use of kisspeptin to induce ovulation during
fertility treatment cycles. KISS1 has also been shown to play a role
in the initiation of puberty. A subpopulation of kisspeptin neurons
in the human infundibular nucleus co-express neuropeptides neu-
rokinin B and dynorphin (opioid inhibitor) (Skorupskaite, 2014).
These kisspeptin-neurokinin-dynorphin (KNDy) neurons express
neurokinin B and dynorphin receptors as well as estrogen and pro-
gesterone receptors. KNDy neurons coordinate inputs, including
sex steroid feedback, to regulate pulsatile kisspeptin secretion. The
interaction of KISS1 neurons with other neurotransmitter systems
is currently being studied.

Modulatory Influences on GnRH Pulsatility

The foremost modulatory influence on the frequency and ampli-
tude of GnRH pulses is exerted by the ovarian steroid hormones
through their feedback loop actions. In general, estradiol is
known to decrease GnRH pulse amplitude, whereas progesterone
decreases GnRH pulse frequency (see the discussion presented
later for details).

Numerous other studies suggest that the spontaneous activ-
ity of the GnRH pulse generator may also be modulated by a
variety of additional stimulatory and inhibitory afferent neural
signals. Stimulatory inputs to GnRH release may originate from

neurons using the biogenic amine neuroepinephrine (NE), the
amino acid glutamate, and the peptide neuropeptide Y (NPY).
Inhibitory inputs may come from amino acid gamma amino-
butyric acid (GABA), the biogenic amine dopamine (DA), the
endogenous opioid p-endorphin, and the neurosecretory pep-
tide corticotropin-releasing hormone (CRH) neurons. These
systems may affect the GnRH pulse generator either ronally or
conditionally.

In the first category, we find, for example, NE as a poten-
tial tonal stimulator and GABA as a tonal inhibitor of GnRH
release. Administration of a-adrenergic blockers has been shown
to reduce pulse frequency in animals, in accord with the pos-
tulated tonal stimulatory role for NE. The role of GABA as a
tonal inhibitor may be more prominent during the prepubertal
period, at which time a diminishing inhibitory GABA tone may
activate puberty and the resumption of GnRH pulsatile release.
Glutamate’s role is more uncertain, although it also is suspected
in the initation of pulses at puberty. Dopamine infusions in
women are associated with a decrease in circulating LH and
prolactin (dopamine is also known as the prolactin-inhibitory
neurohormone). The effect on LH is thought to be mediated
through GnRH because, in patients with hypothalamic amen-
orrhea in whom there appears to be an excess of dopaminergic
tone, administration of a dopamine blocker may return the LH
pulse frequency to normal. It should also be remembered that
specific effects of neurotransmitters on GnRH neurons may
be altered by the administration of certain drugs, which may
interfere with the proper synthesis, binding, storage, or recep-
tor function of these neurotransmitters. Thus upon treatment
with such drugs (for example, methyl dopa, reserpine, tricyclic
antidepressants such as propranolol, phentolamine, haloperi-
dol, and cyproheptadine, selective serotonin reuptake inhibi-
tors [SSRIs], or serotonin-norepinephrine reuptake inhibitors
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[SNRIs]), patients may develop disorders such as oligomenor-
rhea or galactorrhea, the result of alterations in GnRH secretion
or hyperprolactinemia. Other studies also suggest that hypotha-
lamic prostaglandins may also modulate the release of GnRH;
for instance, the midcycle surge of LH (see Menstrual Cycle,
presented later in the chapter) can be abolished in animals by
the administration of aspirin or indomethacin, which block the
synthesis of prostaglandins. Clinical studies have also shown that
inhibition of prostaglandin at midcycle may disrupt ovulation.

In the second category, other systems may affect the GnRH
system only conditionally—that is, under specific hormonal or
physiologic conditions. One example is the endogenous opioid
f-endorphin, which exerts an inhibitory action on GnRH pul-
satile activity that depends largely on the endogenous endocrine
milieu. This is related to the fact that ovarian hormones con-
trol the release of brain f-endorphin within the brain, which
is lowest in the absence of estradiol, such as in the ovariecto-
mized nonhuman primate, and highest in the presence of both
estradiol and progesterone, such as during the luteal phase of
the menstrual cycle. Experimental administration of the opiate
antagonist, naloxone, during the luteal phase increases GnRH/
LH pulse frequency, significantly suggesting the reversal of an
inhibitory action under the endocrine milieu that character-
izes the luteal phase. No effect on LH pulsatility follows nal-
oxone injection in postmenopausal or ovariectomized women,
unless they are replaced with an estrogen-progesterone therapy.
Another example is corticotropin-releasing hormone (CRH),
the main neuropeptide controlling the adrenal endocrine axis,
which is released in greater amounts during stress. In this condi-
tion, increased CRH release negatively affects the GnRH pulse
generator, which results in a decrease in GnRH pulse frequency.
This action is indirect through the release of p-endorphin and is
prevented by the administration of the opiate antagonist nalox-
one, as demonstrated in studies in nonhuman primates and in
patients with hypothalamic amenorrhea, many of whom have
elevated levels of cortisol.

Metabolic Influences and GnRH Release

There is good clinical evidence linking energy homeostasis and
reproductive function in the human. A functional reproductive
system requires an accurate integration of energy balance, and
a significant imbalance may lead to reproductive dysfunction
and amenorrhea. Nutritional deprivation and abnormal eating
habits are known to interfere with the normal reproductive pro-
cess. Anorexia nervosa is a well-known and extreme example of
how alteration in food intake can result in the suppression of
the menstrual cycle. Obesity also may contribute to menstrual
disorders.

Growing evidence indicates that complex and extensively
integrated physiologic mechanisms connect an active repro-
ductive axis to the metabolic state. The brain, and in particular
the hypothalamus and the GnRH pulse generator, function as
the center for the integrative metabolic response process. The
nature of the afferent signals that provide information about
energy metabolism to the reproductive axis is presently under
intense study, and data have shown possible roles for several
energy-related proteins.

One such example is leptin, an anorexigenic protein that
is the product of the 0 gene and that is primarily produced by
adipocytes (Ahima, 2000). Leptin levels are reduced when body

fat stores are decreased by fasting. Besides conveying metabolic
information to several parts of the brain through its own recep-
tors, leptin also appears to function as one of the metabolic cues
regulating the GnRH pulse generator. High leptin levels are inter-
preted as conducive to reproduction, and the administration of
leptin stimulates the secretion of GnRH and of the gonadotropins,
with the effects most pronounced in individuals showing signs of
reproductive impairment. Peripheral injections of leptin can pre-
vent the reduction in GnRH/gonadotropins and the disturbances
in cyclicity that accompany caloric reduction. Ob/ob mice, which
are leptin deficient because of a mutated leptin gene, besides
exhibiting a pronounced obesity, show a complete failure to dis-
play normal estrous cycles because of absent GnRH secretion. The
latter can be reversed by leptin administration. Evidence suggests
a role for kisspeptin in modulating metabolic leptin signals on the
hypothalamus and pituitary (Skorupskaite, 2014). Forty percent
of kisspeptin neurons in the mouse arcuate nucleus express leptin.
Leptin-deficient mice show decreased expression of Kiss/ mRNA.
However, leptin administration only partially restores Kiss] mRNA
levels, indicating that other mediators are involved in inhibiting
kisspeptin signaling in leptin deficiency (Smith, 2006). Another
example is the orexigenic peptide, neuropeptide Y (NPY), which
is synthesized in the arcuate nucleus. During fasting, expression of
NPY mRNA increases in this nucleus and intracerebroventricular
injection of NPY stimulates food intake. NPY has been shown to
affect pulsatile GnRH/LH activity in the nonhuman primate, but
this occurs in two apparently contradictory modes, one excitatory
and one inhibitory. It was shown in the ovariectomized monkey
and rodent that a pulsatile intracerebroventricular infusion of NPY
stimulates GnRH release, whereas a continuous infusion clearly
decreases the pulsatile electric activity of GnRH neurons as well as
pulsatile LH release. In accord with this observation of an inhibi-
tory effect of NPY is that whereas fasting decreases LH secretion
in normal mice, fasting mice lacking NPY Y1R have a higher pitu-
itary LH content than wild-type ones. What these data suggest
is that although a supportive effect of NPY on the GnRH pulse
generator may occur within a limited window of normalcy (i.e.,
within a normal background of basic and pulsatile NPY release),
in physiopathologic situations (i.e., in circumstances mimicking
increased endogenous NPY activity such as in undernutrition)
an inhibitory effect of NPY on the GnRH pulse generator can
be observed. Evidence suggests that kisspeptin neurons can sense
and convey information about energy status to GnRH neurons. In
rodents, hypothalamic levels of Kiss/ mRNA are reduced in meta-
bolic conditions, such as undernutrition, uncontrolled diabetes,
and immune/inflammatory challenge, which are associated with
suppressed gonadotropins. Administration of kisspeptin in rodent
models with disrupted metabolism and energy reserves restores
gonadotropin secretion, suggesting a potentially important central
role of Kiss1 neurons in the regulation of reproduction by meta-
bolic factors (Skorupskaite, 2014).

Opverall, in regard to the reproductive system, the GnRH pulse
generator actually acts as the link that connects the environment,
the internal milieu, and the reproductive axis. Its overall activity
most probably reflects the summation of simultaneous stimula-
tory and inhibitory inputs. It is evident that events, disorders, or
drug administration may tip the physiologic balance, cause dis-
ruption or cessation of GnRH pulse activity, and lead to disrup-
tions of the menstrual cycle and to reproductive disorders such
as oligomenorrhea and hypothalamic amenorrhea.
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ANATOMY

The anterior pituitary (also referred to as the adenohypophy-
sis) derives from the Rathke pouch, a depression in the roof of
the developing mouth in front of the buccopharyngeal mem-
brane. It originates at about the third week of life. Origin of the
adenohypophysis contrasts with that of the posterior pituitary,
the neurohypophysis, which develops as a direct extension
of the brain. It should also be noted that whereas the neu-
rohypophysis receives a direct arterial blood supply from the
hypophyseal arteries, the only vascularization to the adenohy-
pophysis is through the hypothalamic-hypophyseal portal sys-
tem (into which GnRH and several other neuropeptides are
secreted) (discussed earlier).

The gonadotropes are the specialized cells within the adeno-
hypophysis that produce the gonadotropins. Upon stimulation
of the gonadotropes by GnRH, two gonadotropins are released
into the general circulation and regulate endocrine function in
the ovaries and testes.

Prolactin is not a gonadotropin, but it is also secreted by the
anterior pituitary gland and has important effects on reproduc-
tion function. For example, elevations in prolactin can inhibit
GnRH release and result in anovulation and hypoestrogenic
amenorrhea. This inhibition is thought to be the result of inhibi-
tion of kisspeptin-1, which stimulates GnRH release (Bernard,
2015). Prolactin is covered in depth in Chapter 39.

PHYSIOLOGY

GnRH Receptor

Pulses of GnRH released by the GnRH neurons in the arcuate
nucleus reach the gonadotropes in the anterior pituitary via the
hypophyseal portal circulation. These GnRH pulses then act on
GnRH receptors (GnRH-R) on the gonadotropes to stimulate
both the synthesis and release of both gonadotropins, LH and
follicle-stimulating hormone (FSH). Females with GnRH-R
mutations typically present with incomplete or absent puber-
tal development and primary amenorrhea. Although reproduc-
tive function is compromised, conception may be successfully
obtained following gonadotropin treatment.

On the cell membranes of the gonadotrope, GnRH inter-
acts with high-affinitcy GnRH receptors. The gene encoding the
GnRH-R is located on chromosome 4q13.2-13.3, spanning
18.9 kb. This receptor belongs to a large family of G protein-
coupled receptors. These contain seven transmembrane helices
connected by six alternating intracellular and extracellular loops,
with the amino-terminus located on the extracellular side. In
contrast to other protein receptors (see Fig. 4.9, presented later
in the chapter), the GnRH-R lacks a carboxy-terminus located
on the intracellular site.

Activation of the GnRH Receptor

GnRH activation of the receptor requires the release of con-
straining intramolecular bonds, which maintain the receptor in
an inactive configuration. Once activated, the GnRH receptor
stimulates cellular production of specific membrane-associated
lipid-like diacylglycerols, which, acting as a second messenger,

activate several cellular proteins. Among these are the enzyme
protein kinase C (PKC) and extracellular signal-regulated
kinase (ERK), a member of the mitogen- activated protein
kinase (MAPK) cascade. Phosphorylated ERK activates tran-
scription factors, the result being gene transcription of gonado-
tropin subunits and the synthesis of both gonadotropins.

Binding of GnRH to its receptor also rapidly mobilizes tran-
sient intracellular calcium, which triggers a burst of exocytosis to
rapidly release LH and FSH. It also provokes a rapid influx of Ca**
into the cell from the extracellular pool, which in turn activates
calmodulin, a calcium-binding protein, maintaining gonadotro-
pin release. Diacylglycerols amplify the action of Ca**-calmodu-
lin, thereby synergistically enhancing the release of gonadotropins.
Administration of a calmodulin antagonist has been shown to
decrease GnRH-stimulated gonadotropin release.

Estrogens and the GnRH Receptor

Pulsatile GnRH increases GnRH-R gene expression and the
number of GnRH-R on the gonadotrope’s cell surface. The
number of GnRH-R also varies with the hormonal environ-
ment, with highest number of receptors expressed when high
concentrations of estrogens are present. This leads to an increase
in the overall Ca2** response and a significantly amplified
gonadotropin response to a GnRH pulse. This action explains
the variations in the gonadotropin response to GnRH at various
times of the menstrual cycle: GnRH pulses of similar amplitude
elicit greater gonadotropin responses during the late follicular
phase and luteal phase when estradiol levels are highest, but the
responses are lower during the early follicular phase when estra-
diol levels are lowest (Fig. 4.4).

GnRH Pulse Frequency and Gonadotropin Release

It is also important to note that varying frequencies of the
GnRH pulse signal regulate gonadotropin subunit gene tran-
scription differentially. Overall, a low GnRH pulse frequency
favors FSH synthesis, whereas a high GnRH pulse frequency
favors LH synthesis. This is well demonstrated experimentally
where changing a pulsatile infusion from a high- to a low-
pulse frequency results in a matter of days in an increase in the
FSH:LH ratio (Fig. 4.5). This phenomenon may play a role
during the luteal phase of the menstrual cycle and in the chang-
ing FSH:LH ratio that occurs during the passage from one
menstrual cycle to another (see Luteal Phase, discussed later). It
is also reflected in patients known to have a high GnRH pulse
frequency, such as in women with polycystic ovary syndrome,
in which a high proportion of patients have a characteristically
elevated LH:FSH ratio.

GnRH Receptor Desensitization

Gonadotropin release following a GnRH pulse is rapid: within
minutes, both FSH and LH are released. It is important to
recognize that the pulsatile release mode of GnRH is essen-
tial for the maintenance and control of normal gonadotropin
secretion.

In contrast to the response to the normal pulsatile mode
of GnRH release, sustained exposure of the GnRH-R to con-
stant GnRH concentrations drastically reduces the response of
the gonadotrope to subsequent stimulation with GnRH. This
phenomenon is referred to as homologous desensitization or
downregulation of the receptor, which denotes a reduction
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Figure 4.4 GnRH pulses of similar amplitude elicit greater overall
gonadotropin responses during the late follicular phase and luteal
phase when estradiol levels are highest, but they elicit lower
responses during the early follicular phase when estradiol levels are
lowest. Note also a greater early response in the late follicular phase,
denoting greater LH reserves under the effect of estradiol. (From Hoff
D, Lasley BL, Wang CF, Yen SSC. The two pools of pituitary gonado-
tropins: regulation during the menstrual cycle. J Clin Endocrinol
Metab. 1977;44:302.)

994
1 Pulse/hour 1 Pulse/ 1 Pulse/hour
50 7 3 hours - 500
i 45 — 450 ¢
40 M - 400 ,i
2 35 - 350 £
S 30 - 300 E»
£ 25 1 - 250 T
T 20+ - 200
15 o00% B . — 150
10 o PeooY ] % fo - 100
oo®cPoged
5 - - 50
0 | | | | | | I | | | | | 0
201510 5 0 5 101520 25 30 35 40
Days
Figure 4.5 Increase in the FSH:LH ratio following a decrease in the

GnRH pulse frequency (from 1 pulse/hour; left and right panels) to 1
pulse/3 hour (center panel). Experiment was performed in a monkey
lacking endogenous GnRH and infused with GnRH. (From Wildt L,
Hausler A, Marshall G, et al. Frequency and amplitude of gonadotro-
pin-releasing hormone stimulation and gonadotropin secretion in
the rhesus monkey. Endocrinology. 1981;109:376.)

in the ability of GnRH to elicit gonadotropin release after
prior continuous exposure to GnRH. This phenomenon is
well illustrated in a classic experiment performed by Knobil
and collaborators in ovariectomized monkeys lacking endog-
enous GnRH secretion following lesion of the arcuate nucleus
(Fig. 4.6). As illustrated, 6-minute duration pulses administered
once an hour restored normal LH levels in these animals. In
contrast, when a continuous mode of GnRH infusion was
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Figure 4.6 GnRH release in a pulsatile mode is required for a
normal pituitary gonadotropin response. An experiment was per-
formed in a monkey lacking endogenous GnRH and infused with
hourly pulses of GnRH (left and right portions) or with a continuous
GnRH infusion (center portion). (From Belchetz PE, Plant TM, Nakai
Y, et al. Hypophyseal responses to continuous and intermittent
delivery of hypothalamic gonadotropin-releasing hormone. Science.
1978;202:631-633.)

substituted to the pulsatile mode, there occurs a profound
inhibition of LH concentrations. This reflects desensitization
of the GnRH receptor. This phenomenon, which takes a few
days to be established, may reflect a loss of active cell surface
receptors and be maintained by a loss of functional Ca** chan-
nels. However, the mechanism of desensitization is still under
investigation, and additional intermediary changes remain to
be characterized.

GnRH Analogues and the GnRH Receptor

The GnRH half-life in the peripheral circulation is very short
as peptidases rapidly degrade naturally occurring GnRH by
cleaving the decapeptide molecule at the Gly® to Leu’ and at
the Pro? to Gly'? bonds. However, by substituting amino acid
6 in the natural GnRH molecule with a d-amino or replacing
amino acid 10 with a N-ethylamide (Na-CH2-CH3) or Aza-
Gly (NHNHCO) moiety, gonadotropin-releasing hormone
analogues (GnRH analogues) were synthesized and shown to
have acquired a greater resistance to enzymatic proteolysis and
hence a longer half-life (hours versus 2 to 4 minutes). Follow-
ing administration of these GnRH agonists, there is an initial
stimulation of gonadotropin release (flare), followed by the
process of desensitization blocking the releasing effect on the
gonadotropins. This observation has led to the clinical appli-
cation of the functional desensitization property of GnRH
analogues (agonists) having been used to induce a “medical
castration” state by shutting down the pituitary-gonadal axis in
a variety of clinical conditions. In contrast to GnRH agonists,
GnRH antagonists act by competing with GnRH for receptor
sites and thereby never activating a stimulatory signal. Many of
these result from the substitution of amino acids at the 2 or 3
position. Thus GnRH antagonists have the advantage over the
GnRH agonists of a rapidly decreasing LH and FSH release,
without the flare. Clinical applications for both GnRH ago-
nists and antagonists are listed in Box 4.1.
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Box 4.1 Clinical Applications of GnRH and Its Agonists

Activation of pituitary-gonadal function (GnRH)

Delayed puberty

Cryptorchidism

Functional hypothalamic amenorrhea

Hypogonadotropic hypogonadism (Kallmann syndrome)

Pituitary-gonadal inhibition (agonists)

Precocious puberty

Hormone-dependent tumors

Endometriosis

Uterine leiomyoma

Breast cancer

Prostatic cancer

Suppression of ovarian function in polycystic ovary syndrome
and in vitro fertilization

Premenstrual syndrome

Abnormal uterine bleeding including clotting disorders

Contraception

Suppression of spermatogenesis

Ovulation inhibition

Gonadotropins

There are two distinct gonadotropins: luteinizing hormone
(LH) and follicle-stimulating hormone (FSH). (A third
gonadotropin, chorionic gonadotropin [hCG], is produced in
the primate by the placenta.)

Structure

LH and FSH are glycoproteins of high molecular weight.
They are heterodimers, containing two monomeric units
(subunits). Both LH and FSH have a similar a-subunit,
the structure (92 amino acids) of which is highly conserved.
(The same a-subunit is also shared with hCG and thyroid-
stimulating hormone [TSH].) However, B-subunits have
different structures consisting of different amino acids and
carbohydrates. These LH and FSH subunits are each encoded
by a separate gene. (The hCG subunits are also different and
encoded by six genes.)

The a- and B-subunits are joined by disulfide bonds, which
are essential to maintain biologic activity. Reducing agents
break the disulfides bounds and reduce or remove the biologic
activity of the gonadotropin. Highly purified free subunits
have little if any biologic activity relative to that of the intact
hormone. However, it is the f-subunit that confers the spe-
cific biologic activity of each hormone. For instance, LH has
a P-subunit of 121 amino acids, a structure that is responsible
for the specificity of the interaction with the LH receptor. LH
and FSH also differ in the composition of their sugar moieties.
The different composition of several different oligosaccharides
affects bioactivity and speed of degradation of each gonadotro-
pin. For example, the biologic half-life of LH is 20 minutes,
much shorter than that of FSH (3 to 4 hours). (The half-life of
hCG is 24 hours.)

Although both gonadotropins act synergistically in the
female, FSH acts primarily on the granulosa cells of the ovarian
follicles to stimulate follicular growth, whereas LH acts primarily
on the theca cells of these follicles as well as on the luteal cells to
stimulate ovarian steroid hormone production (see the following
discussion).

ANATOMY

Ovarian Gametogenesis (Oogenesis)

Oogenesis begins in fetal life when the primordial germ cells, or
oogonia, migrate to the genital ridge. The number of oogonia
increases dramatically from about 600,000 by the second month
of fetal life to a maximum of about 7 million by the sixth to
seventh month. The oogonia then begin meiotic division (they
are now referred to as primary oocytes) until they reach the
diplotene stage of the prophase (the germinal vesicular stage),
in which they will remain until stimulation by gonadotropins
in adulthood during the menstrual cycle (discussed later). How-
ever, by a process of apoptosis and atresia of the enveloping
follicle, which starts prenatally and persists throughout child-
hood, the number of primary oocytes declines drastically from
about 2 to 4 million at birth to become 90% depleted by puberty.
Further depletion of the pool occurs throughout adulthood, so
by age 37, only about 25,000 and by age 50 only about 1000
oocytes remain.

The traditional dogma that mammals have fixed, non-
renewable oocyte stores established prior to birth has been
challenged. Some studies suggest that adult mammalian ova-
ries possess pluripotent germline stem cells (GSCs) that can
differentiate into oocytes, as well as other cell types. Non-
mammalian organisms, such as Drosophila, do possess ovarian
GSCs. Whereas the existence of spermatogonial cells in the
adult human testis that give rise to pluripotent GSCs is well
accepted, there is considerable evidence that disputes the exis-
tence of mammalian adult ovarian GSCs. At this point, there
is not sufficient evidence to prove that mammalian oogenesis
occurs after birth (Hanna, 2014).

Ovarian Folliculogenesis

The primary oocyte is surrounded by a single layer of granulosa
cells in a unit referred to as the primordial follicle. Even in the
absence of stimulation by gonadotropins, some primordial fol-
licles will develop into primary (or preantral) follicles, at which
stage multiple layers of granulosa cells surround them. Develop-
ment of follicles to this stage appears to be relatively independent
of pituitary control but is probably influenced by intraovarian,
nonsteroidal processes that remain to be understood. Devel-
opment to this stage occurs during the nonovulatory stages of
childhood, pregnancy, oral contraceptive use, as well as during
ovulatory cycles.

With formation of an antrum (cavity), the follicle, now
referred to as a secondary or antral follicle, enters the final
stages of folliculogenesis characterized by the transition from
intraovarian regulation to a major control by the hypothalamic-
pituitary unit. This requires the presence of the characteristic
increase in FSH that occurs in the early menstrual cycle (see
Menstrual Cycle, presented later).

The development process from primary follicle (preantral fol-
licle) to secondary or antral follicle, and to a mature preovulatory
follicle, the latter during the follicular phase of the cycle, takes
about 1 year to complete (Fig. 4.7). Only about 400 follicles
complete this process, whereas the majority of follicles undergo
programmed cell death. Although little is known about factors
controlling growth during the earlier stages, more is known
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Figure 4.7 Life history of ovarian follicles: endowment, maintenance, initial recruitment, matura-
tion, atresia or cyclic recruitment, ovulation, and exhaustion. A fixed number of primordial follicles
are endowed during early life, and most of them are maintained in a resting state. Growth of some
of these dormant follicles is initiated before and throughout reproductive life (initial recruitment).
Follicles develop through primordial, primary, and secondary stages before acquiring an antral cavity.
At the antral stage, most follicles undergo atresia; however, under the optimal gonadotropin stimula-
tion that occurs after puberty, a few of them are rescued (cyclic recruitment) to reach the preovula-
tory stage. Eventually, depletion of the pool of resting follicles leads to ovarian follicle exhaustion and
senescence. (From McGee EA, Hsueh AJW. Initial and cyclic recruitment of ovarian follicles. Endocrine

Rev. 2000;21:200-214.)

about the final stage of folliculogenesis during the follicular
phase of the menstrual cycle (discussed later).

PHYSIOLOGY

Gonadotropin Receptors

Although the two gonadotropins act synergistically in the female,
FSH acts primarily on the granulosa cells of the maturing antral
follicle to stimulate follicular growth, whereas LH acts primar-
ily on the theca cells of these follicles to induce steroidogenesis.
Binding to and activation of their respective receptors at the cell
surface membrane represent the necessary first step in the hor-
monal function of both FSH and LH.

Gonadotropin receptors are transmembrane G protein-
coupled receptors, which possess seven membrane-spanning
domains (Fig. 4.8). It is believed that the receptor molecule
exists in a conformational equilibrium between active and
inactive states, which is shifted by binding of LH or FSH.
Upon binding to the gonadotropin, the receptor shifts con-
formation and mechanically activates the G protein, which
detaches from the receptor and activates cyclic adenosine
monophosphate (AMP) dependent protein kinases. These
protein kinases are present as tetramers with two regulatory
units and two catalytic units. Upon binding of cyclic AMP
(cAMP) to the regulatory units, the catalytic units are released
and initiate the phosphorylation of proteins, which bind to

Extracellular fluid

Plasma membrane

] u mauu
75655 Gyopmam

Figure 4.8 The seven transmembrane a-helix structure of a G
protein-coupled receptor, such as that for LH or hCG. (The structure
for the GnRH receptor is similar, except that the GnRH-R lacks a
carboxy terminus on the intracellular site; see the preceding text.)
(From trans-membrane helix of G-protein coupled FSH receptor;
from Wikipedia.)

DNA in the cell nucleus, resulting in the activation of genes
and leading to the physiologic action (Fig. 4.9).

Ovarian Steroids: Biosynthesis

One primary function of the ovary is the secretion of ovarian
steroids, which occurs following binding of both FSH and LH
to their respective receptors. The ovary secretes three primary
hormones: estradiol (the primary estrogen), progesterone, and
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Figure 4.9 Upon binding to their receptor, the gonadotropins activate cyclic AMP-dependent
protein kinases (see text). (Modified from Speroff L, Friz M, eds. Clinical Gynecologic Endocrinology and
Infertility. New York: Lippincott Williams & Wilkins; 2005:71-72.)

androstenedione. These hormones are the chief secretory prod-
ucts of the maturing follicle, the corpus luteum, and the ovarian
stroma. The ovary also secretes, in varying amounts, estrone (a
less potent estrogen), pregnenolone, 17-hydroxyprogesterone,
testosterone, and dehydroepiandrosterone (DHEA). Because of
the lack of the appropriate enzymes, the ovary does not synthe-
size mineralo- or glucocorticoids.

Steroids are lipids that have a basic chemical structure or
nucleus (Fig. 4.10). The nucleus consists of three six-carbon rings
(A, B, and C) joined to a five-carbon atom (D) ring. The carbon
atoms are numbered as shown in Figure 4.10. Functional groups
above the plane of the molecule are preceded by the f§ symbol
and shown in the structural formula by a solid line, whereas
those below the plane are indicated by an a symbol and a dotted
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Figure 4.10 Phenanthrene (top left). Cyclopentanoperhydrophen-
anthrene nucleus (top right), which incorporates the three six-carbon
rings of the phenanthrene ring system (A, B, and C) and a five-carbon
ring (D), which resembles cyclopentane. Cholesterol (bottom) is the
common biosynthetic precursor of steroid hormones. Numbers 1

to 27 indicate the conventional numbering system of the carbon
atoms in steroids. (From Stanczyk FZ. Steroid hormones. In: Lobo RA,
Mishell DR, Paulson R], Shoupe D, eds. Mishell’s Textbook of Infertility,
Contraception and Reproductive Endocrinology. 4th ed. Malden, MA:
Blackwell Science; 1997.)

line. All steroids, whether secreted by the ovary, testis, or adre-
nal, are derived from acetate (a two-carbon compound), which,
in a series of complex reactions, is transformed into cholesterol
(a 27-carbon steroid) (Fig. 4.11.)

The sex steroids (as well as the corticosteroids) are then
derived from a stepwise transformation of the cholesterol mol-
ecule into steroids with 21 carbon atoms (the corticosteroids,
pregnenolone, 17-hydroxy pregnenolone, progesterone, and
17-hydroxyprogesterone), 19 carbon atoms (androgens such
as DHEA, androstenedione, and testosterone), and 18 carbon
atoms (estrogens such as estradiol and estrone). In the first step,
cholesterol is transferred from the outer mitochondrial mem-
brane to the inner membrane, where cytochrome P450 enzyme is
located. The latter will split off the cholesterol side chain, which is
the first enzymatic step in steroid biosynthesis. Being lipophilic,
cholesterol is unable to cross the aqueous phase between these
two membranes on its own. It is now believed that steroidogenic
acute regular protein (StAR) assists in that role. The next steps in
steroid biosynthesis require participation of a variety of enzymes,
most of which are part of the cytochrome P450 superfamily of
heme-based enzymes. First is the transformation of cholesterol
into pregnenolone by hydroxylation of C-20 and C-22 and cleav-
age between these two atoms, reducing the C-27 cholesterol to
the C-21 compound pregnenolone. At this point, ovarian ste-
roid biosynthesis proceeds along two major pathways, controlled
by specific enzymes at each step: (1) the A5 pathway through
17-hydroxypregnenolone and DHEA to A% androstenediol and
(2) the A pathway via progesterone and 17-hydroxyprogesterone
to the androgens, androstenedione and testosterone.

Aromatase Enzyme
Androgens are converted to the estrogens estrone or estradiol
by the enzyme aromatase, through the loss of the C-19 methyl

group and the transformation of the A-ring to an aromatic state
(hence the enzyme’s name) through oxidation and subsequent
elimination of a methyl group. The aromatic (or phenolic) ring
is characteristic of the estrogens (Fig. 4.12).

Aromatase is a complex enzyme comprising two proteins.
The first, P450arom (also a member of the cytochrome P450
superfamily of genes), catalyzes the series of reactions required
for the formation of the phenolic A ring. The second is NADPH-
cytochrome P450 reductase, a ubiquitous protein required for
transferring reducing equivalents from NADPH to any micro-
somal form of cytochrome P450 with which it comes into con-
tact. (All microsomal P450 enzymes require this reductase for
catalysis. Disruption of this reductase has lethal consequences, as
shown in knockout mice.)

The aromatase enzyme is found in many tissues besides
the gonads, such as the endometrium, brain, placenta, bone,
skin, and others. It is also particularly relevant to note that in
humans, in contrast to other species, estrogens are also synthe-
sized in adipose tissue, which in the postmenopausal woman
becomes the major site of estrogen biosynthesis. The tissue-
specific expression of the CYP19 aromatase gene is regulated by
the use of different promoters. For instance, expression in the
ovary uses a promoter element proximal to the start of transla-
tion, whereas expression in adipose tissue uses distal elements.
Opverall, the C,g estrogen produced in different tissue sites of
biosynthesis is rather specific and dependent on the nature of
the C steroid presented to the aromatase enzyme: in the ovary,
the main androgen source is ovarian testosterone and thus the
main estrogen product from the ovary is estradiol, whereas in
adipose tissue the main androgen source is circulating andro-
stenedione (produced by the adrenals) and hence the principal
estrogen produced is estrone. (The greater the amount of fat
present, the greater the amount of androstenedione that is con-
verted to estrone via aromatase.)

Mutation of CYPI19 leads to the aromatase deficiency
syndrome, which is inherited in an autosomal recessive way
(Morishima, 1995). In these female patients, accumulation of
androgens during pregnancy may lead to virilization at birth.
Individuals of both sexes have abnormal pubertal maturation
and are tall because of the lack of estrogen to affect epiphyseal
closure. Female patients have primary amenorrhea. Aromatase
inhibition evidently leads to profound hypoestrogenism. Aro-
matase inhibitors have become useful in the management of
patients with estrogen receptor positive tumors—for example,
in breast cancer.

Interconversion between androstenedione and testosterone
and estrone and estradiol can occur outside the ovaries. Oxida-
tion of the latter to the former reduces biologic potency because
both androstenedione and estrone have weaker biologic activity.
Estrone is also converted to estrone sulfate, which has a longer
half-life and is the largest component of the pool of circulat-
ing estrogens. Estrone sulfate is not biologically active; however,
sulfatases in various tissues (such as breast and endometrium)
can readily convert it to estrone, which in turn can be converted
to the more biologically active estradiol. Steroids are in gen-
eral insoluble in water but dissolve readily in organic solvents.
In contrast, steroids that have a sulfate or glucuronide group
attached (conjugated steroids)—such as, for example, estrone
sulfate, dehydroepiandrosterone sulfate (DHEAS), or pregnane-
diol glucuronide—are water soluble.
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Biosynthesis of androgens, estrogens, and corticosteroids. (From Stanczyk FZ. Steroid

hormones. In: Lobo RA, Mishell DR, Paulson RJ, Shoupe D, eds. Mishell’s Textbook of Infertility, Contra-
ception and Reproductive Endocrinology. 4th ed. Malden, MA: Blackwell Science; 1997.)
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Ovarian Steroids: Blood Transport and Metabolism
After release into the circulation, sex steroids bind to a steroid-
specific transport protein, sex hormone-binding globulin
(SHBG) (a p-globulin synthesized by the liver), to the non—
steroid-specific albumin, or circulate in an unbound or “free”
form. (There is a separate steroid-specific protein, corticosteroid-
binding protein [CBG; transcortin], which binds primarily adre-
nal steroids, and to a lesser degree progesterone.) Both SHBG
and CBG have a high affinity (by definition) but low capacity for
steroids. Albumin, in contrast, has a high capacity but binds with
low affinity; thus steroids can readily dissociate from its binding
and enter target cells.

The free and loosely albumin-bound steroids are believed to
be the most biologically important fractions because the steroid
is free to diffuse or be actively transported through the capil-
lary wall and bind to its receptor. (There is also evidence, how-
ever, that uptake of protein-bound hormone may also play a
role.) SHBG binds primarily dihydrotestosterone, testosterone,
and estradiol, in order of decreasing affinity. Thus in premeno-
pausal women, 65% of testosterone is bound to SHBG, 30% to
albumin, and 5% is free, whereas 60% of estradiol is bound to
SHBG, 38% to albumin, and 2% to 3% is free. The metabolic
clearance rate of sex steroids is inversely related to their affinity
to SHBG. It is thus important to remember that the level of
SHBG, and therefore the level of free active hormone, may be
influenced by various clinical conditions. For instance, circulat-
ing levels of SHBG are increased by estrogens (oral contracep-
tives, pregnancy) and by thyroid hormone (hyperthyroidism)
and are lowered by androgens and in hypothyroidism.

The major sites of steroid metabolism are the liver and kid-
ney. Steroids are mainly oxidized by cytochrome P450 oxidase
enzymes, through reactions that introduce oxygen into the
steroid ring, allowing a breakdown by other enzymes to form
bile acids as final products. These bile acids can then be elimi-
nated through secretion from the liver. In another process,
which involves conjugation, the steroids are transformed from

lipophilic compounds, which are only sparingly soluble in water,
into metabolites that are readily water soluble and can be elimi-
nated in urine. Examples are estradiol-17 glucuronide, estrone
sulfate, and pregnanediol-3-glucuronide (the major urinary
metabolite of progesterone).

Prostaglandins

Prostaglandins (a subclass of eicosanoids and prostanoids) are
in general mediators of inflammatory and anaphylactic reac-
tions. Their most abundant precursor is arachidonic acid, itself
formed from linoleic acid supplied in the diet. Their biosynthesis
can be inhibited by several groups of compounds, including the
nonsteroidal anti-inflammarory drugs (NSAIDs) type 1 (aspirin
and indomethacin), which inhibit endoperoxide formation (the
immediate precursor of eicosanoids), and type 2 (phenylbuta-
zone), which inhibits the action of endoperoxidase isomerase
and reductase. Corticosteroids also can inhibit prostaglandins
synthesis.

In contrast to steroid hormones, which are stored and act at
targets distant from their source, prostaglandins are produced
intracellularly shortly before they are released and generally act
locally. Specific prostanoids can have variable effects on differ-
ent tissues, as well as variable effects on the same organ, even
when released at the same concentration, hence the difficulty of
studying their actions. One important effect is their ability to
modulate the responses of endogenous stimulators and inhibi-
tors, such as ovarian stimulation by LH, which is modulated
by prostaglandin F2a (PGF2a), which in turn regulates ovarian
receptor availability.

Prostaglandins play an important role in ovarian physiology.
They help control early follicular growth by increasing blood
supply to certain follicles and inducing FSH receptors in gran-
ulosa cells of preovulatory follicles. Both PGF2a and PGE2
are concentrated in follicular fluid of preovulatory follicles and
may assist in the process of follicular rupture by facilitating
proteolytic enzyme activity in the follicular walls. Many pros-
tanoids are produced in the endometrium. Concentrations of
PGE2 and PGF2a increase progressively from the proliferative
to the secretory phase of the cycle, with highest levels at men-
struation. These prostaglandins may help regulate myometrial
contractility and may also play a role in regulating the process
of menstruation.

STEROID RECEPTORS

Gonadal steroids are integrated into every aspect of reproduc-
tion, and disruption of their signaling pathways, which obvi-
ously require initial binding to their receptors, leads to reduced
fecundity and aberrations in multiple organ system. For the sex
steroid feedback loops (discussed later) to be active, there must
be steroid receptors in the appropriate regions of the hypothala-
mus and pituitary gland to respond to the ovarian signals.

As opposed to peptide or protein hormone receptors that
reside on the cell membrane (discussed earlier), steroid recep-
tors reside in the nucleus or in the cytoplasm, in between which
they may shuttle in the absence of hormone (Fig. 4.13). The
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Figure 4.13 The steroid receptor activation process. As opposed to protein hormones receptors,
which reside on the cell membrane, steroid receptors reside in the nucleus or in the cytoplasm. See

the text for details.

cytoplasmic receptor is sequestered (hence in an “inactive” state)
within a multiprotein inhibitory complex that includes heat
shock proteins. Hormone binding leads to dissociation from
the heat shock proteins. The lipophilic steroids freely diffuse
across the nuclear membrane to bind to their cognate receptor.
This binding leads to conformational changes that transform
the receptor into an “activated” state, which allows it to bind
to a hormone responsive element (HRE), the specific DNA-
binding site to which steroid receptors bind conferring hormone
sensitivity within target gene promoters. Nuclear receptors can
inhibit or enhance transcription by recruiting an array of co-
activator or co-repressor proteins to the transcription complex
(Fig. 4.14) (Ellmann, 2009). mRNA is then generated from a
segment of nuclear DNA in the process of transcription. Tran-
scription is the most important process regulated by steroid hor-
mones. All genes share a common basic design composed of a
structural region in which the DNA encodes the specific amino
acids of the protein and a regulatory region that interacts with
various proteins to control the rate of transcription. Co-activa-
tors and co-repressors modify the chromatin state and recruit/
activate or hinder the basal transcriptional machinery. Members
of the sarcoma (SRC) family of co-activators, including SRC-1,
SRC-2, and SRC-3, and the nuclear receptor co-repressor

(NCoR1), interact with both the estrogen and progesterone
receptors (see Fig. 4.14) (Ellmann, 2009; Horwitz, 1996). The
mRNA migrates into the cytoplasm, where it translates informa-
tion to ribosomes to synthesize the required new protein.

Several alternative receptor mechanisms besides the classic
one outlined previously appear to exist. Some are plasma mem-
brane steroid signaling events that are mediated through various
kinases and second messengers including cAMP. These are inde-
pendent of nuclear interactions and do not involve direct ste-
roid activation of gene transcription (nongenomic). As opposed
to the longer time required by the genomic pathway (hours to
days), these alternate mechanisms may be responsible for some
of the rapid effects of steroids—for instance, as activated by the
negative steroid feedback loop (discussed later), which occurs
within minutes.

Members of the steroid receptor superfamily share amino acid
homology and a common structure. They contain key structural
elements that enable them to bind to their respective ligands with
high affinity and specificity and to recognize and bind to discrete
response elements within the DNA sequence of target genes with
high affinity and specificity. For instance, estrogen receptors will
bind natural and synthetic estrogens, but not androgens or pro-
gestins. The affinity of a receptor for a steroid also correlates with

Obstetrics & Gynecology Books Full


http://ebookobgyne.net/

4 Reproductive Endocrinology

SHARP

BRCA1

WA

Figure 4.14 A connections map for the human estrogen recep-
tor (ER). The ER interacts with a large number of proteins that can
either positively or negatively regulate target gene transcription. ERa
cofactors interact with different target proteins linking the receptor
to other signal transduction pathways. Some of the key connec-
tions that positively (+) or negatively (-) regulate ERa transcriptional
activity are shown. (From McDonnell DP, Norris JD. Connections

and regulation of the human estrogen receptor. Science. 2002;
296:1642-1644.)
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steroid potency; for example, the estrogen receptor has a greater
affinity for estradiol than for estrone and estriol, which are much
less potent than estradiol. Overall, the magnitude of the signal
to the cell and of the cell response to the steroid depends on the
concentration of the hormone and of the receptors, as well as on
the affinity of the receptor to the hormone.

In the human, there are actually two estrogen receptors, ER-a
and ER-f, which are distinct receptor forms encoded by separate
genes. There are also two forms of the progesterone receptor,
but these are isoforms (differing only by minor structural differ-
ences), which are encoded by the same gene.

OVARIAN-HYPOTHALAMIC-PITUITARY
FEEDBACK LOOPS

ESH and LH act on the ovaries to induce morphologic changes
and ovarian steroid secretion. Morphologic processes include fol-
liculogenesis (i.e., the cyclic recruitment of a pool of follicles to
produce a mature follicle ready for ovulation) and the formation
of a corpus luteum. These processes occur in sequence, confer-
ring a monthly rhythm to the reproductive cycle. Granulosa and
theca cells within the follicle and luteal cells respond to LH by
synthesizing and releasing ovarian steroids, mainly estradiol-17f
and progesterone. The type and amount of hormone released
depend on the status of the follicle and the corpus luteum (see
Menstrual Cycle, presented later).
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Figure 4.15 The rapidly acting negative feedback loop of steroids
on GnRH and both gonadotropins release is supplemented by a
slower-acting negative feedback loop by the inhibins. (From Hylka
VW, di Zerega GS. Reproductive hormones and their mechanisms of
action. In: Mishell DR Jr, Davajan V, Lobo RA, eds. Infertility, Con-
traception and Reproductive Endocrinology. 3rd ed. Cambridge, MA:
Blackwell Scientific; 1991.)

Feedback communication between the ovaries and the hypo-
thalamic-pituitary unit is an essential component to the physiol-
ogy of the reproductive cycle. It is important for the brain and
pituitary gland to modulate their secretion in response to the
minute-to-minute activity status of the ovary. Through their
receptors, both in various areas of the hypothalamus and in the
anterior pituitary gland, the two ovarian steroids, estradiol and
progesterone, play a major role in these feedback communica-
tions. More recent evidence shows that several nonsteroidal
compounds are also involved in these feedbacks.

Negative Steroid Feedback Loop
As in other endocrine systems, the major ovarian to brain/pitu-
itary feedback loop is inhibitory (the negative feedback loop),
whereby the steroid secreted by the target organ (the ovary) regu-
lates the hypothalamic-hypophyseal unit to adjust GnRH and
gonadotropin secretion appropriately (Fig. 4.15).
Estradiol-17f is a potent physiologic inhibitor of GnRH
and of gonadotropin secretion. The threshold for the negative
feedback action of estradiol is such that even small increases in
the levels of the hormone induce a decrease in gonadotropins.
Levels of LH and FSH during the follicular phase vary in accord
with the changes in estradiol concentrations that accompany
maturation of the follicle. Thus as circulating estradiol levels
increase during the follicular phase, gonadotropin concentra-
tions decrease. In postmenopausal women or women who have
undergone ovariectomy or have aromatase enzyme deficiency,
all of whom lack estradiol secretion, sustained increases in LH
and FSH release occur because of the absence of an active nega-
tive feedback loop. In these conditions, administration of physi-
ologic doses of estradiol results in a rapid and sustained decrease
in LH and FSH to levels equivalent to those seen during the
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menstrual cycle. The estradiol negative feedback loop acts to
decrease LH secretion rapidly, mainly by controlling the amp/i-
tude of each LH pulse. Most evidence suggests that this action
is secondary to inhibitory effects on the GnRH pulse, most
probably relayed by estrogen-receptive kisspeptin and possibly
GABA neurons. Effects on the pituitary gonadotrope, whereby
estradiol decreases the gonadotropin response to GnRH, may
also take place.

Progesterone, at high concentrations such as those observed
during the luteal phase of the cycle, also exerts an inhibitory
effect on gonadotropin secretion. In contrast to estradiol, pro-
gesterone affects mainly the GnRH pulse generator by slowing
the frequency of pulses. This effect is responsible for the signifi-
cant decrease in LH pulse frequency observed during the luteal
phase of the cycle, when high levels of progesterone are present,
and which becomes more pronounced as the luteal phase pro-
gresses (discussed later).

There is good evidence that the slowing action of proges-
terone on GnRH-LH pulse frequency is mediated by central
f-endorphin. Indeed, brain levels of this opioid peptide, as mea-
sured in hypophyseal portal blood in the nonhuman primate,
are elevated during the luteal phase (Fig. 4.16, A). Furthermore,
naloxone administration (an opiate antagonist) in women dur-
ing the luteal phase results in a significant acceleration in pulse
frequency (see Fig. 4.16, B).

In view of these estradiol and progesterone inhibitory feed-
back loops, it is not surprising that the characteristics of pulsatile
LH secretion vary greatly with the stage of the menstrual cycle.
During the estrogenic stage or follicular phase, pulses of high fre-
quency but of low amplitude are seen, whereas during the pro-
gesterone stage or luteal phase, there is a progressive reduction in
the frequency of the LH pulse, with pulse intervals reaching 200

minutes or more by the end of the luteal phase. This decreased
pulse frequency is accompanied by a significant increase in pulse
amplitude.

Positive Estradiol Feedback Loop

At higher physiologic concentrations, estradiol can also exert
a separate stimulatory effect (positive feedback loop) on
gonadotropin secretion. This positive feedback is dependent
on rapidly rising estradiol levels, in combination with a small
but significant progesterone rise, both produced by the mature
dominant follicle and responsible for the generation of the pre-
ovulatory LH and FSH surge. The positive feedback loop is
observed in many species: it serves as the critical signal to the
hypothalamic-pituitary axis that the dominant follicle is ready
to ovulate. In most species, a GnRH surge precedes the LH
surge, suggesting that the positive feedback loop acts centrally.
However, there is also ample evidence that high levels of estra-
diol can increase GnRH pituitary receptors and augment the
pituitary response to GnRH, suggesting effects at the pituitary
site as well.

Experimentally, late follicular phase estradiol levels infused
during the early follicular phase are able to activate the positive
feedback loop and release an LH surge, however inappropriate
and untimely, because no mature follicle is present at the time

(Fig. 4.17).

Ovarian Peptides Feedback Loops

In addition to the negative steroid feedback loop, there is also
evidence that nonsteroid ovarian factors exert negative feedback
effects on the anterior pituitary. Such are the inhibins, which are
a family of glycoproteins that consist of a dimer with two dis-
similar o and § subunits. The two subunits are coded by different
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Figure 4.16 The endogenous opiates and the menstrual cycle. A, Changes in hypothalamic
B-endorphin activity (as determined by its secretion into the pituitary stalk portal vasculature) during
the menstrual cycle in the nonhuman primate. In the presence of low ovarian steroids, such as at
menstruation, endorphin levels are lowest. They are highest in the presence of progesterone during
the luteal phase. B, Role of f-endorphin in modulating the negative feedback action of progester-
one during the luteal phase; note the dramatic increase in LH pulse frequency after endogenous
opiate antagonism by naloxone (dark circles) compared with controls receiving saline (light circles).
(A, From Van Vugt DA, Lam NY, Ferin M. Reduced frequency of pulsatile luteinizing hormone secre-
tion in the luteal phase of the rhesus monkey: Involvement of endogenous opiates. Endocrinology.
1984;115:1095. B, From Ferin M, Van Vugt D, Wardlaw S. The hypothalamic control of the menstrual
cycle and the role of endogenous opioid peptides. Rec Prog Horm Res. 1984;40:441.)
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genes. Two forms of the §§ subunit have been identified, and thus
inhibin can exist as 0-pA (inhibin A) and as a-pB (inhibin B)
(Fig. 4.18), both of which are detected in serum in women during
the reproductive years. The ovaries are the only source of circulat-
ing dimeric inhibins.

The inhibins are characterized by their preferential inhibition
of FSH over LH through their own negative feedback loop (see
Fig. 4.15). This negative feedback loop, however, functions at a
significantly slower rate (hours) than that of the steroid nega-
tive feedback loop (which is activated within minutes) and is
directed mainly at the pituitary gland. It is believed that the
decline in FSH after its peak in the early follicular phase of the
normal cycle results from a negative feedback action of inhibin
B at the pituitary level. At menopause or in premature ovarian
failure, data show a decreased secretion of inhibin with repro-
ductive aging, suggesting that inhibin B negative feedback may
be an important factor controlling the early monotropic increase

ESTRADIOL INFUSION
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Figure 4.17 GnRH and LH responses to a 3.5-hour estradiol infu-
sion mimicking late follicular phase estradiol levels. After a period
of suppression (caused by the rapid estradiol negative feedback),
note the large increase in both GnRH and LH (caused by the positive
estradiol feedback). (From Xia L, van Vugt D, Alston EJ, Luckhaus J,
Ferin M. A surge of gonadotropin-releasing hormone accompanies
the estradiol-induced gonadotropin surge in the rhesus monkey.
Endocrinology. 1992;131:2812-2820.)

in FSH with aging (reflecting the decreasing number of small
antral follicles recruited in each cycle and the consequent insuf-
ficient inhibin B production).

'The circulating patterns of inhibin A and B during the men-
strual cycle are different: plasma concentrations of inhibin B rise
rapidly on the day after the intercycle FSH rise (discussed later),
remain elevated for a few days, then fall progressively during the
remainder of the follicular phase. After a short-lived peak fol-
lowing the ovulatory gonadotropin surge, inhibin B falls to a
low concentration during the luteal phase. In contrast, inhibin
A concentrations rise only in the later part of the follicular phase
and are maximal during the midluteal phase (Fig. 4.19) These
different patterns of circulating inhibin B and inhibin A during
the human menstrual cycle suggest different physiologic roles
(discussed later).

Other dimers of the B subunit have also been described,
such as activin A (A-B/A-B), which in contrast to the inhib-
ins stimulate FSH release from the pituitary (see Fig. 4.18).
This effect is probably not significant because of the irrevers-
ible binding of activin to follistatin, which neutralizes activin’s
bioactivity.

The menstrual or ovulatory cycle involves a remarkable coordina-
tion of morphologic changes and hormonal secretion occurring
not only at several levels of the hypothalamic-pituitary-ovarian
axis but also in organs outside of this main axis, such as the
uterus and the cervix, and expressed in an orderly sequence
of events. The initial stimulus from the brain under the form
of GnRH pulses is crucial to proper gonadotropin responses,
which in turn instigate folliculogenesis, ovulation, and the for-
mation of the corpus luteum. Essential to the coordination of
these events is the communication between the ovaries and the
hypothalamic-pituitary unit through the hormonal feedbacks,
which provide continuous information of the ovarian status to
the brain, which in turn responds with the proper pattern of
GnRH pulses and of gonadotropin release. Humans are spon-
taneous ovulators (as opposed to light or seasonally related) in
that the gonadotropin surge, the initiator of ovulation, is trig-
gered by the endogenous changes in estradiol that accompany
the maturation of the follicle.

This sequence of events is such that the reproductive process
in the human occurs in a cyclic process at about monthly inter-
vals. The primate menstrual cycle is divided into two phases: the
follicular phase followed by the luteal phase. These are separated
by the ovulatory period. The mean duration of the menstrual
cycle is 28 + 7 days. The length of the follicular phase is more
variable, whereas the life span of the corpus luteum is about 14
days. In many women, the length of the follicular phase usually
decreases from about 14 days to about 10 days in women over
40 years old. However, menstrual cycle length also varies in an
individual woman: it is most variable in the 2 years following
menarche and preceding menopause, times of life during which
anovulatory cycles are most frequent. The mean age of menarche
(the first menstruation) occurs around age 12, whereas meno-
pause (the end of the reproductive phase) usually occurs between
ages 45 and 55. Endocrine changes during the menstrual cycle
are illustrated in Figure 4.19.
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FOLLICULAR PHASE

The follicular phase can be subdivided into three periods; these
denote the successive recruitment of a cohort of antral fol-
licles, the selection of a dominant follicle, and the growth of the
selected dominant follicle.

Recruitment of a Cohort of Antral Follicles

When cohorts of growing follicles reach the early antral stage
(Fig. 4.20; see also Fig. 4.7), continuing growth requires a
proper gonadotropin stimulatory action. FSH provides the
critical signal for the recruitment of a cohort of preantral fol-
licles. This FSH signal (cyclic recruitment) is the major sur-
vival factor that rescues the follicles from their programmed
death (atresia) and allows them to start growing, increasing in
size and beginning to synthesize steroids. In fact, the start of
each follicular phase is characterized by a small but significant
increase in the FSH:LH ratio (see Fig. 4.19), resulting in the
recruitment of a cohort consisting of about three to seven sec-
ondary preantral follicles. (Only preantral follicles are able to
respond to the FSH signal; follicles at an earlier stage of devel-
opment lack an independent vascular system so that the signal
does not reach them.)

Ovarian reserve is a term used to denote the number of
antral follicles in the ovaries and therefore to determine the
capacity of the ovary to provide oocytes that are capable of
being fertilized. The determination of the ovarian reserve is an
important tool in the treatment of infertility. Mainly, it can be
assessed by the following means: (1) by a measurement of FSH
on day 2 to 3 of the cycle: higher FSH levels denote ovarian
aging (resulting from a decreased activity of the estradiol nega-
tive feedback loop), hence fewer recruitable follicles; (2) by a
sonographic antral follicle count; (3) by the measurement of
inhibin B on day 2 to 3 of the cycle, the recruitment of the
follicle cohort being reflected by an increase in this hormone
produced and secreted by these recruited follicles, thus inhibin
B levels provide an early indicator of the number of recruited

follicles and of their secretory activity (see Fig. 4.20); and
(4) by the measurement of anti-miillerian hormone (AMH)
(also named miillerian inhibiting substance [MIS]). AMH
belongs to the transforming growth factor-f superfamily. It is
a secretory product of granulosa cells in preantral and in small
antral follicles. Together with other factors, AMH appears to
inhibit the initiation of premature follicle growth. AMH levels
decline with age, in parallel with the reduced follicle pool. Data
have indicated that in the treatment of infertility, the measure-
ment of AMH in conjunction with sonography offers a more
useful assessment of ovarian reserve and a better correlation
with the number of oocytes retrieved than that provided by
FSH measurement. Unlike FSH, AMH may be measured at
any time of the menstrual cycle, with minimal variation. AMH
is increasingly used in clinical practice to identify women with
premature ovarian insufficiency or polycystic ovary syndrome;
very high levels of AMH may reflect polycystic ovary syndrome
(La Marca, 2009). Studies show significantly lower age-specific
AMH levels in women currently using oral contraceptives with
an increase in AMH levels after discontinuation of oral contra-
ceptives (Dolleman, 2013; van den Berg, 2010). It remains to
be determined whether AMH measured during oral contracep-
tive use is an accurate reflection of individual ovarian reserve.

Selection of a Dominant Follicle

Although several primary preantral follicles are recruited at
the start of each cycle as part of a cohort, in the primate
usually only one (the dominant follicle) is selected to com-
plete growth to maturity (see Fig. 4.20), while the other fol-
licles in the cohort become atretic. Although the process of
selection is not well understood, it most probably reflects the
competitive advantage of the dominant follicle, characterized
by a well-vascularized theca layer, allowing a better access
of the gonadotropins to their target receptors. This results
in a greater local estradiol secretion, which in turn increases
the density of gonadotropin receptors and promotes cell
multiplication.
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Figure 4.19 Mean plasma concentrations of inhibin A and inhibin
B (A, upper panel) compared with estradiol and progesterone (B,
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strual cycle. Day O is the day of the LH surge. (From Groome NP,
Illingworth PJ, O’Brien M, et al. Measurement of dimeric inhibin B
throughout the human menstrual cycle. J Clin Endocrinol Metab.
1996;81:1401-1405.)

At the same time, elevation of peripheral estradiol levels
will activate the negative estradiol feedback loop and result in
a decrease in circulating FSH to a concentration insufficient to
sustain growth in the other follicles of the cohort. Experimen-
tally in the nonhuman primate, this process can be overridden
by injecting antibodies to estradiol; this prevents the estradiol
negative feedback loop from decreasing FSH secretion and
results in the maturation of several follicles at the same time. In
addition to estradiol, granulosa cells of the recruited follicles also
secrete inhibin B (discussed earlier), the action of which selec-
tively suppresses FSH secretion, further decreasing the stimu-
lus to maturation. The dominant follicle, however, continues to
grow because of its greater density of FSH receptors and greater
vascularization of its theca cell layer, allowing more FSH to reach
its receptors.
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Figure 4.20 Follicle development. Note that progress beyond the
primary or preantral follicle stage depends on FSH stimulation. (From
Paulson RJ. Oocytes: from development to fertilization. In: Mishell
DR, Davajan V, Lobo RA, eds. Infertility, Contraception and Reproductive
Endocrinology. 3rd ed. Cambridge, MA: Blackwell Scientific; 1991.)

The process of selection is completed by day 5 of the follicular
phase. At this poing, if the dominant follicle is experimentally
destroyed, no surrogate follicle is available to replace it during
that cycle.

Growth of the Dominant Follicle: The Maturing
Secondary or Antral Follicle

GnRH pulse frequency at this time of the follicular phase is at its
maximum, at about 1 GnRH pulse/90 minutes (Fig. 4.21, A). This
is the optimal pulse frequency to activate the proper gonadotro-
pin response to increase steroid biosynthesis and the production
of estradiol within the ovary. The main role of the gonadotro-
pins and of locally produced estradiol is to continue to stimu-
late growth of the dominant follicle during the remainder of the
follicular phase.

Production of estradiol requires successive events within
different locations in the growing follicle (Fig. 4.22). FSH
receptors are located within the avascular granulosa cell layer
of the antral follicle. Stimulation by FSH of its receptors acti-
vates production of the enzyme aromatase (responsible for
the biosynthesis of estrogens) within these cells. An important
change in the structure of maturing follicles is the acquisition
of the theca cell layer, which surrounds the granulosa layer
and rapidly differentiates into the theca interna and the theca
externa. The theca layer rapidly becomes well vascularized
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Figure 4.21 Contrasting patterns of pulsatile LH secretion throughout the follicular phase (A, left
panels) and luteal phase (B, right panels) of the menstrual cycle. Representative examples of early
(EFP), mid (MFP), and late (LFP) follicular phases are shown. LH pulses are indicated by bullets. E,,
estradiol; P, progesterone. (Note that in about 20% of volunteers, there is a suppression of pulsatility
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Santoro N, Merriam GR, et al. Characterization of the physiological pattern of episodic gonadotropin
secretion throughout the menstrual cycle. / Clin Endicrinol Metab. 1986;62:1136.)

(in contrast to the granulosa layer, which remains avascular)
through an active angiogenesis process, characterized by the
presence of several vascular growth-promoting proteins such as
vascular endothelial growth factor (VEGF), which stimulates
growth of new blood vessels. This allows access of blood, and
the hormones and nutrients it carries, to reach the follicle and
to diffuse through to the granulosa layer. Circulating FSH now
stimulates LH receptor synthesis within stromal cells of the
theca interna. LH, in turn, promotes steroid biosynthesis by
theca cells and the production of androgens. These androgens,
following diffusion into the granulosa layer where the enzyme
aromatase is located, are then biotransformed into estra-
diol. This leads to an overall increase in estradiol production,
increased intraovarian estradiol levels, and increased estradiol
secretion into the peripheral circulation, which parallels fol-
licular parameter (Fig. 4.23).

Thus the growing dominant follicle generates its own estra-
diol microenvironment. Estradiol, being a mitogenic hormone,
in turn directly promotes its exponential growth. (Testosterone,

on the other hand, increases follicular atresia in the absence
of adequate aromatase activity, which converts it to estradiol.)
Indirectly, estradiol also promotes follicular growth through the
activation of several regulatory protein and peptide hormones,
such as inhibins, activin, folliculostatins, insulin-like growth
factors (IGFs), and others. For instance, various IGFs have been
shown to stimulate granulosa cell proliferation and aromatase
activity. Most actions of these factors remain, however, to be
elucidated in the primate. By the time the follicle reaches the
preovulatory stage, the number of granulosa cells has increased
from about 50 at the primordial stage to 5 x 107. This is accom-
panied by an exponential increase in peripheral estradiol levels
(see Fig. 4.22).

As the dominant follicle grows, an antrum (cavity) forms
into which follicular fluid accumulates. This fluid contains
several steroids, peptide and protein hormones, and nutrients.
The growth pattern of the dominant follicle can be docu-
mented by ultrasonography, which is well correlated with the
endocrine pattern: indeed, increases in both follicle diameter
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and volume parallel the increase in estradiol levels in blood.
At maturation, the dominant follicle reaches a mean diameter
range of 18 to 25 mm.

Within the dominant follicle, the oocyte also develops and
becomes surrounded by the zona pellucida. This is a muco-
polysaccharide coat containing specific protein sites that later
will allow only spermatozoa to penetrate and fertilize the
ovum. Underneath the zona pellucida is the vitelline mem-
brane that surrounds the ooplasm. At the end of the follicular
phase, the antral follicle contains oocytes that are fully grown
but are unable to undergo normal activation if retrieved and
fertilized in vitro. Activation will have to await the ovulatory

LH surge.

OVULATORY GONADOTROPIN SURGE
AND OVULATION

Maturation of the dominant follicle is marked by high blood lev-
els of estradiol. When a threshold is reached, estradiol activates
the positive feedback loop, thereby signaling to the hypothala-
mus and anterior pituitary gland that the follicle is ready for ovu-
lation and that a large gonadotropin surge is to be released (see
Fig. 4.17). (A small but significant increase in progesterone is
also secreted by the follicle before the LH surge; because admin-
istration of a progesterone receptor antagonist delays the timing
of the surge, it is thought that these low levels of progesterone
help to synchronize the surge.)

In the nonhuman primate, the gonadotropin surge has been
shown to be preceded by a surge of GnRH, as measured cen-
trally, suggesting a major hypothalamic site for the positive
feedback loop. For reasons unknown, this GnRH surge signifi-
cantly outlasts the LH surge. Because GnRH cannot be mea-
sured in the human in peripheral blood, the relative importance
of the sites of action of estradiol during the spontaneous surge
remains to be established. (Studies in GnRH-deficient women
receiving exogenous GnRH replacement in an unchanging
60-minute pulse frequency provide evidence for the relevance
of pituitary sensitization to GnRH in the presence of high estra-
diol, as abrupt LH increases can be observed under this experi-
mental protocol.)

During the ovulatory surge, LH levels increase 10-fold over a
period of 2 to 3 days, whereas FSH levels increase about 4-fold.
This gonadotropin surge is an absolute requirement for the final
maturation of the oocyte and the initiation of the follicular rupture.

The LH surge initiates germinal vesicle (or nucleus) dis-
ruption, and the fully grown oocyte resumes meiosis (meiotic
maturation). Thus it progresses from the diplotene stage of
the first meiosis (which was initiated during fetal life; discussed
earlier) to metaphase II of the second meiotic division. As the
oocyte enters metaphase II, the first polar body appears. (Three
haploid polar bodies are produced during the two-step meiosis
process, at ovulation and fertilization.) To conserve nutrients,
most of the cytoplasm is concentrated into the oocyte or egg.
The polar bodies generated from the meiotic events contain
relatively little cytoplasm, and the oocyte eventually discards
them. At ovulation, meiosis is arrested again (the second mei-
otic arrest). The second meiotic division will only be com-
pleted at the time of fertilization. The oocyte’s ability to be
fertilized coincides with the completion of meiotic maturation
and the associated increased secretion of specific proteins such
as the IP; receptor, glutathione and calmodulin-dependent
protein kinase II, and others.

Ovulation (follicle rupture) occurs about 32 hours after
the initial rise of the LH surge and about 16 hours after its
peak (Table 4.1). Ultrasonographic pictures of ovaries with
antral follicles, a preovulatory follicle and a hemorrhagic cor-
pus luteum are shown in Figure 4.24. The LH surge induces
a cascade of molecular events and changes in the mature fol-
licle that are associated with ovulation. Studies of these have
been complex, with the result that the precise mechanisms
underlying ovulation remain to be completely understood.
Currently, it is postulated that the LH surge induces an acute
inflammatory-like reaction; inflammatory cytokines, such as
interleukins, and countless genes are also upregulated. There is
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Table 4.1 Range of Observed Times from Defined Hormonal an increase in cyclooxygenase, which catalyzes the conversion
Events and Time of Ovulation of arachidonic acid into several prostanoids, which include the
T R CYLIER @) Gaen (65 76 PR prostaglandins that are produced intracellularly. Prostaglan-
st B e T Peak dins then act locally—for instance, to induce the hyperemia
and edema seen in the first hours of the process of ovulation
Hormone Median  Range Median  Range and that result from increased blood flow and vascular perme-
17B-Estradiol 82.5 48-168 24.0 0-48 ability. Intense protease activity is generated in the follicle. The
LH 32.0 24-56 16.5 0-48 resultant proteolytic cascade, which among others involves
FSH 21.1 8-24 15.3 8-40 collagenases and plasminogen activator (which converts plas-
Progesterone 7.8 0-32 - - minogen into the proteolytic enzyme plasmin), leads to the
From World Health Organization. Temporal relationships between ovulation and ngradatiOH of the follicular laYCrS and wall, which Pla}’s an
defined changes in the concentration of plasma estradiol-17 beta, luteinizing essential role in follicle rupture. Plasmin helps in detaching the

hormone, follicle-stimulating hormone, and progesterone. I. Probit analysis. cumulus cell-enclosed oocyte from the granulosa cells, which
. . . . bl
World Health Organization, Task Force of Methods for the Determination of the

Fertile Period, Special Programme of Research, Development and Research Train- initiates the Process of extrumlon of the (.)OCyte and cumulus
ing in Human Reproduction. Am J Obstet Gynecol. 1980;138:383-390. when the follicle ruptures. (It is worthwhile to point out that
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Figure 4.24 Ovary and corpus luteum during a natural menstrual cycle. A, On day 12 after men-
struation, a dominant follicle is visualized in the central portion of the image and several subordinate
follicles from the wave (2 to 5 mm) are observed in the left lateral aspect of the ovary. B, Color flow
Doppler image demonstrating perifollicular vascularity around a preovulatory follicle. C, A blood-filled
corpus luteum, called a corpus hemorrhagicum, demonstrating thick walls of peripheral luteal tissue
and a central hemorrhagic clot with an interspersed fibrin network. D, Color flow Doppler image of a
recently ovulated follicle/new luteal glands on the day of ovulation. (From Chizen D, Pierson R. Trans-
vaginal ultrasonography and female infertility. Glob Libr Women’s Med [ISSN: 1756-2228]. 2010.)

the LH surge paradoxically stimulates the expression of both
proteolytic enzymes and their inhibitors. This allows for a tight
regulation of proteolytic activity during both the follicle rup-
ture process and the formation of the corpus luteum out of the
remaining follicle.)

LUTEAL PHASE

After the oocyte is extruded from the mature dominant follicle,
the amount of follicular fluid is markedly reduced, the follicular
wall becomes convoluted, and the follicular diameter and vol-
ume greatly decrease. As a result, a new ovarian structure evolves
from the ovulated follicle, the corpus luteum.

‘The corpus luteum is the result of two important events initi-
ated at ovulation. First, granulosa and theca cells hypertrophy,
take up increasing amounts of lipids, and acquire organelles
associated with steroidogenesis. Simultaneously, tissue-specific

gene transcription results in the activation of new key steroido-
genic enzymes; the hallmark of the human corpus luteum is its
secretion primarily of progesterone. Although there is a sig-
nificant drop in estradiol and androgen secretion at ovulation,
17-hydroxylase and aromatase are present in the corpus luteum,
so it also secretes 17-hydroxyprogesterone and estradiol. Signifi-
cant amounts of inhibin A are also produced. Second, the basal
lamina, which separated the granulosa and theca cell layers, is
disrupted, and capillaries from the theca interna now invade the
granulosa layer (which up to now had been avascular) to form an
extensive capillary network. The result is that each steroidogenic
cell within the corpus luteum is in close proximity to blood ves-
sels.

Like the dominant follicle, growth and development of the
corpus luteum occur rapidly. Vascular growth plays a central
role in this process. Angiogenic factors, such as vascular endo-
thelial growth factor (VEGF), are present in high quantity in
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the forming and developing corpus luteum. In nonhuman
primates, experimental treatment that interferes with normal
VEGEF activity in the early and midluteal phase of the cycle sup-
presses vascular development and hence luteal growth; luteal
function is compromised, as indicated by a marked fall in
plasma progesterone levels.

Endocrine Factors and the Corpus Luteum

Normal function of the corpus luteum depends primarily on
LH stimulation throughout the luteal phase. This has been
demonstrated in hypophysectomized women, in whom ovula-
tion was induced by LH treatment. In these patients, continuing
injections of small amounts of LH were essential to maintain
the secretory viability of the corpus luteum. Other studies have
shown that GnRH antagonist treatment (by interrupting LH
secretion) readily disrupts luteal cell morphology and suppresses
plasma progesterone levels.

Progesterone dominance in the luteal phase results in a
significant activation of the progesterone negative feedback
loop on the GnRH pulse generator, which acts to decrease
GnRH pulse frequency. Thus during the luteal phase, there
is progressive slowing down of LH pulse frequency, from 1
pulse/90 minutes at the beginning of the luteal phase to 1
pulse/3 hours or even less toward the later luteal phase (see Fig.
4.21, right panel). This negative progesterone feedback effect is
not directly exerted on the GnRH pulse generator as it is medi-
ated by central B-endorphin (an endogenous opioid peptide).
f-endorphin neurons are preferentially concentrated in the
arcuate nucleus, in close proximity to GnRH neurons. Stud-
ies in the nonhuman primate have shown that f-endorphin
release from the hypothalamus is significantly increased in the
presence of progesterone, such as in the luteal phase, and low-
est in its absence, such as after ovariectomy or at menstruation.
Experimental administration of a competitive B-endorphin
antagonist, such as naloxone, is particularly effective in accel-
erating LH pulse frequency when given in the luteal phase (see
Fig. 4.16, right panel).

Progesterone dominance during the luteal phase also affects
the hypothalamic thermoregulatory center, such that a small
increase in basal body temperature (BBT) reflects increased
progesterone secretion during the luteal phase. Thus the typi-
cal BBT curve of the ovulatory menstrual cycle is biphasic (i.e.,
elevated during the duration of the luteal phase). (This small
temperature rise does not, however, reflect the quantity of pro-
gesterone increase in that it occurs when progesterone reaches

the low threshold level of 2 to 3 ng/mlL.)

Corpus Luteum Regression (Luteolysis)

In primates, the life span of the corpus luteum is limited to
a period of about 14 days. Histologically and biochemically,
the corpus luteum reaches maturity 8 to 9 days after ovula-
tion, after which time luteal cells start to degenerate and its
secretory capability begins to decline. Thus after a progressive
increase in progesterone, estradiol, and inhibin A levels in the
first half of the luteal phase, the period after the midluteal
peak is paralleled by a decline in these hormones. (Only rap-
idly rising concentrations of chorionic gonadotropin [hCG]
[secreted by the syncytiotrophoblast] following conception
can rescue the corpus luteum and maintain the production of
progesterone.)

Structural luteolysis is a complex process responsible for
the elimination of the corpus luteum, and little progress has
been made in defining the factors responsible for luteolysis
in the primate. Steroidogenic luteal cells undergo characteris-
tic degenerative changes, with intense cytoplasmic vacuoliza-
tion and invasion by macrophages. It has been postulated that
regression of the corpus luteum may be related to an altera-
tion in age-dependent luteal cell responsiveness to LH and
is dictated by various luteotropic and luteolytic agents, the
existence and dynamics of which remain to be investigated
in the human. (Although uterine prostaglandin F,, seems to
be an important luteolytic signal in nonprimate species, the
primate uterus is not the source of luteolytic agents because
hysterectomy does not result in a prolonged luteal phase in
the human.) Degradation of the luteal cells terminates in a
perimenstrual apoptotic wave, and menstruation follows ovu-
lation by 13 to 15 days, unless conception has occurred (“the
missed menses”).

LUTEAL-FOLLICULAR TRANSITION

The end of the luteal phase is characterized by a dramatic
decrease in progesterone, estradiol, and inhibin A. This is accom-
panied by a characteristic divergence in the FSH:LH ratio, now
favoring a specific rise in FSH (see Fig. 4.19). The increase in
the FSH:LH ratio heralds a new menstrual cycle and the recruit-
ment of a new cohort of follicles.

The increase in the FSH:LH ratio most probably reflects the
following interacting phenomena: (1) a rise in FSH may be the
result of the rapid decline in estradiol accompanying the demise
of the corpus luteum because FSH seems to be slightly more
sensitive to the estradiol negative feedback loop than LH; (2)
the end of the luteal phase is also characterized by a decline in
inhibin A, a hormone that specifically suppresses FSH; and (3)
the rise in FSH also reflects the differential effects of GnRH
pulse frequency on the synthesis of LH and FSH: the lower
GnRH pulse frequency throughout the luteal phase favors FSH
p-subunit synthesis over that of the LH B-subunit (discussed
carlier), and thus a larger pituitary pool of FSH is available for
release at the end of the luteal phase. The naturally occurring
slowing of GnRH pulse frequency during the luteal phase is
very relevant to a timely passage to a new cycle: indeed, imposed
changes in the normal pulse frequency of this hypophysiotropic
signal during the luteal phase results in significant disturbances
in cyclicity.

The decrease in progesterone levels at the end of the
cycle results in decreased activity in central f-endorphin,
and consequently there is a resultant increase in GnRH
pulse frequency. The return to a 1/pulse/90-minute fre-
quency is essential to create the optimal conditions for the
new menstrual cycle.

Integration and synchronization between cyclic changes within
the hypothalamic-pituitary-ovarian axis and the endometrium
is an essential prerequisite for viable reproduction. The primary
goal is to ensure an appropriate environment for the implanta-
tion of the developing conceptus.
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Figure 4.25 Diagram of changes in normal human ovarian and endometrial cycles. (From Shaw ST,
Roche PC. Menstruation. In: Finn CA, ed. Oxford Review of Reproductive Endocrinology. vol 2. London:

Oxford University Press; 1980.)

Human endometrium (the glandular part of the uterus) is
made up of two major layers: (1) the stratum basale, which lies
on top of the myometrium (the muscle part of the uterus), con-
sists of primordial glands and densely cellular stroma, which
change little during the menstrual cycle and do not desquamate
at menstruation; and (2) the stratum functionale, which lies
between the basale and the lumen of the uterus, is composed
of two layers. The superficial layer (stratum compactum) con-
sists of the neck of the glands and densely populated stromal
cells. The lower layer (stratum spongiosum) consists primarily
of glands with less populated stroma and large amounts of inter-
stitial tissue. Differences in structure in the two layers reflect
different biologic functions: whereas the upper layer serves as
the site of blastocyst implantation and provides the metabolic
environment for it, the lower layer maintains the integrity of the
mucosa. Changes in hormones during the menstrual cycle affect
mainly the stratum functionale. A diagrammatic representation
of endometrial changes during the menstrual cycle is presented
in Figure 4.25.

ENDOMETRIUM IN THE PROLIFERATIVE
(FOLLICULAR) PHASE

Immediately after menstruation, the endometrium is only 1 to
2 mm thick and consists mainly of the stratum basale and a few
glands. As estradiol levels increase with the growth and matu-
ration of the dominant follicle, the number of estradiol recep-
tors in the endometrium increases and the stratum functionale
proliferates greatly by multiplication of both glandular and
stromal cells. Synthesis of DNA is increased, and mitoses are
numerous. Toward the late follicular phase, the straight glands
become progressively more voluminous and tortuous. At the
time of onset of the LH surge and before ovulation, subnuclear

vacuoles appear at the base of the cells lining the glands. This is
the first indication of an effect by progesterone, reflecting the
small but significant increase in progesterone seen at that time.
Sonography during the follicular phase shows that endometrial
thickness, including both anterior and posterior layers, increases
from a mean of about 4 mm in the early follicular phase to about
12 mm at the time of ovulation. Examples of structural changes
of the endometrium during the menstrual cycle are shown in
Figure 4.26.

ENDOMETRIUM IN THE SECRETORY
(LUTEAL) PHASE

After ovulation, the proliferative endometrium undergoes a rapid
secretory differentiation: well-developed subnuclear glycogen-
rich vacuoles appear in every cell of a given gland. This correlates
with a total lack of mitoses in all glands. Both effects can be
attributed to rising levels of postovulatory progesterone. Proges-
terone antagonizes the mitotic action of estradiol by decreasing
estrogen receptors and by increasing the progesterone-specific
enzyme 17 B-hydroxydehydrogenase, which converts estradiol
into the much less active estrone.

As progesterone levels increase during the first part of the
luteal phase, the glycogen-containing vacuoles ascend progres-
sively toward the gland lumen. Soon thereafter, the contents of
the glands are released into the endometrial lumen. The peak
of intraglandular content and its release into the lumen coin-
cides well with the arrival of the free-floating blastocyst, which
reaches the uterine cavity by about 3.5 days after fertilization.
This release of glycogen-rich nutrients is crucial in that it pro-
vides energy to the energy-starved free-floating blastocyst.

Appropriately timed exposure to estrogen and progester-
one alters gene transcription in the endometrium resulting
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Figure 4.26 Histology of proliferative (A) and secretory (B) endometrial tissue.

in a “receptive endometrium” that is prepared to engage in a
molecular dialog with the blastocyst. The window of implan-
tation (WOI) is typically defined as days 20 to 24 of a 28-day
menstrual cycle, with implantation occurring about 1 week
after fertilization. Multiple signaling pathways are activated
in the endometrium to ensure successful embryo implantation
(Fig. 4.27) (Cha, 2012). Several proteins, including glycode-
lin, insulin-like growth factor binding protein 1 (IGFBP-1),
homeobox A10, and leukemia inhibitory factor, are produced
by secretory phase endometrium and may play integral roles
in endometrial function.’ Glycodelin is also known as PP14
or progestagen-associated endometrial protein. Although it has
also been referred to as pregnancy-associated endometrial alpha-
2-globulin, it is actually not a placental protein but rather a
major secretory product of the glandular endometrial epithe-
lium during the secretory phase. Circulating levels of glycode-
lin correlate well with serum progesterone levels. Glycodelin
is a glycoprotein of which there are three distinct forms, with
identical protein backbones but different glycosylation pro-
files. These glycoproteins appear to have essential roles in
producing a uterine environment suitable for pregnancy and
in the timing and occurrence of the appropriate sequence of
events in the fertilization process.

After the first week of the luteal phase, changes in the stroma
rather than in the glands become more important and relevant.
The stroma becomes more edematous as a result of increased
capillary permeability. Endothelial proliferation results in
the coiling of capillaries and vessels, particularly in the upper

functionale level producing vascular clusters. (These changes
have been postulated to be mediated by prostaglandin F2a
[PGF20] and prostaglandin E [PGE2], the production of which
is stimulated by estradiol and progesterone.) These changes are
essential in the steps that will lead to the predecidual transforma-
tion of stromal cells.

Predecidual stromal cells are precursor forms of gestational
decidual cells. (These cells are not involved in the implantation
process because they develop after implantation.) In the nonges-
tational endometrium, predecidual cells are engaged in phagocy-
tosis and digestion of extracellular collagen matrix. These cellular
activities may contribute to the breakdown of the endometrium
at menstruation. (Predecidual cells also have metabolic functions
related to pregnancy; for example, they secrete prolactin, which
is related to osmoregulation of amniotic fluid. These cells also
play a supportive role to the endometrial mucosa and appear to
control the invasive nature of the normal trophoblast: in their
absence, the trophoblast may invade the myometrium leading to
placenta accreta.) Decidualization succeeds predecidualization if
pregnancy occurs.

Clinically, the measurement of hormonal levels in parallel
with the use of quantitative morphometric endometrial mea-
surements produce a significant correlation with chronologic
dating of the length of the luteal phase. Clinical dating of the
endometrium, however, is somewhat subjective and is rarely car-
ried out today. Sonography shows that endometrial thickness
remains at the same level reached at ovulation (8 to 14 mm)

throughout the luteal phase.
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Figure 4.27 Signaling network for uterine receptivity and implantation. This is a hybrid cartoon
based on mouse and human studies, portraying compartment- and cell-type-specific expression of
molecules and their potential functions necessary for uterine receptivity, implantation, and decidual-
ization. (From Cha J, Sun X, Dey SK. Mechanisms of implantation: strategies for successful pregnancy.
Nat Med. 2012;18:1754-1767.)

MENSTRUATION

If implantation of the blastocyst does not occur in the late luteal
phase and hCG is not produced to maintain the corpus luteum,
the endometrial glands begin to collapse and fragment. Subse-
quently, polymorphonuclear leukocytes and monocytes infil-
trate the glands and stroma, autolysis of the stratum functionale
occurs, and desquamation begins.

Current data support the contention that cyclic elimina-
tion of the endometrium functional layer through menstrual
bleeding results from intense tissue breakdown by proteolytic
enzymes, mainly members of the matrix metalloproteinase fam-
ily (MMPs), and that these enzymes are stimulated by the prod-
ucts of an inflammatory process. A number of MMPs, capable
of degrading both interstitial matrix and basement membrane
components, have been localized to perimenstrual endome-
trium, and the focal nature of their production suggests local
regulation. There are probably important relationships between

cells of the immune system (such as mast cells, eosinophils, neu-
trophils, and macrophages) and the local production and activa-
tion of MMDs.

The degrading actions by MMPs lead to the loss of integ-
rity of blood vessels, the destruction of endometrial interstitial
matrix, and the resultant bleeding characteristic of menstruation.
Regular menstruation usually lasts for 3 to 5 days, but anywhere
from 2 to 7 days is considered normal. Menstrual intervals vary
depending of age and time of initiation of the premenopause
period (Fig. 4.28). The average blood loss is 35 mL with 10 to
80 mL considered within the normal range. A similar volume
of nonhematogenous fluid is also shed during menstruation.
Many women also notice shedding of the endometrial lining that
appears as tissue mixed with the blood. (Sometimes, this may be
erroneously thought to indicate an early term miscarriage of an
embryo.) The enzyme plasmin tends to inhibit the blood from
clotting. Because of the blood loss, premenopausal women have
higher dietary requirements for iron to prevent iron deficiency.
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Figure 4.28 Normal curve contours for the distribution of menstrual intervals in three zones of
menstrual life. (From Treloar AE, Boynton RE, Brown BW. Variation of the human menstrual cycle

through reproductive life. Int ] Fert. 1967;12:77.)

The cervix plays a substantial role in fertility. Changes in the pro-
duction and property of mucus secreted by the cervical glands are
closely correlated to changes in estradiol and progesterone dur-
ing the menstrual cycle. Enhanced production of cervical mucus
and the presence of crypts within the endocervix facilitate the
transport and storage of spermatozoa around midcycle. Cervical
mucus is produced in copious amounts in response to high estra-
diol levels at the end of the follicular phase: it has a clear, water-
like appearance, which is acellular, takes the aspect of a “fern”
when it dries as viewed under the microscope, and is “stringy,”
referred to as “spinnbarkeit” (i.e., cervical mucus that can stretch
on a slide at least 6 cm). So characteristic are these findings that
the appearance of this type of mucus signifies the “fertile period”
in women practicing natural family planning methods. In con-
trast, one of the actions of progesterone (as seen after ovulation
during the luteal phase or as used in the “minipill”) is to thicken
the cervical mucus, thereby making it less conducive for sperm
transport, thus providing a contraceptive effect.

From a fertility testing perspective, postcoital tests examining
spermatozoa within the cervical canal at midcycle to rule out a

cervical factor are seldom used in today’s practice. The subjective
nature of this testing makes it not highly predictive of the ability
to conceive.

IMMUNOASSAYS

No other method has had such an impact on the measurement
of hormones as immunoassay methods. These techniques pro-
vide ways of measuring very small amounts of hormone in small
quantities of serum or plasma rapidly and relatively specifically.
The use of these techniques, pioneered by Yalow and Berson, has
indeed increased the knowledge of reproductive endocrinology
exponentially since the 1960s. Immunoassays and their variants
have rapidly replaced previously used cumbersome bioassays.
They are comparatively much faster and much easier to perform,
have a much enhanced sensitivity, and usually require far less
than 1 mL of serum or plasma. It should be kept in mind, how-
ever, that these techniques measure the immunologic property
of a hormone, not its biologic activity (as tested by bioassays).
These two effects may differ in magnitude under certain physi-
ologic or pathologic conditions.
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The basic principle of an immunoassay involves the com-
petition between an unlabeled antigen (the hormone in the
blood sample) and a labeled antigen, both of which are present
in excess, for binding sites on a limited amount of antibody.
The following is a brief description of the several steps required
in the creation of such an assay. Even though the availabil-
ity of commercial assays for a large number of hormones has
greatly facilitated the measurement of hormones, proper inter-
pretation of the generated data requires a general knowledge
of these steps.

Preparation of Antibodies

The first step in setting up an immunoassay is the production
or availability of an antibody to the analyte (here, the hormone)
to be measured. Antibodies used in immunoassays are either
polyclonal or monoclonal. Polyclonal antibodies are usually
produced following the injection of the hormone in larger ani-
mals such as sheep or rabbits. For many protein hormones, this
means injecting the purified hormone, which the host will rec-
ognize as foreign. In the natural immune reaction that follows,
the host will produce polyclonal antibodies against the hormone.
In contrast to protein hormones, steroid hormones are too
small to produce an immune reaction on their own (haptens)
and are not recognized as foreign because they are the same in
most species. To become antigenic, they must be attached to a
carrier protein (usually bovine serum albumin). This conjugated
compound is now perceived as a foreign body to the host animal
and large enough to induce antibody formation.

Even with the injection of a purified antigen, polyclonal anti-
bodies may “cross-react” with other closely related hormones
and thus in some assays may lack specificity to the concerned
hormone. To increase assay specificity, one may now choose to
produce monoclonal antibodies, which provide unique speci-
ficity by recognizing only one epitope (antigenic determinant).
These antibodies are produced by first injecting the antigen
into a mouse to induce an immunogenic reaction in its spleen.
The spleen cells are then screened to identify and separate those
clones capable of secreting a single antibody type. These cells
are then fused with a myeloma cell from the same species to
form a hybrid cell (hybridoma), which can then be maintained
in culture. Because of its immortality, the hybridoma contin-
ues to produce homogenous antibodies as long as the culture is
maintained.

Choice of Assay Markers

The second step in preparation for an immunoassay is the avail-
ability of a labeled analyte (hormone) in the competitive immu-
noassay or a labeled second antibody to the analyte in a reagent
excess immunoassay. The choice of labels to be attached to the
analyte or antibody is multiple.

In the initially developed radioimmunoassays, these labels
were radioactive, such as iodine I'?3. Although these assays were
initially the norm, they mostly have been replaced by new types
of immunoassays, which do not require the use of radioactive
elements and thus avoid the attendant problems related to their
use and to radioactivity disposal.

Major advances in the identification of nonradioactive labels
and of new measurement equipment to detect and quantitate
these have occurred. Presently, most current assays use nonra-
dioactive labels. Enzyme immunoassays (enzyme-linked immu-
nosorbent assays, or ELISA; immunometric assays) use enzymes

as labels, such as horseradish peroxidase or alkaline phosphatase.
Chemiluminescent immunoassays (CIA) use luminol. Fluori-
metric immunoassays (FIA) use fluorescent compounds (such as
fluorescein) as labels.

Separation of Bound and Unbound Antigen

The third step requires a method to separate antibody-bound
antigen from unbound antigen in order to determine how much
antigen is bound to the antibody. In commercial assays, antibod-
ies can be attached to solid surfaces such as to plastic tubes, beads
or plates, or cellulose particles. Separation can then be ensured
by washing off the unbound antigen.

Separation can also be performed by the use of a second anti-
body-label conjugate, which is directed against an antigenic site
different from that recognized by the first antibody (see sand-
wich assays, discussed later).

Immunoassay Reaction

In step 1, a specific antibody (ab) to the hormone (which served
as the antigen, ag) binds in the patient’s blood sample to the
antigen during a fixed period of incubation. A set amount of
labeled form of the hormone (ag¥) is added to compete with the
unlabeled hormone to bind to the antibody, resulting in the fol-
lowing reaction:

ab + ag + ag*=ab.ag + ab.ag"

In this competitive reaction, the amount of labeled antigen
bound to the antibody will be inversely proportional to the
amount of antigen (hormone) present in the blood sample. For
measurement, the bound antigen is then separated from the free
antigen by washing or other approaches.

Immunometric assays (also referred to as “sandwich assays”)
use a labeled second antibody, which is usually attached to a
solid phase, such as the assay tube or assay plate, in the following
reactions. The second antibody is directed against an antigenic
site different from that recognized by the first antibody:

Abl 4 ag=abl.ag
Abl.ag+ab*2<abl.ag.ab™2

Because the sandwich assay depends on occupancy of the bind-
ing sites rather than competition for these sites, an excess of
reagents is used.

Standard Curve
To allow for the actual measurement of the hormone levels in
the blood sample, a standard curve must accompany each assay.
A standard preparation of the hormone to be measured is used
at various increasing or decreasing concentrations, and each
concentration is then processed as for the measurement of the
sample with unknown concentrations. A standard curve is then
constructed by plotting the measured end points. The result for
each unknown sample is then located on the ordinate of the
standard curve. By drawing a perpendicular line to the abscissa,
the amount of hormone present in the unknown sample can
be determined. Currently, these determinations are rapidly com-
puted.

Standard curves require varying amounts of pure preparations
of hormone. This is no problem for steroid hormones, which are
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available in chemically pure preparations. Thus the amount added
to construct the standard curve to determine the amount in the
patient’s sample can be expressed in terms of absolute mass or weight,
such as nanograms (ng; 10-gram) or picograms (pg; 1012 gram).
Sometimes, the results may be expressed in nanomoles (nmol). For
most steroids, 1 ng/mL is equivalent to about 3 nmol/L.

Because proteins have higher molecular weights and are more
complex, it is not always possible to obtain these in their pure
form. In these cases, the results are usually expressed in terms of
the amounts of a standard reference preparation used for the stan-
dard curve. Standard preparations are obtained by extracting the
hormone from large collections of blood, urine, or tissues (such
as the pituitary gland for FSH and LH). These protein standards
are then most often an international reference preparation with
the results expressed as international units. However, because of
the use of different standard preparations, data obtained from
different laboratories or assays may not agree. Thus clinicians
should be aware of the normal levels reported by each laboratory
reporting to them. Further complicating interpretation is the
observation that protein hormones may also circulate in several
forms varying slightly by amino acid or carbohydrate content.

When evaluating the value, accuracy, and relevance of an assay,
four items must be examined:

1. Sensitivity measures the least hormone that can be measured
with accuracy. This will set the lower limit of the assay.

2. Specificity is the ability of the assay to measure only the specific
hormone of interest. Frequently with polyclonal antibodies,
results may be altered by the presence of other cross-reacting
substances also recognized by the antibody, although usually
at lower levels of detection. This is important to know because
cross-reaction may influence the precise measurement of the

KEY POINTS

hormone of interest. In such instance, a preassay separation of
the cross-reacting hormones may be necessary.

3. Accuracy is the ability to measure the exact amount of the
hormone present in the sample. Controls containing vary-
ing low and high amounts of the hormone must be always
assayed alongside the patient’s samples in each assay.

4. Precision is the ability of the assay to consistently repro-
duce the same results. Precision is determined by two mea-
surements. The first, the intraassay coefficient of variation
(intraassay CV) measures the within assay variation. It is cal-
culated by determining the results obtained from measuring
a known sample in a number of replicates (usually 10) in the
same assay. The second measurement is the interassay coef-
ficient of variation (interassay CV), which is calculated by
measuring known samples in multiple assays.

MASS SPECTROMETRY ASSAYS

There has been an increase in the use of mass spectrometry (MS)
assays in both clinical and research laboratories. A particular
strength of MS assays is the ability to measure large numbers of
structurally similar compounds. MS assays have high specific-
ity, sensitivity, and throughput.!® MS is the most powerful assay
method for defining defects in steroid hormone metabolism.
In larger reference laboratories, these assays have replaced the
conventional radioimmunoassays, which are cumbersome and
time-consuming, and direct immunoassays, which lack speci-
ficity or sensitivity. The MS technology has been implemented
successfully for routine analysis of steroid hormones in major
clinical diagnostic laboratories. Although the high cost of MS
instrumentation, related operating costs, and the requirement
for technical expertise have prohibited smaller laboratories from
using this instrumentation for routine testing of steroid hor-
mones, this situation is changing and MS assays are becoming
much more widely used.

m GnRH analogues are synthesized by substitution of amino
acids in the parent molecule at the 6 and 10 positions. The
various agonists have greater potencies and longer half-lives
than the parent GnRH.

m LH and FSH have the same o subunit of thyroid-stimulat-
ing hormone (TSH) and human chorionic gonadotropin
(HCG). The P subunits of all these hormones have differ-
ent amino acids and carbohydrates, which provide specific
biologic activity.

m LH acts on the theca cells to produce androgens, which
are then transported to the granulosa cells, where they are
aromatized to estrogens.

m Pregnenolone, 17-hydroxypregnenolone, progesterone,
17-hydroxyprogesterone, and corticosteroids have 21 car-
bon atoms; androgens (testosterone and androstenedione)
have 19 carbon atoms; estrogens have 18 carbon atoms
and a phenolic ring A.

m Kisspeptin (KISS1) plays a key role in the regulation of
GnRH release.

B Because the ovaries lack 21-hydroxylase, 11-f-hydroxylase,
and 18-hydroxylase reductase activity, they are unable to
synthesize mineralocorticoids or glucocorticoids.

B Sex hormone-binding globulin (SHBG) primarily binds
dihydrotestosterone, testosterone, and estradiol. About 65%
of circulating testosterone is bound to SHBG and 30% to
albumin. Approximately 2% remains unbound or free.

m Estrogen stimulates the synthesis of both estrogen and pro-
gesterone receptors in target tissues, and progestins inhibit
the synthesis of both estrogen and progesterone receptors.

m With ultrasound it has been found that there is a steady
increase in follicular diameter and volume that parallels the
rise in estradiol. The dominant follicle has a maximal mean
diameter of about 19.5 mm, with a range of 18 to 25 m
just before ovulation. The mean maximal follicular volume
is 3.8 mL, with a range of 3.1 to 8.2 mL.

m Ovulation occurs about 24 hours after the estradiol peak,
as well as 32 hours after the initial rise in LH, and about
12 to 16 hours after the peak of LH levels in serum.
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KEY POINTS—cont’d

m Progesterone levels in serum are less than 1 ng/mL before
ovulation and reach midluteal levels of 10 to 20 ng/mL.

m After menstruation, regeneration of the endometrium
comes from cells in the spongiosum that were previously
a portion of the secretory endometrium and not from the
stratum basale as previously believed.

# Enzyme-linked immunosorbent assay (ELISA), or
“sandwich,” techniques have been developed to measure
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Hippocrates, whom most consider to be the “father of west-
ern medicine,” introduced the notion that an individual’s dis-
ease originated from natural causes that could be observed and
described within the environment. Medicine has come a long
way since the era of Hippocrates, but his idea of diseases hav-
ing natural causes was the first consideration that the practice of
medicine and the treatment of diseases should be based on evi-
dence. The idea of evidence-based medicine is no longer just an
idea; it is the foundation of western medicine. Since the 1960s,
there has been an explosion of research and knowledge in the
basic and clinical sciences. The main goal of this research is to
gain knowledge of disease processes, identify cause and effect
of disease states, and develop and assess treatments, interven-
tions, and their efficacy. The leap from the lab to clinical practice
has presented a unique challenge to researchers and clinicians.
Published results do not necessarily translate into meaningful
clinical utility, namely related to constraints inherent in research
study design. This chapter discusses traditional clinical study
designs and explores modern research constructs, comparative
effectiveness research (CER), and health services research (HSR).

INTRODUCTION TO EVIDENCE-BASED
MEDICINE

Evidence-based medicine aims to guide clinical decision mak-
ing using our full body of knowledge from well-designed and
conducted research. Research evidence rarely applies directly to
a particular individual or clinical problem. Clinical decisions
must be formulated within a specific context of patient care,
integrated with clinical expertise, and coincide with the values
and wishes of a particular patient. Clinical decision making must
incorporate the most recent and valid information regarding dis-
ease prevention, diagnosis, prognosis, and treatment.

The basis for clinical evidence-based studies and the practice
of evidence-based medicine starts with epidemiologic studies.
The World Health Organization (WHO) defines epidemiol-
ogy as “the study of distribution and determinants of health-
related states or events (including disease), and the application
of this study to the control of disease and other health prob-
lems” (www.who.int). More simply stated, epidemiology stud-
ies the cause and effect of a particular disease within a defined

population. The basic purpose of an epidemiologic study is to
estimate the relationship between an exposure and an outcome
in order to assess an association or causality.

One of the most influential studies in gynecology, the Wom-
en’s Health Initiative, began after epidemiologic data exhibited
an association between the use of hormone replacement ther-
apy (HRT) and the prevention of coronary heart disease and
osteoporosis. The collection of this observational data led to
one of the largest randomized controlled trials and U.S. preven-
tion studies with more than 160,000 postmenopausal women
enrolled. Interestingly, this trial did not demonstrate a cardio-
protective effect of HRT, but rather showed an increased risk
of coronary heart disease. It also demonstrated an increased risk
of venous thromboembolism, stroke, and breast cancer, which
were unexpected results (Rossouw, 2002). This study presents a
good example of the limitations of observational epidemiologic
study design. It also demonstrates the importance of developing
well-designed experimental clinical trials to test, when plausible,
prior observations and associations.

Epidemiologic studies can be classified as either obser-
vational or experimental. The three most common types of
observational epidemiologic studies include cohort, case-
control, and cross-sectional studies. Case series can also be
included among these, although their data are of lower qual-
ity. The gold standard of experimental study is the random-
ized control trial (RCT), largely due to its ability to control
for confounding variables through the process of eligibility
criteria and randomization. Although the RCT is the gold
standard, it often does not directly represent the therapeu-
tic population seen in the real world. Since the early 2000s,
comparative effectiveness research (CER) has created a niche
to help bridge the gap between research and clinical practice.
CER is geared toward assisting “consumers, clinicians, pur-
chasers, and policy makers to make informed decisions that
will improve health care at both the individual and popula-
tion levels” (Iglehart, 2009). Another field of research emerg-
ing in modern medicine is health services research (HSR),
which examines how patients get access to care, the cost and
quality of that care, and ultimately the result of delivery of
care. A particular area of interest developing within HSR is
health economic analysis. There are several forms of economic
analysis with the most common being cost-effectiveness
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analysis (CEA), which is used to compare the relative cost and
effectiveness of alternative strategies, usually using a standard
willingness-to-pay threshold. In the sections that follow, we
will review both traditional clinical study design and emerg-
ing clinical research methods.

Traditional clinical study designs are not created equal when it
comes to their quality of evidence. Table 5.1 demonstrates a grad-
ing system assessing clinical study design and evidence quality.
Blinded, randomized controlled trials offer the highest quality of
evidence. Some authorities advocate that systematic reviews and
meta-analyses of these types of trials produce an equal quality of
evidence, although the validity of such studies relies on the quality
and validity of the chosen articles (Grondin, 2011). The next level
of evidence comes from cohort studies and case-control studies.
The lowest quality of study design can be found in case series, case
reports, and expert opinion. Table 5.2 compares the advantages,
limitations, and statistical considerations of each study design.
Whether experimental or observational, these clinical studies are
invaluable to modern medicine and impact our day-to-day care of
patients. This section will discuss each clinical study design.

Table 5.1 Levels of Evidence in Clinical Study Design

OBSERVATIONAL STUDIES

The term observational study describes a wide range of study
designs. Observational studies can be classified as analytic or
descriptive. Analytic studies contain a control group for com-
parison, which includes nonrandomized prospective and retro-
spective cohort studies, case-control studies, and cross-sectional
studies. Descriptive studies lack a control or comparison group
and consist of case reports and case series. Observational studies
play an important role in evidence-based medicine and provide
an important source of information when randomized controlled
trials cannot be performed. The descriptive aspect of all obser-
vational studies is an invaluable attribute in clinical research,
providing statistics about incidence, prevalence, and mortality
rates of diseases in particular populations. Observational studies
provide clinicians with the context of a disease within a popula-
tion. However, observational studies cannot determine causality,
regardless of how logical or plausible an association may seem.
They are unfit to test hypotheses or answer etiologic questions,
but they play a major role in generating new hypotheses to be
tested by a more formal, experimental study design.

Case Reports and Case Series

The basic element or unit of observational studies, as described
by Grimes and Schulz, is the case report (Grimes, 2002). Case
reports and case series are the least methodologically robust. This
is not to say that case reports are not valuable. Case reports often
describe rare or new entities in medicine and offer an oppor-

Level Evidence tunity to describe characteristics about a disease and allow for
la Systematic review (with homogeneity) of randomized the postulation ofhypothes.es ofPathophysio.logy. e vas through

controlled trials case reports of unusual infections and disturbed immunity
1 Individual randomized controlled trials that AIDS was first described (CDC, 1981). Case reports can
oA Systematic review (with homogeneity) of cohort studies describe infrequent adverse events associated with medications
2b Individual cohort study or drugs. They can also report on the plausibility and early use
2c “Outcomes research” and ecological studies of novel treatment methods or surgery. The biggest limitation of
3a Systematic review of case-control studies this study design is the lack of a comparison group, which does
3b Individual case-control study not allow for any clinical conclusions to be drawn. The scien-
4 Case series tific audience is led to use historical controls or other less robust
2 Sipetit oot oL ool e el el o bated objective considerations in order to interpret the meaning of

on physiology, bench research, or “first principles”

Modified from Oxford Centre for Evidence Based Medicine: Levels of Evidence, 2009,
www.cebm.net.

Table 5.2 Comparison of Traditional Clinical Study Designs

noted observations. Case reports, or case series, should be con-
sidered no more than “the first step toward more sophisticated
research” (Gehlback, 2002).

109

Study Design

Advantages

Limitations Statistical Analysis

Randomized
controlled trials

Cohort studies

Case-control
studies

Cross-sectional
studies

Case series

Gold standard; prospective; multiple study
groups; randomization; can determine
causality or a treatment advantage;
time-consuming; expensive; internal
validity

Prospective; can assess many outcomes
over time

Efficient; inexpensive; can study multiple
exposures; can study rare disease

Can determine the frequency of disease
or outcomes; highlights possible
associations; efficient

Descriptive of rare or new entities;
hypothesis generating

Relative risk (RR); absolute
or attributable risk (AR);
confidence interval (Cl);
number needed to treat
(NNT)

Incidence; relative risk (RR);
absolute or attributable
risk (AR)

Selection bias; confounding factors; per-
formance bias; detection bias (RCT can
control for confounding factors and biases
with double-blinding and randomization);
limited external validity

Take many years to complete; expensive;
selection bias; confounding factors;
patients can be lost to follow-up; changing
exposure profile

Retrospective; recall bias; sampling bias;
confounding factors; good external validity

Capture one moment in time; cannot deter-
mine incidence or causality; sampling bias;
participation bias; recall bias

Lack of comparison group; no clinical
conclusions

Odds ratio (OR)

Prevalence

No statistical analysis
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Cross-Sectional Studies

Cross-sectional studies examine the relationship between expo-
sure and the outcomes of interest in a defined population at a
single point in time. In other words, cross-sectional studies are
prevalence studies. Prevalence is defined as the number of cases
in a population at a given point in time. It is a ratio, or propor-
tion, of affected individuals in relation to a pooled population.
Cross-sectional studies cannot determine incidence, or the num-
ber of new cases in a population over a period of time. They
are snapshots of a disease and a population. With reference to
only a designated moment in time, these studies are not able to
provide causal evidence. Case reports and cross-sectional studies
can highlight possible associations that deserve additional evalu-
ation, but they cannot determine causality.

One advantage of cross-sectional studies is efficiency. Because
the study population is examined at one moment in time, con-
clusions can be generated at the same time as data collection.
There is no waiting for outcomes or observations. However,
cross-sectional studies also have their disadvantages. They capture
only a moment in time and thus cannot determine the incidence
of disease nor a true association or causality. It is the age-old
question, “Which came first, the chicken or the egg?” Popula-
tion selection, participation bias, and recall bias are all possible
limitations. If a tertiary care center or major referral center is
conducting a research study and the study population is taken
from patients who present to these facilities, they are unlikely to
accurately represent the general population, or even a more spe-
cific population of patients with a particular disease undergoing
therapy within the community. In 1990, Gayle and colleagues
published data regarding the prevalence of HIV among univer-
sity students, examining more than 17,000 specimens from 19
universities (Gayle, 1990). Thirty students, or 0.2%, had detect-
able HIV antibodies, which was higher than prior studies within
the public. The media sensationalized these data, reporting that
more than 25,000 college students across the nation may be
infected with HIV. However, patient selection in this study was
poor, as specimens collected for examination were not random
but rather represented those students who presented to student
health whose condition warranted a blood sample. Researchers
must be careful that patients selected for cross-sectional studies
are to be representative of the study population desired. Partici-
pation bias arises when selected subjects do not participate, such
as in survey studies. If 100,000 surveys are sent out, but only
10,000 are filled out, participation bias becomes an issue. The
minority of patients who respond may not be representative of
the desired study population. Recall bias becomes an issue when
self-reporting, as in survey studies, is a part of study design.
Patients often report inaccurate information regarding certain
exposures or events. However, well-conducted cross-sectional
studies have their place in evidence-based medicine. They are
simply prevalence studies and allow us to determine frequencies
of disease or outcomes within particular populations or groups.

Case-Control Studies

The purpose of a case-control study is to determine if an expo-
sure is associated with an outcome (i.e., a disease of interest).
Study participants are selected on the basis of already having
the outcome of interest (the case group) or of not having that
outcome (the control group). Case-control studies are always
retrospective as they start with an outcome then trace back to

evaluate exposures or habits. Figure 5.1 illustrates the differ-
ences in methodologies between case-control studies as com-
pared with cohort studies. Participants in the case group must
be carefully defined and should include all cases of new-onset
disease drawn from an identifiable population. Controls should
be sampled from that same population. The purpose of the con-
trol group is to allow for comparison in frequencies of exposures
of a case group with the outcome of interest versus the control
group without that outcome. In 1971, Herbst and associates
published a case-control study of 8 cases and 32 matched con-
trols identifying a strong association between vaginal adeno-
carcinoma and in utero exposure to diethylstilbestrol (DES)
(Herbst, 1971). Although further cohort studies were required
to confirm causality, this case-control study allowed for identifi-
cation of a suspected culprit (exposure) for the development of
vaginal adenocarcinoma in young women (outcome of interest).

Case-control studies offer the advantages of being relatively
inexpensive, simple to conduct, and efficient. They are retrospec-
tive and thus do not require a prolonged period of data collec-
tion. They are able to study multiple exposures as they relate to
a particular outcome of interest, and they offer the ability to
study rare diseases. The quality of the results from these studies
is dependent on uniform, meticulous selection of cases, control
groups, and data collection among the groups. There are also
disadvantages to case-control studies. Recall bias is a particular
issue, as cases and controls are likely to recount historical expo-
sures differently. Patients or families coping with an illness may
recall in great detail all events they believe might be associated
with the illness, whereas healthy controls may not remember
similar exposures. Recall bias may also occur when information
on the case group is obtained by chart review, whereas infor-
mation on the control group is obtained either by interview or
mail survey. It may ultimately be impossible to eliminate recall
bias. Sample selection, or sampling bias, is also an issue, and it
arises if the cases selected do not appropriately represent a par-
ticular disease or outcome. This is similar to sample selection
issues in cross-sectional studies. Sampling bias can also occur
within the control group if a representation of the desired gen-
eral population either underestimates or overestimates expo-
sures. Matching, or selecting control group participants similar
in characteristics to the case group, helps to decrease bias in the
selection of controls. Matching also helps to decrease possible
confounding. Confounding occurs when factors relate both to
the measured outcome and measured exposures. “Confounding
is the epidemiologist’s eternal triangle.... Are we seeing cause
and effect, or is a confounding factor exerting its unappreciated
influence?” (Gehlback, 2002). Controlling sample selection and

Cohort study

Exposed (observe) ? Outcomes
observe

Unexposed ( ) ? Outcomes

Case-control study

intervi

? Exposure (interview) Cases (sick)
interview

? Exposure ( ) Controls (well)

Figure 5.1 Schematic diagram of clinical study design comparing
cohort studies and case-control studies.
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confounding factors allows for external validity, or the generaliz-
ability of the study to the desired population. Often statistical
techniques, such as multivariate analysis and logistic regression,
are used to help eliminate confounders.

Because case-control studies are by design retrospective,
they are limited in their statistical analysis. They cannot pro-
vide data on incidence, relative risks, or attributable risks
between an exposure and a measured outcome. Case-control
studies report an odds ratio, which is the odds that an indi-
vidual affected by the specific disease being studied has been
exposed to a particular risk factor (case group) divided by the
odds that the control group has been exposed. It is loosely con-
sidered a reasonable estimate of relative risk, but it is not a true
calculation of relative risk.

Cohort Studies

A cohort study selects a group of individuals at risk for an out-
come of interest and divides them into subgroups based on
the presence or absence of one or more exposures to be stud-
ied. Subgroups are then followed prospectively, watching for
the development of the outcome of interest. Cohort studies are
unique in that the study participants select their exposure, rather
than having the investigator select an exposure. In experimental
research, the investigator selects, either knowingly or unknow-
ingly, the exposure. An excellent example is the Nurses’ Health
Study (NHS). The NHS was started in 1976 to survey more
than 120,000 female nurses regarding medical history, hor-
monal use, and many other points of interest. The investigators
have updated the study every 2 years by mailing out question-
naires to the original enrolled patients. In 2001, Grodstein and
coworkers published data regarding the use of postmenopausal
hormone therapy and the secondary prevention of coronary
events (Grodstein, 2001). The results demonstrated a short-term
increased risk of coronary events in patients with a history of
coronary disease, whereas the study showed a decreased risk in
long-term hormonal use.

A strength of cohort studies is the possibility of assessing
many different outcomes over time and also being able to cal-
culate incidence rates, relative risks, and attributable risks. Inci-
dence is defined as the number of new outcomes of interest in
a given population over a set period of time. In cohort studies,
incidence can be calculated for the population as a whole, but
it is most often calculated for populations with and without an
identifiable risk factor. Relative risk (RR), or risk ratio, can be
calculated from these incidence rates. RR should be thought of
as a simple ratio. It is a ratio of the probability of an outcome
(disease) occurring within an exposed population as compared
with a nonexposed population. It is calculated as the ratio of
the incidence in a population exposed to the risk factor over
the incidence in the unexposed population. Attributable risk,
or absolute risk, represents the absolute additional risk in the
exposed population over what may be considered the baseline
occurrence in the population. It is determined by calculating
the difference between the incidence in the exposed population
and that in the unexposed population.

Cohort studies also have their disadvantages. They are
often time consuming, take many years to complete, and often
become costly. The NHS is a clear example of the time and
money it takes to complete a prospective cohort study. As with
all analytic-observational studies, subject selection is important

to control for selection bias and confounding factors. Matching
of patients in control and study groups will help limit these
issues. To the extent that information is collected about known
or suspected confounding factors, it is also possible to control for
their effect in the statistical analysis. Adjustment techniques can
work only for confounding variables that an investigator knows
about and measures. Participants may also be lost to follow-up
given these studies take years to complete. Investigators must be
diligent in keeping accurate follow-up records of each subject. In
the same manner, researchers should be aware that patient habits
may change over time, and thus their exposure risks may change.

EXPERIMENTAL STUDIES: RANDOMIZED
CONTROLLED TRIALS

Randomized controlled trials (RCTs) are considered the gold
standard of clinical study design. Within the constructs of epi-
demiologic studies, RCT is another type of analytic study. In
cohort studies, the patient controls the exposure to a factor
of interest, whereas in RCTs, the clinical investigator controls
exposure to the factor of interest. RCTs are designed to establish
evidence of causal associations. They are characterized by the
prospective assignment of study participants to a study group
(who receive the factor of interest, typically a new treatment)
or a placebo, no treatment, or standard care group. Although
there are often only two study arms or groups within an RCT,
investigators frequently develop designs involving multiple study
groups. These groups are followed over time to evaluate for differ-
ences in outcomes. Outcomes of interest may include prevention
or cure of a disease, reduction in severity of a condition, or differ-
ences in costs, quality of life, or side effects between treatments.
An example is the Women’s Health Initiative already mentioned,
which examined the use of hormone replacement therapy (HRT)
and the prevention of coronary heart disease, osteoporosis, and
the like. The trial did not demonstrate a cardioprotective effect of
HRT, but rather showed an increased risk of coronary heart dis-
ease. Although it did demonstrate protection against osteoporosis
and colon cancer, it showed an increased risk of venous thrombo-
embolism, stroke, and breast cancer (Rossouw, 2002).

RCTs have key design features that make them the gold
standard. One of the main features is randomization, a feature
that eliminates selection bias and allows for better control of
known and unknown confounding factors. Confounding fac-
tors are also controlled with strict eligibility criteria, eliminating
possible interference from any contributing factors. This is also
referred to as internal validity, or the ability to control for con-
founding factors to demonstrate a true causal association. An
additional feature of most RCTs is blinding. Performance bias is
encountered when systemic differences exist in the care delivered
to subjects. In other words, performance bias is when a patient
receives less or more therapy based on knowing what particular
group or treatment a patient is receiving on trial. Detection bias
occurs when systemic differences exist in assessment of a particu-
lar outcome. It arises when patients are evaluated more intensely
as a result of being in the study group of interest. The double-
blinded RCT is a superior study design, as the blinding of both
subjects and investigators is preferred to control for any perfor-
mance or detection bias while also controlling for selection bias
and confounding factors. Despite the theoretic design superior-
ity of the RCT approach, these studies provide the best evidence
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only if the study has been thoughtfully designed, implemented,
analyzed, and reported.

Although RCTs remain the gold standard of research design
and evidence quality, they are not without their own limitations.
Both ethical and practical considerations may limit the use of
RCTs to answer clinical questions. It is clearly unethical to expose
patients to potential disease-causing factors just to learn about
their negative effects on a particular outcome of interest. Addi-
tional ethical concerns arise when designing treatment groups
to be studied. A placebo control group is often most efficient
to study the effect of a given treatment. However, if an effective
treatment already exists, it is not ethical to use a placebo con-
trol group, causing harm to patients with the lack of a known,
effective treatment. The concept of primum non nocere, or “first,
do no harm,” also applies in clinical research. If a condition is
mild, the treatment period is brief, or effective treatment is not
generally available, most investigators believe that a placebo con-
trol group is ethical. Most often in RCTs, study groups will be
similar, or at least balanced with regard to benefits and harms.
The question at hand is, what treatment is preferred? Is there an
advantage of one treatment over the other? This uncertainty can
be defined as therapeutic equipoise. It is a general uncertainty of
the benefits and harms of competing treatments and is often the
reason for conducting RCTs. It provides patients with an equal
chance to undergo at least “standard of care” treatment versus a
possible improved treatment plan. In this nature, RCTs allow an
unbiased assessment of determining a preferred treatment. RCTs
are also ideal to study outcomes over short periods of time. RCTs
intended to study long-term or rare outcomes are much more
difficult to carry out. They are time consuming and ultimately
cost prohibitive. As already discussed, cohort studies may be
more appropriate to evaluate rare outcomes. Unfortunately, for
many clinical questions, the time, effort, and expense involved in
carrying out an RCT become prohibitive.

A practical consideration in RCTs is that subjects and con-
trols among groups are often special populations that may not be
generalizable to the public, or even a specific subset of the public.
In 1971, Cochrane noted this issue, stating “Between measure-
ments based on RCTs and benefit...in the community there is a
gulf which has been much under-estimated” (Cochrane, 1971).
Although the RCT’s strength of design is a strong internal valid-
ity, it often lacks strong external validity. External validity is the
ability of a result to be generalizable in the real world. Often,
the more complex the study protocol, the greater the difference
between RCT results and general clinical outcomes. RCTs also
often use surrogate markers to substitute for clinical outcomes.
A surrogate marker is “an outcome measure that substitutes for
a clinical event of true importance...an intermediate measure...
commonly laboratory measurements or imaging studies thought
to be involved in the causal pathway to a clinical event of interest”
(Grimes, 2005). An ideal surrogate marker is a measurable event
that is necessary along the pathway to the clinical end point.
For example, Skaznik-Wikiel and colleagues demonstrated in a
retrospective analysis of 124 women that normalization of can-
cer antigen 125 (CA-125) levels in ovarian cancer after three
cycles of chemotherapy has been associated with an improved
overall survival (Skaznik-Wikiel, 2011). However, this is a ret-
rospective analysis, and there are no studies demonstrating an
association between the response of CA-125 and overall survival,
or any other clinical outcome. Researchers must be careful when

using surrogate markers, as they may not always equate with the
disease process being assessed. For example, the effects of a medi-
cation on lowering cholesterol are not necessarily the same as
preventing heart attacks, which is the desired clinical end point.
When interpreting randomized trials, surrogate markers must be
used with caution. Grimes and Schulz have emphasized that sur-
rogate markers should, among other characteristics, have similar
confounders and influences, and they should show a near iden-
tical response to a treatment as the desired clinical end point.
They cite an example of fluoride treatments, which improve a
surrogate marker, bone mineral density, but increase fractures,
which is the true clinical end point of interest. Occasionally,
authors will use a “combined outcome,” which includes a sur-
rogate marker and a valid clinical outcome. This combined out-
come should be interpreted cautiously because the relative effect
of treatments on the various components is unknown.
Researchers may also report “secondary outcomes,” or sub-
group analyses, within an RCT. These outcomes may or may
not have similar validity as the set of primary outcomes. RCTs
are designed to test hypotheses on primary outcomes, control-
ling for confounding variables that affect the primary outcome.
Often, secondary outcomes were not considered in the study
design, and thus confounding factors affecting secondary out-
comes were not controlled for. Many epidemiologists suggest
results of secondary outcomes be interpreted with caution and
as hypothesis generating, unless the original study design had
internal validity regarding these subgroups. This is particularly
true when secondary outcomes and subgroup analyses are incor-
porated into a meta-analysis, which will be addressed later.

STATISTICAL INTERPRETATION

Epidemiologic studies use a quantitative approach to describing
both exposures and outcomes. Whether an RCT, cohort study,
or case-control study, all of these studies attempt to present their
results as a single number, usually referred to as the point esti-
mate, that quantifies the relationship between the exposure and
the outcome. This number is an estimate of the truth rather than
the truth itself, because each study, however large, includes only
a sample of all the people who are affected by the exposure-out-
come relationship. The point estimate expresses the strength of
the association between the exposure and outcome. In an RCT
or a cohort study, the point estimate is the relative risk (RR).
Risk in the study subjects is the number of cases or outcomes
that occur over time. The RR is simply the risk of disease (or
other outcome) among the exposed or treated subjects divided
by the risk in the unexposed subjects. As already discussed, case-
control studies do not measure risk directly but rather an odds
ratio (OR), which is generally considered a rough estimate of
RR. The point of any study design is to show a strong association
or causality.

Interpretations of RR and OR are similar. As the ratio
approaches 1.0, there is little to no association. For both RRs
and ORes, the further away the value is from 1.0, the stronger the
relationship between the exposure and the outcome. Values less
than 1.0 represent a negative association, or a decreased risk of an
exposure-outcome relationship. Values greater than 1.0 represent
a positive association, or a greater risk of an exposure-outcome
relationship. A strong positive RR may be greater than 2.0 and
a strong negative RR may be less than 0.5. Weaker associations
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can often be explained by confounding variables. However,
enthusiastic investigators, worried patients, or sensationalistic
media frequently overinterpret weak associations. One must also
remember that an OR or RR is based on results of a specific
study group and may not represent the general population. This
possible difference is understood as a sampling error, or the pos-
sible difference in statistics of a study compared with the actual
unknown statistics within a population. As a result, investiga-
tors will use a confidence interval (CI) to express the precision
of a point estimate. Researchers do not rely solely on the tradi-
tional P value to detect whether a study’s findings are due to a
chance occurrence, especially when discussing ratios and risks.
Confidence intervals represent with high probability (95%) the
values within which the actual population point estimate would
fall. A narrow CI indicates strong precision and is most often
found with larger studies or studies with very litdle variance.
A wide CI indicates poor precision and may be representative of
an underpowered study or considerable variance among results.
It must be stated that a CI does not address uncertainty in the
results because of confounding factors or poor study quality. As
well, a wide CI does not mean there is no association between
the exposure and the outcome. A CI is a measure of precision.
Even an imprecise point estimate remains the best explanation of
the relationship until a larger or better study is performed. With
regard to understanding graphic representation of confidence
intervals, they are most often drawn as a straight line around a
point estimate to show the width of their range. This is a poor
representation of the actual true point estimate, as it is better
understood as a bell-shaped curve centered on the point esti-
mate. Figure 5.2 demonstrates examples of point estimates and
their respective confidence intervals.

Calculating RR does not take into account the incidence or
the importance of the problem being evaluated. A relative risk
of 4 says that the outcome increases 400% in exposed individu-
als compared with unexposed individuals. However, the relative
risk must be interpreted in the context of the frequency of the
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Figure 5.2 Schematic diagram of point estimates (open circles) with
varying confidence intervals (lines with crossbars). X-axis represents
interpretation of respective point estimate and confidence interval.

If the confidence interval crosses 1.0, the change in risk is statistically
insignificant.

outcome. For instance, the incidence of venous thromboembo-
lism (VTE) in young women while not using oral contraceptives
is about 1 in 10,000 and the incidence while using oral con-
traceptives is 4 in 10,000; thus the relative risk is 4. However,
the absolute risk of VTE is still low in both groups of women
with a difference in risk of 3 in 10,000. This difference in risk
is considered the absolute risk, or attributable risk (AR). It is
very useful for putting large relative risks into a clinically useful
perspective. It can also be reported as the absolute risk reduction
when a benefit is identified or the absolute risk increase when a
harm is identified.

An alternative calculation to AR looks at a complementary
concept: how many patients need to be treated to observe one
benefit or one adverse event? This concept is referred to as the
number needed to treat (NNT), or the number of patients who
need to be treated to achieve an additional positive outcome. It
is the reciprocal of the absolute risk reduction (the risk difference
for good outcomes). If the effect is dangerous, the value is called
the number needed to harm (NNH). The number of patients
who, if they received the treatment, would lead to one additional
patient being harmed, compared with patients not receiving the
treatment, is the reciprocal of the absolute risk increase (the risk
difference for bad outcomes). Thus using the example of oral
contraceptives, with an AR risk of VTE of 3 in 10,000, the num-
ber needed to harm (NNH, that is, to experience one extra VTE)
is 3,333. It is simply the reciprocal of 3 in 10,000. Calculations
of NNT and NNH are essential to determine the potential ben-
efits and harm of therapies, preventive services, and screening
tests. Another benefit of these calculations is that they allow us
to compare benefits and harm across different treatment strate-
gies. A caution about NNT and NNH is that the number may
vary over time. The data from which an NNT is calculated are
often specific and may not be generalizable to a person’s lifetime
or the course of a disease. NN'T and NNH derived from a meta-
analysis should be viewed with caution. If the studies are from
varied populations or used slightly different methods, the NNT
and NNH may not always apply to an individual patient or be a
simple arithmetic summation.

Pervasive problems in the quality of delivered care, a lack of high-
quality evidence to guide clinical practice and health policy, and
concerns about health care spending led to a major initiative,
comparative effectiveness research (CER). The Institute of Medi-
cine has defined CER as follows:

The generation and synthesis of evidence that compares the
benefits and harms of alternative methods to prevent, diagnose,
treat, and monitor a clinical condition or to improve the deliv-
ery of care. The purpose of CER is to assist consumers, clinicians,
purchasers, and policy makers to make informed decisions that
will improve health care at both the individual and population
levels (IOM, 2009).

The formal process of developing a CER focus was initiated
in the 2003 Medicare Modernization Act, which appropriated
$50 million to conduct research to address the needs and pri-
orities related to improve outcomes, clinical effectiveness, and
appropriateness of certain services and treatments. Data from
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these earlier efforts were first integrated into coverage for these
interventions in 2006, when the Centers for Medicare and
Medicaid Services (CMS) provided support to the concept of
including evidence-based decision making and research into
coverage determination policies (Havrilesky, 2013a). Analysis of
costs linked to health-related quality of life was later included
as part of CER. In its 2007 definition of CER, the Congres-
sional Budget Office (CBO) included costs as a factor relevant
to comparison of different interventions but took a narrow view
of interventions by focusing solely on treatment for individual
medical conditions (CBO, 2007). CER studies often incorpo-
rate different practice settings, a wide range of subgroups, and
patient-reported outcomes. Several aspects of CER are depicted
in Figure 5.3 and discussed in this section.

META-ANALYSES, SYSTEMATIC REVIEWS, AND
EVIDENCE-BASED GUIDELINE DEVELOPMENT

Meta-analyses were developed in response to the problem of con-
flicting and inconclusive results of individual studies. Uncom-
mon diseases or conditions are hard to study because of the
small numbers of patients, which often leads to studies lacking
sufficient numbers of patients and power to report significant
results. In a meta-analysis, a researcher combines the results of
multiple studies to enlarge the group of patients being studied.
The ultimate goal of a meta-analysis is to produce a more pre-
cise result with a tighter confidence interval. However, not all
meta-analyses are created equal. A meta-analysis involving well-
constructed and well-performed RCTs is ideal. Meta-analyses of
observational studies must be interpreted with extreme caution.
Each individual study varies in population, entry criteria, case
definition, and exposure definitions, which makes combining
data in observational studies problematic. This is particularly true
if the analysis combines data from published tables rather than
combining the raw data from the original studies. Meta-analyses
differ from pooled analyses in that a pooled analysis reexamines
the original raw data from multiple individual studies for statisti-
cal consideration, whereas a meta-analysis does not reexamine
the raw data. If the results from individual studies disagree in
direction or report very different results, then the meta-analysis is

Meta-
analysis,
systematic
review

Providers

Patient-
centered
research

Pragmatic
clinical
trials

Comparative

effectiveness
research

Health
services
research

Figure 5.3 Schematic diagram of comparative effectiveness
research (CER).

not an appropriate tool to answer the question. A pooled analysis
can control for heterogeneity by controlling for confounding fac-
tors in the original data. A meta-analysis can provide the same
type of control by inclusion of similar, high-quality studies. One
can argue that the main value of a meta-analysis is the rigor-
ous approach to collecting and evaluating all of the relevant data
on a particular clinical problem from multiple sources. A risk of
meta-analysis is evaluating many published studies that are small
and finding a significant effect that is not accurate. Hennekens
and colleagues have suggested that when multiple studies are
analyzed together to produce a new finding, the results should
be interpreted with caution and viewed as hypothesis generat-
ing until a large RCT with adequate power can be performed
(Hennekens, 2009). This is particularly true when the additional
reported results are secondary outcomes. Neither meta-analyses
nor pooled analyses are appropriate for conclusions regarding
secondary outcomes, although meticulous examination of origi-
nal raw data can generate associations for further study.

The clinical need for good evidence and the need for synthesis
of evidence that goes beyond opinion have led to the develop-
ment and use of additional approaches to reviewing evidence.
Evidence-based systematic reviews include a comprehensive
review and evaluation of the literature. A systematic review is
a review of a clearly formulated question that uses systematic
and explicit methods to identify, select, and critically appraise
relevant research, and to collect and analyze data from the stud-
ies that are included in the review (Higgins, 2011). Systematic
reviews are reported using a standardized format that must
include a detailed description of the search strategy used to iden-
tify the relevant literature and the results of the search. System-
atic reviews also carry out critical appraisal of the studies they
evaluate. Critical appraisal employs a rigid standardized assess-
ment of the relevance and quality of each study. The goal of sys-
tematic reviews is to examine the literature regarding a specific
clinical question and to use an approach that will minimize bias
and random error. Systematic reviews are often performed in
conjunction with a meta-analysis.

In 1996, to address the suboptimal reporting of meta-analyses,
an international group of researchers released the Quality of
Reporting of Meta-analyses (QUOROM) statement to improve
standards. In 2009, the guideline was updated to address several
conceptual and practical advances in the science of systematic
reviews and was renamed PRISMA (Preferred Reporting Items
of Systematic reviews and Meta-Analyses). PRISMA provides
a 27-item checklist that describes the content of a systematic
review including the title, abstract, methods, results, discussion,
and funding, as well as a flow diagram that represents the flow of
information through the different phases of a systematic review.
It characterizes information about the number of records identi-
fied in the literature searches, the number of studies included and
excluded, and the reasons for exclusions (http://www.prisma-
statement.org/statement.htm). For example, in 2013, Havrilesky
and coworkers published a systemic review and meta-analysis
of the use of oral contraceptive pills (OCPs) as primary pre-
vention for ovarian cancer (Havrilesky, 2013b). This study
employed methodology that followed PRISMA guidelines. In a
flow diagram, the authors described literature searches, abstract
screening, number of studies included and excluded, as well as
explanations for exclusions. It also illustrates the advantage of
systemic review and meta-analysis, which is to provide an answer
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to focused research questions through a rigorous and transparent
form of literature review. In this case, the authors confirmed pre-
vious large studies demonstrating a duration dependent protec-
tive effect of OCP use on the incidence of ovarian cancer.

The Cochrane Collaboration is a major source of systematic
reviews (www.cochrane.org). This international organization
aims to help people make well-informed decisions about health
care by preparing, maintaining, and promoting the accessibility
of systematic reviews of the effects of health care interventions.
Cochrane funding comes from proceeds from the Cochrane
Library and other Cochrane products, along with donations from
national and international governments, private foundations, and
private funders. Of note, the organization does not accept com-
mercialized donations to prohibit undue commercial influence.

The Agency for Healthcare Research and Quality (AHRQ)
also works with a number of partners to publish systematic
reviews. The AHRQ lists its mission as “producing evidence to
make health care safer, higher quality, more accessible, equitable,
and affordable, and to work within the U.S. Department of
Health and Human Services and with other partners to make
sure that the evidence is understood and used.” The AHRQ also
works in conjunction with the U.S. Preventive Services Task
Force (USPSTF) to perform systematic reviews regarding clinical
preventive services. These are published in both book form and,
increasingly, electronic form. Many professional groups issue
practice guidelines to help translate these often lengthy reviews
into briefer, clinically useful documents, ultimately assisting cli-
nicians in making patient care decisions. An electronic collection
of such guidelines is now available at the National Guideline
Clearinghouse (NGC; www.guideline.gov).

PRAGMATIC CLINICAL TRIALS

As noted earlier, the RCT is the gold standard for evaluating
the effects of treatment; however, RCTs are often not generaliz-
able due to the tightly controlled environment in which they
are carried out. In recent years, clinicians and policy makers
have made a concerted effort to distinguish between the efficacy
and the effectiveness of an intervention. RCTs are efficacy trials
(explanatory trials) whose purpose is to determine whether an
intervention produces the expected result under ideal circum-
stances. On the other hand, pragmatic clinical trials (PCTs) are
effectiveness trials, measuring the benefit of treatment under
real-world circumstances or routine clinical practice. In 1967,
Schwartz defined a PCT as a trial “for which the hypothesis and
study design are formulated based on information needed to
make a decision” (Schwartz, 1967). PCTs address real questions
of cost, risk, and benefits that arise in everyday clinical practice,
providing direct, useful information to providers, patients, pay-
ers, and other decision-makers (Roland, 1998). They resemble
RCTs in the use of randomization, but PCTs do not place strict
constraints on the setting of the trial, target patients, or inter-
vention delivery. Traditional RCT approaches prioritize internal
validity and efficacy, testing whether the intervention has the
intended effect in ideal, highly controlled settings. In contrast,
PCTs prioritize external validity, or generalizability to the pub-
lic. Pragmatic trials test effectiveness, or the degree of beneficial
effect in everyday clinical practice.

In a document released by the AHRQ and the Patient Cen-
tered Medical Home (PCMH), there are five ways in which

PCTs differ from RCTs: They (1) compare clinically relevant
alternatives, (2) enroll diverse study populations, (3) recruit
from a variety of practice settings, (4) measure a broad range
of outcomes, and (5) adapt the intervention being tested to the
local context. However, even PCTs have disadvantages. Although
PCTs have excellent external validity, there is a tradeoff for inter-
nal validity. Effects of a particular treatment may be lessened or
heightened, as the results were obtained in a more real-world set-
ting. It also may be more difficult to determine what component
of an intervention is responsible for a certain outcome, as the
interventions can be heterogeneous. PCTs also require a great
number of resources to keep meticulous records of implementa-
tion and to be sure that the study design is upheld. Regardless,
the PCT is an excellent alternative to the traditional RCT in
certain clinical settings. An example of the benefits of this study
design is a study that examined the standard care of atrial fibril-
lation versus atrial fibrillation-specific management strategy (the
SAFETY trial). This trial was designed as a pragmatic, random-
ized controlled trial. The standard group received routine pri-
mary care as well as hospital discharge follow-up. The SAFETY
group included a home visit, a Holter monitory for 7 to 14 days,
prolonged follow-up by a specialized cardiac nurse, and multi-
disciplinary support as needed. The SAFETY group was associ-
ated with more days alive out of the hospital, but no change in
prolonged event-free survival (Stewart, 2015). This trial demon-
strates the nature of PCTs focusing on the generalizability of an
intervention to patients in the community, while holding true to
RCT study design. It also demonstrates the amount of planning
and support required to conduct a PCT. As the use of the PCT
continues to grow, clinicians and researchers will have to learn
where it will fit into our understanding of quality of evidence.

PATIENT-CENTERED OUTCOMES
RESEARCH INSTITUTE

The Patient-Centered Outcomes Research Institute (PCORI)
is an independent nonprofit, nongovernmental organization
established by the 2010 Patient Protection and Affordable
Care Act. PCORI’s purpose is to assist patients and clinicians
in making informed health decisions by advancing the quality
and relevance of evidence concerning a broad range of health
conditions. PCORI directs research to improve prevention,
diagnosis, management, and monitoring of disease in varied
patient subpopulations (Patient Protection and Affordable Care
Act, 2010). Patient-centered outcomes research (PCOR) differs
from CER in its primary target. The institution’s primary goal is
to inform individual patient decision making rather than target-
ing a wider range of audiences such as payers and policy makers.
According to a working definition approved in March 2012 by
the PCORI board of governors, the purpose of PCOR is to help
patients and their providers communicate and make informed
health care decisions by allowing the patient’s voice to be heard
in assessing the value of health care options. One way that
PCORI operationalizes the focus on individuals in PCOR is
through examination of outcomes “that people notice and care
about such as survival, function, symptoms, and health related
quality of life” (D’Arcy, 2012). PCORI aims to achieve this
mission by producing and promoting the use of high-integrity,
evidence-based information stemming from research guided by
patients, caregivers, and the broader health care community.
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PCORI funds comparative clinical effectiveness research and
supports work that will improve the methods used to conduct
such studies.

The AHRQ defines health services research (HSR) as a

multidisciplinary field of scientific investigation that studies
how social factors, financing systems, organizational structures
and processes, health technologies, and personal behaviors affect
access to health care, the quality and cost of health care, and
ultimately, our health and well-being.

In 1993, the National Institutes of Health (NIH) Revitalization
Act created a National Information Center on Health Services
Research and Health Care Technology (NICHSR), which had
the following goal:

10 make the results of health services research, including practice
guidelines and technology assessments, readily available ro health
practitioners, health care administrators, health policy makers,
payers, and the information professionals who serve these groups;
to improve access to data and information needed by the creators
of health services research; and to contribute to the information
infrastructure needed to foster patient record systems that can
produce useful health services research data as a by-product of
providing health care (http://www.nlm.nih.gov/hsrinfo).

As the cost of health care in the United States continues to
increase, amounting to almost $3 trillion in 2013, HSR has the
ability to make major contributions to the future of medicine.
Clinical research has long shaped the practice of medicine, but
HSR looks to study the infrastructure of practicing medicine.
'The following sections contain examples of HSR.

DATA REGISTRY STUDIES

Large national and state registries provide the patient health
care data needed for HSR. In 1971, the National Cancer Act
provided funding to the National Cancer Institute (NCI) to
detect, treat, and perform research on cancers in the United
States. In 1973, the Surveillance, Epidemiology, and End
Results (SEER) Program of NCI was established as the first
national cancer registry. The SEER registry “collects and pub-
lishes cancer incidence and survival data from population-based
cancer registries. ..on patient demographics, primary tumor site,
tumor morphology and stage at diagnosis, first course of treat-
ment, and follow-up for vital status” (hetp://seer.cancer.gov).
The SEER database is updated annually and provided to the
public. Since 1998, the Centers for Disease Control and Pre-
vention (CDC), the American Cancer Society (ACS), the NCI,
and the North American Association of Central Cancer Reg-
istries have collaborated on the Annual Report to the Nation
on the Status of Cancer. Countless researchers and clinicians,
along with legislators and policy makers, use SEER data. In
2015, Dinkelspiel and colleagues published SEER data on ovar-
ian cancer from 1988 to 2012 comparing the causes of death by
stage, age, and interval time after diagnosis (Dinkelspiel, 2015).
SEER and CMS have also partnered to form the SEER-Medicare
database. SEER continues to collect clinical and demographic

information, whereas CMS provides Medicare claims for cov-
ered health care services of patients with Medicare eligibility
until death. The linkage of these two data sources allows for a
unique collaboration incorporating epidemiologic and health
services research. Forde and associates used the SEER-Medicare
database to examine the cost of treatment for elderly women
with ovarian cancer in the Medicare population. Neo-adjuvant
chemotherapy (NACT) and primary debulking surgery (PDS)
were compared for cost and effectiveness (Forde, 2015). NACT
and PDS were comparable in stage IIIC disease, whereas PDS
was associated with a 12% increase in cost in stage IV disease.
In both groups, NACT was associated with a decreased 5-year
overall survival (OS) with hazard ratio (HR) of 1.27 and 1.19,
respectively. Although cancer registries have been mentioned
here, there are a number of data registries for patients. CMS
and the National Institute of Diabetes and Digestive and Kidney
Disease (NIDDK) have collaborated on the United States Renal
Data System (USRDS) to collect and analyze data on patients
with end stage renal disease (www.usrds.org).

QUALITY IMPROVEMENT

Quality improvement (QI) is a unique format of HSR, encom-
passing both research and QI program development to improve
the quality of health care. The Institute of Medicine (IOM)
defines quality in health care as a direct correlation between the
level of improved health services and the desired health out-
comes of individuals and populations (www.iom.edu). QI proj-
ects can be developed and conducted within small practices, in
large hospital systems, or on a much larger national and inter-
national scale. The Health Resources and Services Administra-
tion (HRSA) under the U.S. Department of Health and Human
Services provides a toolkit to help QI programs develop and
implement QI projects (www.hrsa.gov). There are numerous
organizations and committees whose sole purpose is to exam-
ine the issue of health care quality. In 1990, the National Com-
mittee for Quality Assurance was founded as a not-for-profit
organization to help build consensus around important health
care quality issues. It has a simple formula: “measure, analyze,
improve, repeat” (www.ncqa.org). The National Quality Forum
(NQF) is a not-for-profit, nonpartisan, membership-based orga-
nization whose mission is to “lead national collaborations to
improve health and healthcare quality through measurement”
(qualityforum.org). Its vision is “to be the convener of key
public and private sector leaders to establish national priorities
and goals to achieve healthcare that is safe, effective, patient-
centered, timely, efficient, and equitable.” The American Medi-
cal Association (AMA) also convenes the Physician Consortium
for Performance Improvement (PCPI). It is a physician-led pro-
gram with a mission “to align patient-centered care, performance
measurement and quality improvement” (www.ama-assn.org).
The U.S. Centers of Medicare and Medicaid Services (CMS)
Physician Quality Reporting System (PQRS) is a quality report-
ing program on the care given to Medicare beneficiaries. In
2015, the CMS will begin applying a negative payment adjust-
ment to providers and groups who did not meet requirements of
reporting data to PQRS. In 2018, PQRS will begin using these
reported quality measures to make reimbursement decisions
based on quality of care given to Medicare beneficiaries. The role
of quality improvement is also felt heavily in surgical specialties.
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CMS and other payers are increasingly refusing to pay for com-
plications of surgery that are deemed preventable. The American
College of Surgeons National Surgical Quality Improvement
Program (ACS NSQIP) helps surgeons and hospitals identify
preventable surgical complications. Data are collected directly
from patients’ charts by a surgical clinical reviewer (SCR), in con-
trast to collecting data from billing codes. In 2009, Hall and col-
leagues published data on 118 hospitals nationally participating
in ACS NSQIP from 2006 to 2007 reporting that 82% of hos-
pitals had improved risk-adjusted complication rates and 66% of
hospitals had improved risk-adjusted mortality as compared to
their own prior rates reported the year prior (Hall, 2009). By the
end of 2007, ACS NSQIP had enrolled 183 hospitals, reporting
that participating hospitals avoided on average 52.5 complica-
tions per year. ACS NSQIP helps identify and rectify preventable
surgical outcomes; QI projects are a necessity for all health care
providers and health care institutions.

COST-EFFECTIVENESS ANALYSIS

‘The term cost-¢ffectiveness analysis has become a catch phrase refer-
ring to all health economic analyses. As the cost of health care
continues to rise in the United States, now expected to exceed $3
trillion in 2015, health economic analysis is more relevant than
ever. There are four methods of health economic analysis, with
cost-effectiveness analysis (CEA) being one of the more com-
monly used methods. The other three methods include cost-
utility analysis (CUA), cost-minimization analysis (CMA), and
cost-benefit analysis (CBA). CEA and CUA are used most often.
CEA is most often used among economic analysis tools and is
a comparison of relative costs and outcomes of varying treat-
ments. It is a measure of cost per unit of effectiveness (additional
survival time, number of adverse events, etc.). It determines
incremental cost-effectiveness ratio (ICER), or the ratio of the
difference in costs to the difference in effectiveness between two
strategies. It is most often used in the allocation of resources for
treatment or intervention. CUA takes into account the quality
of life associated with each intervention. The number of quality-
adjusted life years (QALY) is the most common metric used for
comparison and represents the differences in survival and quality
of life between interventions. CUA is an important effectiveness
measure when morbidity and mortality are affected by an inter-
vention. CMA assumes comparable effectiveness among inter-
vention strategies and thus is just a comparison of the mean cost
of each intervention. CBA incorporates not only the monetary
expense of intervention but also the costs of the consequences of
each intervention.

In CEA an intervention has traditionally been considered
cost-effective if the ICER is less than $50,000 per QALY, with
some leeway. It is important to understand that the term “cost-
effective” does not represent that an intervention saves money
but rather means that the additional cost of that intervention
is worthwhile based on the improved effectiveness achieved.
In 2009, Kim and coworkers published a CEA on the addi-
tion of the human papillomavirus (HPV) vaccination to rou-
tine cervical cancer screening in women older than 30 years in
the United States. The estimated ICER for the addition of the
vaccine ranged from $116,950 to 381,590 per QALY, which
greatly exceeds the standard threshold of $50,000. It was con-
cluded that the addition of the HPV vaccination to routine

screening in women over the age of 30 years in the United
States is not cost effective (Kim, 2009). These types of studies
are flourishing as the cost of health care in the United States
continues to rise. They are an integral part of understanding
the costs and quality of health care.

‘The discussion of value in health care is currently gaining interest.
Value in health care is defined as “the health outcomes achieved
per dollar spent” (Porter, 2006). Outcomes are inherently linked
to the medical condition of interest, whereas the dollar spent
represents the total amount spent during a cycle of care, not the
cost of individual service. Porter argued:

The proper unit for measuring value should encompass all
services or activities that jointly determine success in meeting a
set of patient needs. These needs are determined by the patient’s
medical condition, defined as an interrelated set of medical cir-
cumstances that are best addressed in an integrated way. ..and
that value should be measured for everything included in that
care (Porter, 2010).

Large clinical societies are getting involved with defining the
value of health care. The American Society of Clinical Oncology
(ASCO) is developing a conceptual framework to assess the value
of cancer treatment options (Schnipper, 2015). As the cost of new
treatments for cancer continues to rise, the value of this care is an
important question. Value in health care is in its infancy but shows
promise in navigating the ever-increasing costs of health care.
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KEY POINTS

m Evidence-based medicine secks to improve the care of
patients and the delivery of care to patients.

m Descriptive-observational studies, including cross-
sectional studies and case series, help generate hypotheses
and characterize the context of disease.

m Cohort studies allow us to study many outcomes over time.

m Case-control studies allow us to study rare diseases and
evaluate for a wide range of exposures.

m RCTs are considered to be the gold standard of
experimental clinical study design.

m PCTs are designed to study the effectiveness of an
intervention in the real world.

m CER encompasses patient-centered research, PCTs,
meta-analyses, systematic reviews, evidence-based
guidelines, and health services research to study the
benefits and harms of an intervention to improve patient
care on the individual and population level.

m Estimating the value of health care involves an assess-
ment of the quality and integration of care, as well as the
overall cost to provide all services included in that care.
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Medical-Legal Risk Management
James M. Kelley Ill, Gretchen M. Lentz

‘The word malpractice evokes guttural responses in physicians and
health care providers. This is perhaps most true in the areas of
obstetrics and gynecology, where the physical damages are often
catastrophic and the economic damages reach the millions of
dollars. The fear of being unjustly involved in litigation and
judged by nonphysicians as liable—despite having provided
reasonable and appropriate care—seems unavoidable to many
conscientious health care providers. The little known reality,
however, is that the growing consensus of empirical data on out-
comes of malpractice actions shows that the legal system actually
works for the health care provider more often than it does not.
Understanding how the system works and making minor prac-
tice modifications can greatly minimize the risk of legal exposure
by avoiding claims and adverse outcomes.

A medical negligence case is composed of three basic ele-
ments: a deviation from the standard of care, proximate cau-
sation, and damages. Each of these elements is required to be
proved by way of “competent” expert testimony. The definition
of “competent” varies state to state, but all states are uniform
in requiring a physician to agree that malpractice occurred and
that it directly resulted in injury. A deviation from the standard
of care, though a cumbersome legal phrase, is simply a failure to
act reasonably as compared with another health care provider in
the same or similar clinical circumstance. A deviation from the
standard of care can be an act (intraoperative bowel perforation,
administration of the wrong medication, etc.) or an omission
(failure to run the bowel intraoperatively if a bowel injury is pos-
sible or failure to review laboratory results in a timely manner).

Proximate causation is often a more medically complex com-
ponent of a malpractice action. The law requires that the devia-
tion from the standard of care be 4 direct, proximate cause of
injury to the plaindiff. It is important to note that the deviation
does not have to be #he exclusive cause of injury, but rather need
only be z direct proximate cause. Proximate cause, legally, merely
means that with appropriate or reasonable treatment, the injury
would not have occurred.

The final element of a malpractice claim is damages. Dam-
ages can be both economic and noneconomic. Economic
damages include easily quantifiable losses as past and future
medical bills and past and future wage losses. Noneconomic
damages contemplate factors such as past and future physical
pain, emotional suffering, and, in certain instances, wrongful
death. To be successful, the plaintiff must prove each of these
elements to a probability, through expert testimony, in order to

win. A failure on any one of the elements will result in a verdict
for the defendant.

As mentioned, many health care providers will be surprised
to learn what the growing consensus of empirical data reflects
regarding medical claims. A review of approximately 1400
closed malpractice claims from five different liability carriers
showed that only 3% of claims filed had no verifiable medi-
cal injuries to justify a claim. Additionally, 37% of the 3% did
not involve errors but rather would be what a physician would
commonly refer to as “frivolous.” Despite common perceptions
about runaway juries and lottery verdicts levied against fault-
less physicians, the study demonstrated that 84% of the claims
that did not involve errors nonetheless resulted in nonpayment.
Conversely, approximately six times that rate of claims resulted
in nonpayment to the plaintiff, despite the presence of medical
errors and verifiable injuries (Studdert, 2006) (Box 6.1).

Although these data should be heartening for health care pro-
viders, they do little to eliminate burdens of excessive litigation
costs, time away from practice and families, and the stress of
participating in litigation. The goal for conscientious providers
must be one focused on risk management: balancing improved
patient care and minimizing medical legal risk.

A safe health care system must further incorporate efficient
redundancies that promote safety without being cost prohibi-
tive. “Errors can be prevented by designing systems that make it
hard for people to do the wrong thing and easy to do the right
thing” (IOM, 2000).

Realizing lawsuits will inevitably occur, what follows is a brief
historical overview along with practical insights aimed at help-
ing one enhance patient care and communication, minimize the
risk of involvement in meritless litigation, and provide the best
defense in the event a claim is made.

Box 6.1 What Constitutes Medical Practice?

To successfully maintain a medical malpractice action, a plaintiff
must be able to establish three distinct elements of his or her case
by way of expert testimony:

1. Deviation from the standard of care: The health care provider
deviated from what a reasonable provider would have done in
the same or similar circumstances.

2. Causation: The deviation was a direct cause of the injury suffered.

3. Damages: Economic and noneconomic damages were suffered
as result of the injury.
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A doctor who knows nothing of the law and a lawyer who
knows nothing of medicine are deficient in essential requisites
of their professions.

—Davip PauL BRowN 1795-1872

British North America inherited its law, as its language, from
England. Most European countries originally occupied by the
Romans adopted a form of law based on the Roman law codes.
That law is called czvil law. England’s law, on the other hand, was
based mainly on Scandinavian (Danish) law with a dose of folk
law of undetermined origin thrown in. It was called the common
law. One should not be deceived by its name. It was not law
designed to protect the common man. It takes its name from the
fact that it was the law that was common to all of England by
about the year 1240. The two forms of law differ significantly.

Civil law is a codified system of laws. That is, the laws are
spelled out in a series of written statutes adopted by the jurisdic-
tion. Civil law therefore tends to be fairly static. Common law
is largely law made by judges. It may incorporate some statu-
tory elements on specific issues, but even statutes are subject
to judicial interpretation. Judges in the civil law are academics
specially trained for their positions and act as prosecutor, judge,
and jury. Civil law is therefore inquisitorial in nature and heavily
dependent on the written word. In contrast, common law is an
adversarial system in which the oral argument between the par-
ties plays a much larger role. Judges are chosen from the practic-
ing bar and are not usually academics. The judge is essentially
a referee and instructs the jury, which makes the ultimate deci-
sion on the merits of the case. In common law, the law is made
by judges who hear a disputed case on appeal. Those decisions
become precedent for future cases. However, higher appellate
courts or future appellate courts of the same level can overturn or
overrule a prior decision if circumstances change or new infor-
mation develops. Therefore change, albeit slow and irregular, is a
constant element of the common law.

Under the early common law to bring a civil action a King’s
Writ was needed, therefore little attention was paid to compen-
sating the individual for personal wrongs (tort law). Doctors
were essentially immune from suit for malpractice. Technically
some suits might have been pursued as contract suits, but writ-
ten contracts were highly unusual between a physician and his
patient, and without the written document such suits became
almost impossible for the plaintiff to win.

In 1346 the bubonic plague arrived in Italy. It spread over
Europe rapidly but did not reach England until 1348. The
major effect of the epidemic occurred between 1348 and 1351,
but the bubonic plague became endemic and continued more
or less uninterrupted until 1381. It is estimated that between
1348 and 1351, 50% of the population died, and by 1381 two
thirds of the English population was decimated by the epidemic.
(Because there was no accurate census at the time, such figures
are estimates based on church records, burial records, tax rolls,
and contemporary accounts.)

The loss of manpower was a major blow to the English econ-
omy. Overnight, people became as important as real property
(land) and personal property (including livestock) in the English
economy. Therefore a physician’s mistake that deprived the
economy of a worker became an important enough matter to be

brought before the courts. Physicians suddenly lost their immu-
nity for practice errors. Actually it was an even worse scenario: the
physician became strictly liable for an unfavorable outcome, and
because there was no tort law (law compensating the individual
for personal wrongs), the physician was prosecuted under the
criminal law for mayhem. By 1364, it had become obvious that
this was too draconian a remedy, and two property terms that had
been previously used in livestock cases were introduced to permit
civil malpractice cases. Trespass (trespass by force and arms) was
charged for direct injury and trespass on the case for indirect injury.

These same concepts, refined over the centuries, were brought
to the North American colonies and adopted almost entirely
by the American court system after independence. In the early
1800s the modern concept of negligence replaced trespass and
trespass on the case. In the period of rapid industrialization fol-
lowing the Civil War, American courts refined these claims. The
four elements of a cause of action for medical negligence are as
follows:

1. Dury: The obligation created through physician patient
relationship.

2. Breach: A deviation from the “standard of care” for a reason-
able practitioner in the same clinical circumstance.

3. Proximate causation: A direct and foreseeable connection
between breach and injury.

4. Damages: Economic (medical costs, wage loss, etc.) and non-
economic (physical and emotional pain and suffering).

There is no greater asset in risk management for the clini-
cian than a strong physician-patient relationship. Patients are
typically trusting and respectful of their providers, which gives
the best opportunity to avoid litigation. The typical patient will
become a plaintiff when he or she loses trust in the provider
or fails to get understandable answers to the complex medical
issues surrounding a less than optimal outcome. “I dont know
or understand either what happened or how this happened?” is
the question that begins nearly all inquiries into the quality of
care. This chapter provides insights that will allow the physician
to supply answers to the patient, to document appropriately, and
to participate more functionally in a medical-legal claim while
maintaining a high level of care and professionalism.

No area of medicine receives more court scrutiny, legal scholarly
review, or social commentary (even including presidential direc-
tives) than the fields of obstetrics and gynecology. In addition, it
is common that the most expensive category of malpractice claims
arise from the obstetrician/gynecologist’s practice (pregnancy/birth
claims, failure to diagnose breast cancer, failure to diagnose cervi-
cal cancer). Practically speaking, nearly every malpractice issue
that has been litigated in American courts deserves a volume of its
own to discuss and dissect adequately. Indeed, a single chapter in
a general textbook of gynecology can do little but cover the gen-
eralities and touch on the more important issues the courts have
addressed. Overall, applying the four elements noted previously to
most claims, a malpractice case is typically a review of case facts
applied to the “standard of care” and “proximate cause” through
medical testimony to determine if care was simply “reasonable.” It
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is important to note that the care does not have to be perfect nor
do all decisions have to be correct. Instead, if care is attentive and
the decisions rational, the provider will have a strong defense posi-
tion regardless of outcome.

Medical-legal risk management, at its core, centers on commu-
nication in both the written and verbal form. Awareness of the
common pitfalls in the processes employed in communicating
information to patients, as well as concurrent and subsequent
care providers, will be invaluable if problems or litigation arise.
The medical record, institutional policies and guidelines, and
information communicated to patients (prospective plaintiffs)
will be the only information attorneys, claim representatives, and
reviewing expert physicians have available to judge the validity of
a potential malpractice claim. The following discussion examines
good practices to improve communications with patients (both
before and after treatment), improve the accuracy of the medi-
cal records, and provide useful information about navigating the
litigation process to your best outcome.

COMMUNICATION WITH THE PATIENT

Physicians well understand that the relationship with a patient
is in large measure a relationship of trust. More often than not,
a perceived breach of that trust is the impetus for a patient to
seek the advice of an outsider for explanations about unfortunate
medical outcomes. It must become a routine practice for phy-
sicians to thoroughly and carefully discuss potential problems
with their patients prior to treatment. Taking the time necessary
to assess a patient’s understanding of the procedures and possible
outcomes, and answering all questions the patient may have, are
critical to managing and controlling expectations. Concurrent
notations in the record that you have in fact reviewed all risks
and benefits of a potential treatment, thoroughly explained alter-
native treatments or procedures, and answered all patient ques-
tions will provide important evidence of careful and appropriate
treatment, should it later become necessary (Box 6.2).

The eleven words in the sample progress note are an invaluable
resource in the event of a complication or litigation. Although
this is brief documentation, it does indicate the physician per-
sonally reviewed the critical elements mentioned earlier and
allowed for questions. This note portrays the provider discussing
the case with the patient, which will supplement the standard
preprinted consent that is more “legalese” than substantive.

POOR OUTCOME

In the unfortunate event of a poor outcome, it is imperative for
the physician to communicate more, not less, with the patient
or the patient’s family where appropriate. Health care providers
often dramatically change—or end entirely—their relationship

Box 6.2 Practice Tip

Sample Progress Note
Risks/benefits/alternatives discussed with patient. All questions
answered in full.

with patients following a maloccurrence. For example, in situ-
ations in which the patient may have ongoing care issues but is
transferred to a tertiary center or a different specialist, there is
often minimal or no ongoing relationship. Despite what may be
the urge to distance yourself from an unpleasant or uncomfort-
able interaction, keep in mind that your patient and his or her
family members will begin to assess whether you are forthcom-
ing with them at this very time. If there is an attempt to avoid
interaction it can, and likely will, be misperceived as an attempt
to avoid explaining the cause or causes of the bad outcome. It is
important that your trust relationship with the patient and the
patient’s family continues at this crucial time and that they feel
you are willing to answer all questions.

When discussing the outcome or problem, revisit the discus-
sion of risks and outcomes at the time of the informed consent.
Reiterate the information you previously provided, and explain
how this result is related to the risks previously discussed, if
appropriate. Finally, it is also important that you are involved in
establishing the plan for care going forward, even if it is outside
of your specialty. Remaining involved preserves the physician-
patient relationship. Patients are far less likely to file claims
against physicians with whom they have an ongoing, trusting
relationship. It is therefore important to make yourself avail-
able as long as is necessary to assure the patient and his or her
family that you are answering all of their questions. Absence or
avoidance will create suspicion by the patient or another family
member and can ultimately lead them to seck answers to their
questions from an outside source, most often an attorney.

Once again, it is imperative you write contemporaneous and
accurate notes. The timing of such notes, combined with their
detail and clarity, will begin to establish a good defense in the
event the records are reviewed for a possible claim. It is easy to
defend conscientious care, regardless of outcome, if the record
supports you (Box 6.3).

CANCELLATIONS AND “NO SHOWS”

Cancellations and “no shows” of patients follow-up appointments
are often ignored in the busy clinic or office. They can be, and
are, frequently responsible for subsequent malpractice suits. Each
cancellation or no show should be documented in the chart. The
treating physician should then review the chart and, where appro-
priate, a letter or phone call should be made to the patient. All
efforts to communicate with the patient should be documented.

COVERAGE ARRANGEMENTS

As mentioned earlier, improper coverage arrangements may lead
to charges of abandonment. Poor communication among cover-
age groups frequently leads to offended patients and can be the
first step on the path to a malpractice suit.

Box 6.3 Practice Tip

Communication with the patient when a problem occurs is an
opportunity to explain how the poor outcome happened, despite
vigilance. Patients will naturally have questions, and most who
contact a malpractice attorney are doing so to get answers to
questions they feel were not sufficiently answered by the health
care provider.
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MEDICATION ERRORS

About 1.5 million people are injured each year in the United
States due to medication errors, the Institutes of Medicine of the
National Academy of Sciences revealed in a 2006 review of medi-
cation management in the U.S. heath care system (IOM, 2007).
The study reveals medication errors make up a large share of
medical malpractice cases. The results can range from minor
allergic response to death. Medications pose risk to both the
institution and the provider for liability.

The reasons behind this include, but are not limited to, the
frequency with which patients are being prescribed medication,
the popularity of at-home prescription administration, and the
many look-alike, sound-alike, drugs. The Institute of Medicine
report states, “The extra medical cost of treating drug-related
injuries occurring in hospitals alone conservatively amounts to
$3.5 billion a year, and this estimate does not take into account
lost wages and productivity or additional health care costs”
(IOM, 2007).

Medication errors are always preventable, through system
and personal practice modifications. Data show that 400,000
preventable drug-related injuries occur each year in hospitals
(IOM, 2007). Another report states that adverse drug events
cause more than 770,000 injuries and deaths each year and cost
up to $5.6 million per hospital (AHRQ, 2015).

The National Coordinating Council for Medication Error
and Prevention has approved the following definition of medica-
tion error:

Any preventable event that may cause or lead to inappropriate
medication use or patient harm, while the medication is in the
control of the health care professional, patient, or consumer.
Such events may be related to professional practice, health care
products, procedures, and systems including: prescribing; order
communication; product labeling, packaging and nomencla-
ture; compounding; dispensing; distribution; administration;
education; monitoring; and use (FDA, 2016).

Practical Tip

The reality of practice is that many orders are verbal, telephonic,
or standing. Verbal or telephonic orders should always be read
back to the provider to verify drug, dosage, frequency, and
method of administration. This minimizes the likelihood of a
communication lapse. Furthermore, telephonic orders are fre-
quently later signed after the medication is administered. Closely
review these to be sure you are not validating the error as your
own order. Litigation is often more than a year later, and mem-
ory of the details will be a challenge with a record that is incon-
sistent. If upon review an error is noted, correct it in the record
with a single line and the corrected information at the side. Time
and date your correction as well.

Be aware of your orders as well as those of other providers,
anesthesia, infectious disease, and so on to be aware of interac-
tions of medications also. Standing orders often pose a risk in
this circumstance.

COMMUNICATION THROUGH
MEDICAL RECORDS

Once the litigation process has commenced, a plaintiff attorney’s
best friend is inaccurate or inconsistent documentation of the

care provided. Inaccurate documentation can stem from a genu-
ine standard-of-care issue; however, inaccuracies can also arise
from use of inappropriate nomenclature. In either situation, the
health care provider will be in the untenable position of attempt-
ing to defend a narrative note or deposition testimony that is
factually inconsistent with literature, policies, or objective data
in the medical record. Needless to say, in a courtroom, incon-
sistencies never favor the inconsistent party. Careful attention
to record keeping will not only demonstrate attentive care and
rationally based treatment decisions but will ultimately become
a provider’s best defense in a courtroom.

Within your hospital, facility, office, and charts, you must
use nomenclature designed to standardize the verbiage utilized
among providers. Unfortunately, despite the attempts at stan-
dardization, many health care providers have been slow to adapt.
This is often based on variable levels of education by authors and
is also generational. This increases not only the risk of inaccurate
communication between health care providers but also the risk
of a medical record replete with inconsistencies. Inconsistencies
can be easily used to portray a provider as incompetent or dis-
ingenuous.

From a medicolegal risk management standpoint, it is critical
to keep in mind when a plaintiff’s counsel attempts to determine
whether medical malpractice may have occurred, the medical
record is the primary (and often the only) source of informa-
tion available to evaluate the potential claim. Any narrative notes
supplied will be read against subsequent health care providers
notes and the objective data such as lab results and imaging. As
stated earlier, clearly noted and accurate recognition and descrip-
tion of reassuring and nonreassuring findings in the record will
demonstrate attentive and competent care. However, inaccurate
terminology, when read against the objective data, could result
in the commencement of litigation.

Beyond the initial review phase of a potential claim, inconsis-
tent and inaccurate nomenclature and record keeping will con-
tinue to present obstacles to a favorable resolution of the claim
during the testimonial phase of trial. When a witness employs
modified or nonstandardized nomenclature, other health care
providers, including expert medical witnesses, do not necessarily
understand the full extent of what is meant. This unclear com-
munication can result in actual medical errors among providers
or, at a minimum, the appearance of errors within a medical
record (Box 6.4).

The example shows how the inappropriate and inconsistent
nomenclature forced the physician to be critical of the nurse’s
actions, while the nurse attempted to separate herself from her
own charting. This is not only a difficult posture to defend, but
also it reflects poorly on the competency and truthfulness of
the parties involved. Simply employing appropriate, consistent
nomenclature would have provided an easy defense (Box 6.5).

ALTERATION OF RECORDS

A medical malpractice case can go from defensible to indefen-
sible immediately with an alteration of the record. An alteration
is typically defined as an entry added to or redacted from the
record to avoid culpability. An alteration in many states is a basis
for punitive damages (noninsured). Furthermore, it may invali-
date coverage under some professional policies. Most providers
do not add for the purpose of deceit but to make the record more
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Box 6.4 Factual Scenario

In a previous deposition, a physician was questioned regarding a
nursing narrative note:

Q. Dr. Doe, do you expect the nurse to relay to you if there are
any postoperative changes?

A. Any relevant postoperative changes should be relayed to
me, particularly if there are more than one.

Q. By relevant change, do you mean if any vital signs manifest
persistent change?

A. | do not understand what that means. However, if a nurse
sees vitals change, | want to know about it immediately,
especially if it persists.

The narrative notes within the case included the nurse describ-
ing labile blood pressures. Utilizing charting terminology such as
labile created a scenario in which the physician had expectations
of being told immediately and a medical record suggesting the call
should have been made. Further testimony demonstrated that no
information regarding these changes was relayed. The nurse testi-
fied as follows:

Q. Did you relay to Dr. Doe that the blood pressures were

labile?

A. No.

Q. Why not?

A. Because | felt it was not necessarily significant and may be
routine post-op fluctuations.

. So you felt it was unstable but not labile?

Yes.

. So when you chart the word /abile, you want the jury to

believe it doesn’t mean labile?

. | guess.

> O>0

> Or OPOPO>

Box 6.5 Practice Tip

The consistent use of appropriate nomenclature not only
minimizes risk in the defense of a medical legal action but also
allows the physicians and nurses to communicate clearly by
ensuring they are discussing the same findings and placing the
same significance.

“complete” after an unfortunate outcome. Accordingly, it is not
typical to chart after a shift has passed. In the event it is neces-
sary, clearly note the entry as a “late entry” and date when it is
entered and to when it refers. There is nothing wrong with a late
entry if you accurately describe it as such. Today, technology can
discern the sequence through impression as to when notes were
written and if the ink is the same through infrared light. A record
that can be alleged to be altered will cause a loss of credibility
with any jury and may expose you to personal liability.

COMMUNICATION CONSISTENT
WITH INSTITUTIONAL POLICIES

Published institutional policies and procedures should be
reviewed regularly and integrated into your daily practice. The
purpose of the policies or protocols is not merely for JCAHO, or
to fill shelf space, but to effectuate patient care and create a con-
sistent safe administration of the medication and care to patients.
However, each individual patient obviously deserves individual
care and modifications to the policy or protocol as may be nec-
essary. Policies and protocols relevant to the issues that are the

Box 6.6 Factual Scenario

Many gynecologic cases involve the failure to recognize postop-
erative bowel perforations or significant bleeding. Total abdominal
hysterectomy usually carries with it a specific physician’s post-
operative orders or, more commonly, a hospital’s postoperative
policy or protocol. It is of critical importance that the nurse and
physician both have an understanding of the specific details of
the policy or protocol prior to executing care and prior to testifying
regarding these issues. The following example highlights why this
is important:

Q. Are you aware as to whether or not there is a postoperative
policy at this facility?

. I don’t know. | guess there probably is.

. Do you agree that you, as a reasonable nurse, have a duty to
follow the policy here at the facility?

. | don’t really know what the policy says, but I'm sure it’s
reasonable and yes | should probably follow it.

. If you failed to follow the policy, can we agree that you
would have been acting unreasonably and beneath the
accepted standards of care?

A. | probably should follow a policy if it exists. | guess if | didn’t,

| was beneath the standard of care.

The nurse went on to define terms differently from the definition
contained in the policy and testified that the physician with whom
she was working was aware of her actions. When the physician was
questioned, he testified as follows:

Q. Do you expect the nurses to follow your specific orders and,
when orders are not present specific to the chart, to follow
policies or protocols that are in place for the delivery of
health care to patients?

. Absolutely.

. For this patient, did you write a specific postoperative order?

No.

Your order says, “post total abdominal hysterectomy protocol”?

Yes.

Does that mean the nurse should follow the hospital’s

policy or protocol?

. Absolutely.

. Is a reasonable nurse allowed to deviate from that policy or

protocol without calling you first?

No.

> O>

re)

bases of any litigation should be familiar to you before providing
sworn testimony under oath. Because these written policies can
form the basis of an accepted standard of care in your institu-
tion, any testimony or records inconsistent with these policies
can be viewed by a jury as being outside the standard of care, or
negligent (Box 6.6).

In the boxed example, a lack of familiarity with the standard
policy within the hospital created a scenario in which the physi-
cian and nurse were uncertain as to what the hospital expected.
Compounding matters, the lack of familiarity with the policy
and protocol prior to deposition created a scenario in which
not only did the nurse provide testimony that she deviated
from the policy but also she was forced to acknowledge a total
lack of familiarity with the same. In short, knowledge of and
compliance with institutional policies, guidelines, and resources
can demonstrate the implementation of appropriate care and
documentation can be the shield of your defense; conversely,
ignorance of and deviation from such policies can provide a
documented deviation from the standard of care that will be the
sword of the plaintiff.
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WHEN A CLAIM IS MADE

The institution of a claim varies from state to state and is
defined differently among various insurance policies. It is
imperative that you have an understanding through your insti-
tution, insurance policy, and within your state as to what con-
stitutes knowledge or notice of a claim. When notice of a claim
is received, it is imperative that you immediately notify your
hospital or group administrator and your insurance company.
A failure to timely notify individuals can jeopardize insurance
coverage or compromise your defense, and in a worst-case sce-
nario may potentially result in a default judgment for failure
to timely respond. Although the legal system does move slowly,
there are certain parameters, and timely responses are manda-
tory at the beginning of litigation.

Participation in a claim is aggravating, frightening, and an
imposition on your professional or personal time. However, it is
critical to avoid procrastination or de-prioritization of the claim
regardless of the level of merit or damages perceived by you.
A lawsuit is typically commenced by the filing of a legal plead-
ing known as a “complaint.” Thereafter, there will be a statutory
amount of time for an “answer” to be filed on your behalf. The
first portion of litigation is thereafter referred to as “discovery.”
This is where each side exchanges information either through
documents or sworn testimony between the sides—first regard-
ing factual information, then regarding expert opinions in the
claim. A deposition is simply the opposing attorney’s opportu-
nity to ask questions under oath that are reasonably calculated to
lead to relevant discoverable evidence.

Your deposition is an obligation, not an opportunity. In
that regard, it is critical that you meet with your attorney in
advance of your deposition so that you can be prepared for the
relevant issues. A critical review of your care with your attorney
is important so that you that can anticipate all areas of ques-
tioning and avoid surprise questioning under oath. The answers
you give under oath are sworn testimony in the case, and often
depositions circulate through the legal community even after the
case closes. It is recommended that you meet at least 1 week
in advance of your deposition with counsel for a preparatory
session, which will allow you adequate time in the event your
practice requires rescheduling that meeting, before you actually
give your testimony at deposition. Additional preparation could
include a mock deposition, or simulation in a question-and-
answer format, with another attorney to give you a sense of the
actual deposition. This can be very useful to isolate and review
medically complex issues and to enhance your preparation for
giving sworn testimony.

Your deposition testimony, along with that of the other fac-
tual witnesses, will supplement the medical record for the expert
witnesses retained by all parties to litigation to utilize in formu-
lating their opinions and testimony. All of which, in turn, will
ultimately become the evidence jurors will use to judge which
positions they find most reasonable. Accordingly, just as accu-
rate, concise, and consistent communication in your medical
record is a priority, so too should it be within your deposition.

Following discovery, cases are usually scheduled for jury trials
based on individual court docket systems. You should plan on
attending each day of your trial and participating in the trial all
day and some evenings. Although it is no physician’s desire to
take time away from his or her practice to be in a courtroom, it
is imperative that when you arrive, you have an accurate medical

Box 6.7 Practice Tip

. Secure and isolate the patient’s complete medical record.
. Make no additions, modifications, or alterations to that chart.
. Immediately notify either your institutional administrative
or insurance representative of the claim, in order to preserve
malpractice coverage.
4. Participate fully—and as a priority—in the defense of the qual-
ity of your care.

wN =

record and deposition to support the reasonableness of the deci-
sions you made at the time that you made them (Box 6.7).

FRAUD AND ABUSE

In 1972, as part of the first amendments to the Medicaid and
Medicare rules and regulations, Congress passed antifraud and
abuse regulations. The first such laws were hardly more than a
slap on the wrist. However, in 1977 Congress made those laws
draconian. False statements include the following:

1. Knowingly and willfully making or causing to be made any
false statement or representation of a material fact in seeking
to obtain any benefit or payment

2. Fraudulently concealing or failing to disclose information
affecting one’s rights to a payment

3. Converting any benefit or payment rightfully belonging to
another

4. Presenting or causing to be presented a claim for a physician’s
service knowing that the individual who furnished the service
was not licensed as a physician

These also encompass false claims, bribes, kickbacks, rebates,
or “any remuneration” and are felonies with a maximum pen-
alty of 5 years in jail and a $25,000.00 fine possible for each such
offense. (The law states that any provider who knowingly and will-
fully solicits, pays, offers, or receives any remuneration, in cash or
in kind, directly or indirectly, overtly or covertly, to induce or in
return for arranging for or ordering items or services that will be
paid for by Medicare or Medicaid will be guilty of a felony.) These
rules and regulations essentially made it impossible to practice
without violating some aspect of the fraud and abuse laws. It was,
however, 10 years before the laws were refined in the Medicaid-
Medicare Patient Protection Act of 1987, which provided some
safe harbors to free normal course-of-business procedures. Since
1987, the government has pursued fraud and abuse cases with
ever-increasing vigor. In 2003, settlements in fraud and abuse
cases netted the government close to $2 billion (WS]J, 2004). The
real danger to the physician is not the fine that may force him or
her into bankruptcy or the unusual imposition of jail time (to
date, the government has seemed more interested in recovering
cash and calling a halt to illegal practices than it has in jailing doc-
tors), but the felony conviction that may result in the automatic
loss of the license to practice. Thus Medicare/Medicaid fraud and
abuse is a far more dangerous hazard than is malpractice.

Practical Tip

Have your patients sign in regardless of whether they have come
for an office visit or just a procedure. If you are worried about
privacy issues, use a privacy sign-in sheet to prevent subse-
quent signers from seeing previous signers. (Colwell Publishing
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provides several styles of such sheets, and they are likely supplied
by local firms as well.)

Do not unbundle procedures that are supposed to be bundled
on a physician’s visit. Do not unbundle surgical procedures. Do
not charge for procedures done by another licensed provider or
charge for a physician’s services if the physician is not physically
present. Send your personnel to an accredited coding course,
and make sure your coding is being done in an accurate man-
ner. Do not be tempted to code up. Time studies and statistics
are against you. Finally, beware of the “coding consultant” who
promises to increase your accounts receivable.

LABORATORY TESTS

In my experience, one of the most common reasons for malprac-
tice suits is the unreported abnormal laboratory or x-ray finding.
The usual story is that the pathologist or radiologist returns the
report and the efficient clerk, receptionist, or nurse staples it in
the medical record and then files the record. The alternative story
is that the report is never sent and there is no follow-up. Of
course, normal clerical errors do occur in any business; never-
theless, the physician’s fiduciary duty extends to communicating
the results and meanings of all abnormal tests to the patient.
Therefore the failure to communicate the results of an abnormal
Pap smear, glucose tolerance test, or mammogram to a patient
can have disastrous legal consequences.

Practical Tip

A gynecologist must have a system to track and document all
laboratory and diagnostic tests and imaging studies ordered.
There is no totally satisfactory way to do this. Old-fashioned
“tickler” files are the least efficient, but they are better than noth-
ing. Some office-generated computer programs have been highly
successful, and some of the commercially available programs
even generate an automatic notification letter. In any case, the
physician must track all ordered tests and make every reasonable
effort to notify the patient. The notification and follow-up must
be documented. Telling the patient to call for the test results
does not relieve the physician of his or her duty to notify. Finally,
use the information you secure. Do not order laboratory or other
diagnostic tests and then ignore or belittle those results.

CAP STRATEGY

CAP (communication, anticipation, and preparation) should be
the cornerstone of simple practice philosophies that, when effec-
tively put into practice by qualified, trained health care providers
in a safe medical system, will increase patient safety and thereby
“cap” exposure to liability (Fig. 6.1).

The optimal health system will assimilate CAP between and
among the care providers within any given institution or health
system. Applying the principles of CAP will ensure, by employ-
ing efficient written, verbal, and policy guidelines, that the right
health care providers will have the correct information neces-
sary to effectuate optimal care. There is no single greater way to
reduce medical liability than to increase patient safety.

Next we will review how these simple, sound, and commonsense
approaches can be incorporated to increase patient safety. Errors
have and will continue to occur in any system that involves people

PREPARATION

Figure 6.1 Communication + Anticipation + Preparation = Patient
safety and reduced medicolegal risk.

performing duties or tasks. “The most extensive study of adverse
events is the Harvard medical practice study, a study of more than
30,000 randomly selected discharges from 51 randomly selected
hospitals in New York State in 1984. Adverse events, manifested by
prolonged hospitalization or disability at the time of discharge, or
both occurred in 3.7% of the hospitalizations. The proportion of
adverse events attributed to errors (i.e., preventable adverse events)
was 58% and the proportion of adverse events due to negligence
was 27.6%.” These data were corroborated in the 1992 studies in
Colorado, Utah, and New York state IOM, 2000). Errors can be
diagnostic, treatment based, preventive, or other (Leape, 1993).
The American College of Obstetrics and Gynecology (ACOG)
Committee Opinion 447 further placed patient safety in obstet-
rics and gynecology on the forefront (ACOG, 2009). The com-
mittee opinion set forth that a culture of safety should be the
framework for any effort to reduce medical errors. The goal is to
encourage obstetricians and gynecologists to adopt and develop
safe practices that will reduce the likelihood of system failures
that can cause adverse outcomes in their patient populations.

COMMUNICATION

As explained previously, communication is the bedrock of safety
and efliciency in every high-risk organization. Health care com-
munications can be written in the medical record, published as
guidelines and literature, treated as verbal communications, and
accepted as cultural norms within an institution. In its analysis
of sentinel events, The Joint Commission found that almost two
thirds of the events involved communication failure as a root
cause (T]JC, 2004). Communication training is now becoming
increasingly recognized as the cornerstone of any patient safety
program. AHRQ developed the TeamSTEPPS trademark pro-
gram to address this issue (AHRQ, 2015). Obvious times for
increased risk in communication slipped through the cracks
at patient handoffs, patient transfers, or shift changes. ACOG
found that an increased awareness of the importance of clear
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communication between all members of the health care team
will measurably enhance the safety of the care delivered by obste-
tricians and gynecologists. Training around these issues for all
health care providers is highly recommended.

Communication requires, first, a basic understanding of roles
and responsibilities. Team members must be cleatly trained in
their roles and familiar with the appropriate policies, guidelines,
or procedures for delivering routine and emergent care. Through
enhanced communication, and clear communication, medical
errors can be avoided.

ANTICIPATION

Anticipation is defined as an expectation or prediction. Within
each patient’s clinical presentation there are varying degrees of a
health care provider’s ability to anticipate outcomes. Anticipa-
tion assists in ensuring the right people and necessary equipment
are in place to provide appropriate and safe care when needed.
Anticipation requires an understanding of the patient’s clinical
presentation, hospital resources, and any likely encumbrance to
the delivery of safe and effective care.

PREPARATION

The Joint Commission has recommended and mandated, at
various levels, simulation programs or training. Simulations
are a way for institutional practices to be perfected prior to
one’s handling of life-threatening emergencies. The concept of
a simulation, though basic and simple, requires more than just
the simple actions that day. The preparation required includes
appropriate stafling; reasonable, updated, and appropriately
disseminated policies and guidelines that include definitions of
roles and responsibilities; and planned simulations of foreseeable
emergencies.

CONCLUSION

In the broadest sense, medical malpractice is defined by
whether or not conduct and decisions were reasonable. The fear

NOT ALIGNED

Some holes due to
active failures

Hazards

Other holes due to
latent conditions

Successive layers of defenses

of all physicians is that they will be judged ultimately by lesser-
trained individuals who identify more with the patient than
with the provider. The tests of reasonableness they will utilize
are often as simple as asking the question, based on the care
and the testimony you provided. Would the jurors be com-
fortable being treated by you? If the answer to that question
is yes, regardless of the complications, decision making, and
outcomes, then the most likely jury verdict will be in favor of
the defendant physician. However, if the care appears to be
inattentive or inconsistent and the records or depositions are
inaccurate, the chance to explain your decision and the reason-
ableness you feel is behind it may be lost through no one’s fault
but your own.

Breakdowns in the systems of communication—with
patients, care providers, or through the medical records—can
create a host of problems for physicians, nurses, and health
care institutions in the event of an unfavorable treatment
outcome. By focusing attentively on both system-wide and
individual best practices for accurate and contemporaneous
communications, many problems can be avoided or quickly
resolved. Awareness that your patients will have serious ques-
tions about unexpected, often life-altering, outcomes is inte-
gral to avoiding legal problems. Only when patients feel that
they have not received satisfactory answers from their care
providers will they seek those answers elsewhere—most likely
from an attorney.

Focusing on communication, anticipation, and preparation
will ensure the appropriate people are in the appropriate place
with the appropriate information to deliver health care within a
timely manner. The concept of capping one’s liability is far too
often looked at retrospectively through litigation or discussed
after an error occurs. In reality, the best ways to cap liability
is through enhanced communication and the development of a
cohesive system of health care, which are both patient focused
and health care provider friendly.

Balancing practice modifications that become oppressive
or interfere with the delivery of reasonable and efficient health
care can be challenging. However, ensuring adequate layers of
redundancies and safeguards to make certain a single or per-
haps even two human errors are protected by a well-designed
cohesive system will prevent an undesirable outcome or patient

harm (Fig. 6.2).

ALIGNED

Some holes due to
active failures

Hazards

Other holes due to
latent conditions

Accident

Successive layers of defenses

Figure 6.2 Swiss cheese model system errors and benefits of redundancies.
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History, Physical Examination,
and Preventive Health Care

Vicki Mendiratta, Gretchen M. Lentz

The first contact a physician has with a patient is critical. It
allows an initial bond of trust to be developed on which the
future relationship may be built. The patient will share sensi-
tive medical, reproductive, and psychosocial information. The
physician will gain her confidence and establish rapport by the
understanding and nonjudgmental manner in which he or she
collects these data. Today’s obstetrician/gynecologist (OB/GYN)
will care for women from around the globe, with varying cul-
tural, social, and religious beliefs and values. Women will be of
differing socioeconomic status, may have physical or mental dis-
abilities, and may identify as lesbian, bisexual, or transgender.
Open communication, with an awareness of and sensitivity to
the vast diversity of our patient population, will help to create
a collaborative environment in which to explore health issues.

‘The annual well-woman visit is a crucial part of general medi-
cal care. During this visit, the health care provider can attend to
current gynecologic concerns, promote disease prevention, assess
risks for potential disease, and provide the indicated physical
examination or tests. This annual health encounter should include
healthy lifestyle counseling, as well as screening and immuniza-
tions as appropriate, based on the patient’s age and risks.

The first visit generally involves taking a complete history, per-
forming a complete physical examination, and ordering appropri-
ate screening or laboratory tests. The physician practicing obstetrics
and gynecology should not assume that others are caring for the
patient’s general medical needs. It may be appropriate to assume
the role of her primary physician, with your care including atten-
tion to preventive health services, depending on the physician’s
training and skills. In other circumstances, a referral to a primary
care provider may be more appropriate to better serve the patient.

This chapter focuses on the appropriate manner that an
obstetrician/gynecologist should use to conduct a history and
physical examination and discusses the appropriate ingredients
of ongoing health maintenance.

DIRECT OBSERVATIONS BEFOR DE
TO THE PATIENT (NONVERBA

When meeting a patient, it is important to /ook at her even before
speaking. Differing cultural backgrounds and belief systems may

greatly affect the information transfer and challenge effective
communication. The general demeanor of the patient should be
evaluated. Many new patients are apprehensive about meeting
a new physician and the pelvic examination. This apprehension
may create barriers to an open and positive first encounter.

By observing nonverbal clues, such as eye contact, posture,
facial expressions, or tone of voice, the physician can determine
the appropriate approach for conducting the interview. The act
of greeting the woman by name, making eye contact, and shak-
ing hands is a formal but friendly start to the visit.

Four qualities have been recognized as potentially important
in caring communication skills: comfort, acceptance, respon-
siveness, and empathy. Despite the busy demands of clinical
practice, effective communication skills enhance patient satisfac-
tion and patient safety and decrease the likelihood of medical
liability litigation. Box 7.1 lists some components of effective
physician communication.

ESSENCE OF THE GYNECOLOGIC HISTORY
CHIEF COMPLAINT

The patient should be encouraged to tell the physician why
she has sought help. The chief complaint is a concise statement
describing the woman’s problem in her words. Questions such as
“What is the nature of the problem that brought you to me?” or
“How may I help you?” are good ways to begin.

HISTORY OF THE PRESENT ILLNESS (HPI)

The patient should be able to present the problem as she sees it,
in her own words, and should be interrupted only for specific
clarification of points or to offer direction if she digresses too
far. During the interview the physician should face the patient
with direct eye contact and acknowledge important points of
the history. This approach allows the physician to be involved in
the problem and demonstrates a degree of caring to the patient.
Now that electronic medical records (EMRs) are almost uni-
versally utilized, the ability to sit and just listen to the patient
and provide that direct eye contact can be challenging, as pro-
viders are often documenting while the patient is sharing her
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Box 7.1 Components of Effective Physician Communication

Be culturally sensitive.

Establish rapport.

Listen and respond to the woman’s concerns (empathy).

Be nonjudgmental.

Include both verbal and nonverbal communication.

Engage the woman in discussion and treatment options
(partnership).

Convey comfort in discussing sensitive topics.

Abandon stereotypes.

Check for understanding of your explanations.

Show support by helping the woman to overcome barriers to care
and compliance with treatment.

story. When the patient has completed the history of her cur-
rent problem, pertinent open-ended questions should be asked
with respect to specific points. This process allows the physician
to develop a more detailed database. Directed questions may be
asked where pertinent to clarify points. In general, however, the
patient should be encouraged to tell her story as she sees it rather
than to react with short answers to specific questions. Under the
latter circumstance, the physician may get the answers he or she
is looking for, but they may not be accurate answers. When the
HPI is documented in the medical record, it represents a chron-
ologic history of the current concerns.

A general outline for a gynecologic and general history is
given in Box 7.2. The outline is given in a specific order for
general orientation. The information, however, may be collected
through any comfortable discussion with the patient that seems
appropriate in the circumstances. It is important that all aspects
be covered.

PERTINENT GYNECOLOGIC HISTORY

A pertinent gynecologic history can be divided into several
parts. It begins with a menstrual history, in which the age of
menarche, duration of each monthly cycle, number of days dur-
ing which menses occurs, and regularity of the menstrual cycles
should be noted. The dates of the last menstrual period should
be obtained. In addition, the characteristics of the menstrual
flow, including the color, the amount of flow, and accompany-
ing symptoms, such as cramping, nausea, headache, or diarrhea,
should be noted. In general, menstruation that occurs monthly
(range 21 to 35 days), lasts 4 to 7 days, is bright red, and is often
accompanied by cramping on the day preceding and the first day
of the period are all characteristics of an ovulatory cycle. Men-
struation that is irregular, often dark in color, painless, and fre-
quently short or very long may indicate lack of ovulation. Often
adolescents or premenopausal women have anovulatory cycles
with resultant irregular menstruation. Any vaginal bleeding not
related to menses (intermenstrual bleeding) should be noted, as
well as its relationship to the menstrual cycle and to other events,
such as coitus (postcoital bleeding), the use of tampons, or the
use of a contraceptive device. For the postmenopausal woman,
the age at last menses, history of hormone replacement therapy,
and any postmenopausal bleeding should be noted.

The second pertinent point in the gynecologic history is that
of previous pregnancies. The woman should be asked specifi-
cally to list all pregnancies, including chemical pregnancies, all

Box 7.2 History Outline

|. Observation—nonverbal clues
II. Chief complaint
[ll. History of gynecologic problem(s)
A. Menstrual history—last menstrual period, previous
menstrual period
. Pregnancy history
. Vaginal and pelvic infections
. Gynecologic surgical procedures
. Urologic history
. Pelvic pain
. Vaginal bleeding
. Sexual status
. Contraceptive status
IV. Significant health problems
A. Systemic illnesses, including bleeding problems
B. Surgical procedures
C. Other hospitalizations
V. Medications, habits, and allergies
A. Medications taken
B. Medication and other allergies
C. Smoking history
D. Alcohol usage
E. lllicit drug usage
VI. Family history
A. llinesses and causes of death of first-order relatives
B. Congenital malformations, mental retardation, and
reproductive loss
VII. Occupational and avocational history
VIII. Social history
IX. Review of systems
. Constitutional—such as fever, fatigue
. Head, eyes, ears, nose, mouth, throat
. Cardiovascular—such as chest pain
. Respiratory—such as cough or shortness of breath
. Gastrointestinal—such as constipation, bloating, diarrhea,
abdominal pain
F. Genitourinary—such as incontinence, urinary frequency

—_ TO-1mUON ™
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or urgency
G. Musculoskeletal—such as back pain
H. Skin
|. Neurologic
J. Psychiatric—such as sadness, feeling down or anxious;

a short depression screening inventory can be adminis-
tered; a frequently utilized inventory is the Patient Health
Questionnaire 9

K. Endocrine—such as significant weight gain or loss

L. Hematologic—easy bleeding from gums or nose

M. Allergic/immunologic

X. Physical abuse
A. Sexual abuse—incest, rape, sexual touching

abortions (spontaneous and induced), molar and ectopic preg-
nancies. For deliveries, the following information should be
obtained: year of birth, gestational age at delivery, the type of
delivery, infant birth weight, and any complications that may
have occurred. For all other pregnancies, the circumstances
under which they took place, the method by which they were
concluded (dilation and curettage [D&C], methotrexate, etc.),
and any complications should be obtained.

Next, a history of vaginal and pelvic infections should be
obtained. The patient should be asked what types of infection she

has had, what treatment she received, and what complications
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Box 7.3 United States Preventive Services Task Force

Definitions of High Risk for HIV and Gonorrhea

Gonorrhea Risk

History of previous gonorrhea infection
Treatment or presence of other STDs
New or multiples sexual partners
Inconsistent condom use

Sex trade work

Drug use

HIV Risk
Men and women having unprotected sex with multiple partners
Past or present injection drug use
Women who exchange sex for money or drugs or who have
partners who do
Women whose past or present partners were/are HIV-infected,
bisexual or intravenous drug users
Women being treated for STDs
Women with a history of blood transfusion between 1978 and
1985
Women receiving health care in a high prevalence or high-risk
clinical setting
Modified from Campos-Outcalt D. US Preventive Services Task Force: the gold
standard of evidence-based prevention. / Fam Pract. 2005;54:517-519.
STDs, Sexually transmitted diseases.

she experienced. Risk factors for human immunodeficiency virus
(HIV) infection, such as intravenous drug abuse or coitus with
drug abusers or bisexual men, should be sought by direct ques-
tioning and HIV screening offered where appropriate (Box 7.3).
The 2013 U.S. Preventive Services Task Force (USPSTF) report
states with “high certainty that the net benefit of screening for
HIV infection in adolescents, adults and pregnant women is
substantial” (Moyer, 2013). Part of this rationale stems from
the fact that 20% to 25% of individuals living with HIV infec-
tion are unaware they are infected. All hospitalizations should be
reviewed as to cause and outcome.

The physician should obtain a Pap smear screening history,
including the date of the last Pap smear, the frequency of screen-
ing, and any abnormal tests and the treatment. The patients
human papilloma virus (HPV) vaccination status should be
determined.

The woman’s contraceptive history should be investigated,
including methods used, length of time they have been used,
effectiveness, and any complications that may have arisen.

All instances of gynecologic surgical procedures should be
noted, including office procedures, such as endometrial biopsies;
vulvar, vaginal, or cervical biopsies. For any minor or major pro-
cedures, such as laparoscopy or laparotomy, the following data
should be collected: dates, types of procedures, diagnoses, and
significant complications. In cases where pertinent, past records,
particularly operative and pathology reports, should be sought.

A complete sexual history should be obtained (Box 7.4),
and specific problems should be evaluated. The history should
include whether the patient is currently sexually active or has
been in the past. Patients should be asked if they have one or
more current partners and if they have sex with men, women, or
both. The provider should also inquire about any sexual dysfunc-
tion such as dyspareunia or anorgasmia.

Symptoms of pelvic pain or discomfort should be discussed
fully. Six common questions should be asked about the pain:

Box 7.4 Important Points of Sexual History

. Sexual activity (presence of)
. Types of relationships
. Individual(s) involved
. Satisfaction? Orgasmic? Desire/interest?
. Dyspareunia
. Sexual dysfunction
a. Patient
b. Partner

AUThA WN =

location; timing; quality, such as throbbing, burning, colicky;
radiation to other body areas; intensity on a scale of 1 to 10, with
10 being the worse pain imaginable; and duration of symptoms.
Additional questions about what causes the pain to worsen or
subside; the context of the pain symptoms; and associated trig-
gers, signs, and symptoms may be helpful. The pain should be
described, noting the presence or absence of a relationship to
the menstrual cycle and its association with other events, such as
coitus or bleeding and bladder and bowel symptoms.

GENERAL HEALTH HISTORY

The woman should be asked to list any significant health prob-
lems that she has had during her lifetime, including all hos-
pitalizations and operative procedures. It is reasonable for the
physician to ask about specific illnesses, such as diabetes, hyper-
tension, or heart disease, that seem likely based on what is known
about the woman or about her family history. Many physicians
use a history checklist of the most common conditions.

Medications taken and reasons for doing so should be noted,
as should allergic responses to medications. The woman should
be encouraged to bring all medications, both prescription and
over-the-counter drugs, including herbal preparations, to subse-
quent health maintenance visits. Most women who use comple-
mentary and alternative medicines do not offer this information
to physicians.

A history of smoking should be obtained in detail, including
amount, length of time she has smoked, and attempts at quitting
smoking. She should be questioned about the use of illicit drugs,
including heroin, methamphetamines, cocaine, and prescription
drug abuse with narcotics. Any affirmative answers should be
followed by specific questions concerning length of use, types
of drugs used, and side effects that may have been noticed. Her
use of alcohol should be detailed carefully, including the number
of drinks per day and any history of binge drinking or previous
therapy for alcoholism.

FAMILY HISTORY

A detailed family history of first- and second-degree relatives
(parents, siblings, children, aunts, uncles, and grandparents)
should be taken and a family tree constructed if relevant
(Fig. 7.1). Serious illnesses or causes of death for each indi-
vidual should be noted. If the woman desires fertility now
or in the future, an inquiry should be made about any con-
genital malformations, mental retardation, or pregnancy loss
in either the woman’s or her spouse’s family. Such informa-
tion may offer clues to hereditarily determined causes of
reproductive problems.
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Figure 7.1 Family tree of typical gynecologic patient.

Occupational and Social History

The woman should be asked to detail her occupation. A non-
judgmental way to approach this could be to ask if she is cur-
rently working outside of the home. It is very important to
determine if she is currently exercising, what type of activity she
engages in, and the frequency of exercise.

Additional information that may be relevant include hob-
bies and other avocations that may affect health or reproductive
capacity, where and with whom the woman lives, other indi-
viduals in the household, areas of the world where the woman
has lived or traveled, or unusual experiences that may affect

her health.

SAFETY ISSUES

The patient should be questioned about safety matters. She
should be asked about the use of seat belts and helmets (if
she rides a bicycle, motorcycle, or horse). She should be
asked whether there are firearms in her household and, if so,
whether appropriate safety precautions are taken. A ques-
tion about intimate partner violence is appropriate and can
be asked in a nonthreatening manner, such as “Has anyone
in your household threatened or physically hurt you?” Sex-
ual violence is a widespread problem, and as more is being
learned about prevention, providers should be knowledgeable
about resources (Senn, 2015).

NUTRITIONAL AND DIETARY ASSESSMENT

It is important to inquire about dietary choices that our
patients make. Assessment of folic acid is important in repro-
ductive-aged women. Asking about fruits and vegetables as
well as calcium-containing foods should be standard. Vegetari-
ans and vegans may need additional discussion about adequate
protein and vitamin/mineral intake. A referral to a certified
nutritionist may be a valuable addition to routine preventive
health care.

REVIEW OF SYSTEMS

A complete review of systems (ROS) should be obtained and
documented. (See Box 7.2 for comprehensive ROS and some
relevant examples.)

The scope of services and examination provided by an OB/GYN
in the ambulatory setting will vary from practice to practice. In
2014, the American College of Obstetricians and Gynecolo-
gists (ACOG) reaffirmed its recommendation that the annual
examination include obtaining vital signs, determining body
mass index (BMI), palpating the abdomen, palpating inguinal
lymph nodes, and making an overall assessment of the patient’s
health (ACOG Committee Opinion, No. 534, 2014). The
extent to which additional examination is performed is based
on many factors, such as age, patient concerns, family history,
and whether the patient has a primary care provider whom she
also sees for routine and concern-driven care. Not all women
will require a clinical breast exam or pelvic exam at each annual
visit. Refer to Table 7.1 for examination and screening recom-
mendations.

PHYSICAL EXAMINATION

The patient should disrobe completely and cover herself with a
hospital gown that ensures warmth and modesty. During each
step of the examination she should be allowed to maintain per-
sonal control by being offered options whenever possible. These
options begin with the presence or absence of a chaperone. The
chaperone, a third party, usually a woman, serves a variety of
purposes. She may offer warmth, compassion, and support to
the patient during uncomfortable or potentially embarrassing
portions of the examination. She may help the physician to carry
out procedures and in some cases act as a witness to the doctor-
patient interaction. Although the presence of a chaperone is not
imperative in every physician-patient relationship, one should be
immediately available for any encounter.

The examination should begin with a general evaluation of
the patient’s appearance and affect. Her weight, height, and
blood pressure should be taken initially. A body mass index
(BMI) should be calculated and is an important “vital sign” to
track over time. Most currently used electronic medical records
(EMRs) will automatically calculate BMI when height/weight
data are entered. Postmenopausal women should have their
height measured routinely to document evidence of osteoporo-
sis, which causes loss of height from vertebral compression frac-
tures. Some institutions require a pain scale reporting at each
visit and consider it a fourth vital sign.

Most gynecologists will not perform a comprehensive screen-
ing head, eye, ears, neck, and throat (HEENT) examination.
The American Academy of Ophthalmology (AAO) recommends
that adults with no signs or risk factors for eye disease should
receive a baseline comprehensive eye evaluation at age 40 and
then every 2 to 4 years until age 55; every 1 to 3 years through
age 64: and yearly to every other year for individuals 65 years old
or older (AAO, 2015).

The thyroid gland should be palpated for irregularities or
increase in size (goiter). Discrete areas of enlargement, hardness,
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Table 7.1 Examination, Screening, and Immunization Recommendations for the Annual Health Maintenance Visit

AcE (YEARS)

19-39 40-64 65+

Vital signs Ht, Wt, BMI, BP Ht, Wt, BMI, BP Ht, Wt, BMI, BP

Neck Adenopathy, thyroid Adenopathy, thyroid Adenopathy, thyroid

Clinical breast exam$ q 1-3 years, beginning at 20 Yearly Yearly

Abdomen Yearly Yearly Yearly

Pelvic/speculum 21+ periodically* Annually/periodically* Annually/periodically*

Additional exams As indicated As indicated As indicated

Pap 21+, q 3 years q 5 with co-test (preferred) Discontinue if negative adequate
orq 3 Pap screening and no hx of CIN2+

Chlamydia/gonorrhea <26 and sexually active, yearly As indicated As indicated

Colon cancer screening n/a 50+, colonoscopy q 10 years' Colonoscopy q 10 years

Diabetes testing As indicated 45+, q 3 years q 3 years

Mammogram If indicated Annually* Annually*

Lipids If indicated 45+, q 5 years q 5 years

Thyroid-stimulating hormone  If indicated 50+, q 5 years q 5 years

Bone mineral density If indicated q 2+ years

Immunizations HPV, Tdap once, TD q 10 years;
influenza yearly

HIV Offered routinely*

Tdap once, TD q 10 years; influenza
yearly; herpes zoster once (>59)
Offered routinely’

Influenza yearly; Tdap once, TD
q 10 years; pneumococcus once
Offered routinely!

Additional data from American the Congress of Obstetricians and Gynecologists (ACOG). Well-woman care: assessment and recommendations (http://www.acog.org/

wellwoman).

*No evidence supports or refutes the annual pelvic exam, speculum, bimanual exam for low-risk, asymptomatic patients. Decisions about the examination for this group

should be shared between patient and provider (ACOG Committee Opinion, 1#534).

TThe American College of Gastroenterology recommends African Americans initiate screening at age 45 due to a higher earlier incidence of colorectal cancer. Colonos-
copy is preferred but other methods include fecal occult blood testing, flexible sigmoidoscopy, double contrast barium enema, computed tomography colonography,

stool DNA (interval for testing varies based on method utilized).
tPer ACS/ACOG, however USPSTF: start age 50 and q 2 years.
SACS and National Comprehensive Cancer Network.

ICDC: Advisory Committee on Immunization Practices.

4CDC recommends “routine” testing in all patients, frequency to be determined by patient and provider.
General recommendations for low-risk populations. High-risk populations may have more recommended vaccines.
High-risk groups based on lifestyle, concurrent medical conditions, and family history may have other testing or intervals for testing. Chart represents recommendations

for the general populations.

BMI, Body mass index; BP, blood pressure; HIV, human immunodeficiency virus; Ht, height; hx, history; g, every; Wt, weight.

and tenderness should be described. The patient’s neck should
be palpated for evidence of adenopathy along the supraclavicular
and posterior auricular chains.

In a comprehensive preventive health examination, both the
chest and cardiac systems should be evaluated. Whether this is
necessary in an annual well-woman visit for a healthy woman is
at the discretion of the provider. A nongynecologic primary care
provider or subspecialist will likely care for women with medical
conditions such as hypertension or diabetes. When performing
the chest exam, the chest should be inspected for symmetry of
movement of the diaphragm and observed for respiratory effort.
This is followed by palpation, percussion, and auscultation.

The heart should be examined by palpation for points of maxi-
mum impulse, percussed for size, and auscultated for irregularities
of rate and evidence of murmurs and other adventitious sounds.
The patient’s heart should be auscultated in both the lying and the
sitting positions. An older woman’s neck should be auscultated for
evidence of vascular bruits.

BREAST EXAM

There is no evidenced-based recommendation for when to begin
clinical breast exam (CBE) screening in the low-risk, asymp-
tomatic woman. ACOG, American Cancer Society (ACS), and
National Comprehensive Cancer Network (NCCN) all recom-
mend CBE every 1 to 3 years for women ages 20 to 39 and yearly

thereafter (ACOG Committee Opinion, No. 534, 2014). A
careful breast examination should be carried out in a systematic
fashion. To summarize a detailed clinical breast examination,
refer to Box 7.5. Research has shown the following factors are
associated with a high-quality breast examination: longer dura-
tion, thorough coverage of the breast, a consistent exam pattern,
use of variable pressure with the finger pads, and use of the three
middle fingers. ACOG, ACS, and NCCN all recommend the
teaching of breast self-awareness, including teaching breast self-
examination. Women are no longer instructed to examine their
own breasts monthly but rather if they feel or see any concerning
symptom or abnormality such as redness, pain, skin changes, or
a mass.

ABDOMINAL EXAM

The abdomen should first be inspected for symmetry, scars,
masses, distension, and visible organomegaly. The hair pat-
tern should be noted. The typical female escutcheon is that of
an inverted triangle over the mons pubis. A male escutcheon
involves hair growth between the area of the mons pubis and the
umbilicus, also known as a diamond pattern, and may indicate
excessive androgen activity in the patient (Fig. 7.2).

‘The physician should listen (auscultation) for bowel sounds.
Hypoactive or absent bowel sounds may imply an ileus caused
by peritoneal irritation of the bowel. Hyperactive bowel sounds
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may imply intrinsic irritation of the bowel or partial or complete
bowel obstruction.

Next, abdominal percussion affords the ability to differenti-
ate fluid waves and to outline solid organs and masses. Localized
percussion tenderness may suggest peritoneal inflammation.

Finally, the abdomen should be palpated for organomegaly,
particularly involving the liver, spleen, kidneys, and uterus, and
for adnexal masses, which may be palpated abdominally, if large.
Palpation affords the possibility of noting a fluid wave, which
would suggest either ascites or hemoperitoneum. Palpation also
yields evidence for rigidity of the abdomen, which would imply
spasm in the rectus muscles secondary to intraabdominal irri-
tation. Where the irritation is caused by intraabdominal hem-
orrhage or infection, this rigidity is often evidence of an acute
abdomen. During the palpation of the abdomen, the physician
should elicit the phenomenon of rebound, which also signi-
fies intraabdominal irritation, by gently pressing the abdomen
and then releasing. The release may cause pain either under the
spot (direct rebound) or in a different portion of the abdomen
(referred rebound). It should be noted, however, that sudden,
deep pressure may cause pain even in a normal patient. Gentle
pressure carried out systematically may elicit painful “trigger
points.” With the woman straining or simulating an abdominal

Box 7.5 Clinical Breast Examination Elements

1. With patient sitting up, position her hands at her hips and ask
her to gently push inward. Visualize for symmetry. Ask patient
to put hands together above head and press inward. Visualize
for symmetry. With arms at side, palpate axilla bilaterally, feel-
ing for lymph nodes.

2. In the supine position, ask patient to place arms above her
head. Pay attention to entire breast tissue from midsternum to
the posterior axillary line and from the inframammary crease to
the clavicle.

3. Inspection and palpation (a variety of palpation techniques
exist):

Skin flattening or dimpling
Skin erythema

Skin edema

Nipple retraction

Nipple eczema

Nipple discharge

Breast fixation

Tissue thickening
Palpable masses
Tenderness

sit-up, an abdominal or incisional hernia may be visualized and
the fascial defect palpated.
The groin should be palpated for adenopathy and inguinal

hernias.

PELVIC EXAMINATION

In 2014, ACOG continues to recommend that the pelvic exam,
including an external genital evaluation, speculum exam, and
bimanual exam, be performed yearly in adult women (ACOG
Committee Opinion, No. 534, 2014). However, also in 2014,
the American College of Physicians published their own
new guidelines based on a systematic review of the literature
obtained since the 1950s. The authors concluded that annual
screening pelvic exams in asymptomatic, nonpregnant adult
women do not offer benefit and can, in fact, cause harm. They
recommended against such examinations (Qaseem, 2014). This
new guideline certainly prompted much debate among physi-
cian leaders in all primary care fields. The decision to perform
this exam and the frequency of the exams remain in the hands
of the provider together with the patient. All symptomatic
women should have a pelvic exam.

The pelvic examination is conducted with the patient lying
supine on the examining table with her legs in stirrups and a
sheet draped across her. The physician should be sure the patient
is as relaxed as possible and should take a few minutes to describe
the procedure and allow the patient to prepare herself. Suggest-
ing that the patient allow her legs to fall wide apart and concen-
trate on relaxing her abdominal muscles may be helpful.

INSPECTION

The vulva and introitus should be carefully inspected beginning
with the mons pubis. The quality and pattern of the hair on the
mons and the labia majora should be noted. During the inspec-
tion of the pubic hair, the physician should look for evidence
of body lice (pediculosis). Next, the skin of the vulva/perineum
is inspected for erythema, excoriation, discoloration, or loss of
pigment and for the presence of vesicles, ulcerations, pustules,
warty growths, or neoplastic growths. In addition, pigmented
nevi or other pigmented lesions should be noted, as should
varicose veins. Skin scars denoting previous episiotomy or other
obstetric lacerations should be noted.

Next, the specific structures of the vulva should be system-
atically evaluated. The clitoris should be noted and its size and

Figure 7.2 Normal female pubic hair pattern (right) and hair pattern of female showing male

(androgenized) pattern (left).
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Figure 7.3 Normal female perineum. (Modified from Krantz KE. Anatomy of the female reproduc-
tive system. In: Benson RC, ed. Current Obstetric and Gynecologic Diagnosis and Treatment. 5th ed.

Los Altos, CA: Lange Medical; 1984.)

shape described. Normally it is I to 1.5 ¢cm in length. Any irreg-
ularities or abnormalities of the labia majora or minora should
be noted and carefully described. At times these areas are injured
by trauma related to coitus, accidental injury, or childbearing.
The patient should be questioned about evidence of trauma
when appropriate.

The introitus should be observed closely. Whether the hymen
is intact, imperforate, or open and whether the perineum gapes
or remains closed in the usual lithotomy position should be
noted.

The perineal body, the area at the posterior aspect of the labia
where the muscles of the superficial perineal compartment come
together, should be inspected. It represents the focal point of
support for the perineum and is between the vagina and the rec-
tum. The perianal area is then inspected for evidence of hemor-
rhoids, sphincter injury, warts, and other lesions (Fig. 7.3).

PALPATION

The next step in the examination of the perineum involves pal-
pation. The labia minora are gently separated, and the urethra is
inspected and the length of the urethra is palpated and “milked”
with the middle finger. In this way, irregularities and inflam-
mation of Skene glands (periurethral glands), expressed pus or
mucus, or a suburethral diverticulum can be noted. Any pus
expressed from the urethra should be submitted for Gram stain
and cultured, because it is occasionally found to contain gono-
cocci. Next, the area of the posterior third of the labia majora is
palpated by placing the index finger inside the introitus and the
thumb on the outside of the labium. In this way, enlargements
or cysts of Bartholin glands are noted. This exam should be per-
formed on each side.

The opening of the vagina should be inspected. The presence
of a cystocele or a cystourethrocele should be noted. This would
be seen as a bulging of vaginal mucosa downward from the ante-
rior wall of the vagina. The presence of this abnormality may be
noted either by simply observing or by asking the patient to bear
down (Fig. 7.4). Likewise, the posterior wall should be observed

Figure 7.4 Side and direct views of cystocele. (Modified from Sym-
monds RE. Anatomy of the female reproductive system. In: Benson
RC, ed. Current Obstetric and Gynecologic Diagnosis and Treatment.
5th ed. Los Altos, CA: Lange Medical; 1984.)

Figure 7.5 Side and direct views of rectocele. (Modified from Sym-
monds RE: Relaxations of pelvic supports. In: Benson RC, ed. Current
Obstetric and Gynecologic Diagnosis and Treatment. 5th ed. Los Altos,
CA: Lange Medical; 1984.)
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forabulging upward, which would representa rectocele (Fig. 7.5).
A cystic bulge in the cul-de-sac may represent an enterocele
(Fig. 7.6). Also, with the patient bearing down, the cervix may
become visible, indicating prolapse of the uterus (Fig. 7.7). Each
of these observations is evidence for relaxation of the pelvic sup-
ports. Accurate evaluation of pelvic organ prolapse is improved
by examining the woman standing with her legs spread apart and
with a Valsalva maneuver. Pelvic organ prolapse and pelvic floor
dysfunction are defined and extensively discussed in Chapter 20.

SPECULUM EXAMINATION

After palpation, the physician chooses the appropriate specu-
lum for the patient. The most commonly utilized are the Grave
and the Pederson specula. The Pederson speculum is nar-
rower and may be more appropriate for virginal or nulligravid
women, women with a history of sexual abuse, vaginal pain or

Figure 7.6 Lateral view of enterocele. (Modified from Symmonds
RE: Relaxations of pelvic supports. In: Benson RC, ed. Current Obstet-
ric and Gynecologic Diagnosis and Treatment. 5th ed. Los Altos, CA:
Lange Medical; 1984.)

Slight prolapse

Marked prolapse
(procidentia)

Figure 7.7 Depiction of prolapse of uterus. (Modified from Sym-
monds RE: Relaxations of pelvic supports. In: Benson RC, ed. Current
Obstetric and Gynecologic Diagnosis and Treatment. 5th ed. Los Altos,
CA: Lange Medical; 1984.)

dyspareunia, or postmenopausal women. Each is available in sev-
eral sizes corresponding to length of the blades (small, medium,
large, extra large) (Fig. 7.8).

‘The speculum should be warmed, cither by a warming device
or by being placed in warm water, and then touched to the
patient’s leg to determine that she feels the temperature is appro-
priate and comfortable. Judicious use of a water-based lubricant
can facilitate a more comfortable exam for the patient. The
speculum is then inserted by placing the transverse diameter of
the blades in the anteroposterior position and guiding the blades
through the introitus in a downward motion with the tips point-
ing toward the rectum. Because the anterior wall of the vagina is
backed by the pubic symphysis, which is rigid, pressure upward
causes the patient discomfort. This is avoided by following the
described method of introducing the speculum. Also, in the rest-
ing state the vagina lies on the rectum and actually extends pos-
teriorly from the introitus. Placing two fingers into the introitus
and pressing down may facilitate the procedure.

Once the blades are inserted, the speculum should be turned
so that the transverse axis of the blades is in the transverse axis of
the vagina. The blades should be inserted to their full length and
then opened so that the physician may inspect for the position of
the cervix. If the cervix cannot be visualized with repositioning
of the speculum, the physician should inspect for the position of
the cervix with his or her finger and then reinsert the speculum
accordingly. Once the blades are inserted and the cervix is visual-
ized, the speculum should be opened and the introitus widened
so that the cervix can be adequately inspected and any indicated
specimens obtained.

The physician then inspects the vagina and cervix. The vagi-
nal canal is inspected during the insertion of the speculum and
upon its removal. The vaginal epithelium should be noted for

Figure 7.8 Graves (left) and Pederson (right) specula.
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evidence of erythema or lesions. Vaginal lesions, such as areas of
adenosis (see Chapter 11), clear cystic structures (Gartner cysts),
or inclusion cysts on the lines of scars or episiotomy incisions,
should be noted.

Any concerning fluid discharge is collected for wet mount
and potential culture. Saline wet mount allows for visualization
of normal vaginal epithelial cells as well as any abnormal findings
such as motile michomonads, clue cells (vaginal epithelial cells
studded with adherent coccobacilli, indicative of bacterial vagi-
nosis), or polymorphonuclear leukocytes (indicative of inflam-
mation).

A potassium hydroxide wet mount includes the whiff-amine
test, which, if positive for a distinct fishy odor, may indicate bac-
terial vaginosis. In addition, inspection of the slide may reveal
hyphae and budding yeast, indicative of Candida vaginitis.

In many instances, particularly with women younger than 26
years, it is appropriate to screen for chlamydia and gonorrhea
using swabs that sample secretions from the endocervical canal
or the vagina. The gold standard is nucleic acid amplification
testing (NAAT) of the urine or vaginal/cervical discharge, rather
than a culture. Yearly chlamydia testing is recommended for all
sexually active women up to age 25 (ACOG, Well-Woman Care,
2014) (see Chapter 23).

Next, the cervix is inspected. It should be pink and with-
out lesions. In a nulliparous individual, the external os should
be round. When a woman is parous, the external os takes on a
slitlike appearance, and if there have been cervical lacerations,
healed stellate lacerations may be noted (Fig. 7.9). Normally,
the transformation zone (i.e., the junction of squamous and
columnar epithelium) is just barely visible inside the external os.
Occasionally, glandular epithelium may be present on the por-
tio vaginalis, moving the transformation zone onto the portio.
This is common in teenage girls, women who have been exposed
to diethylstilbestrol in utero, some women with vaginitis, or
women immediately postpartum or postabortion. Generally,
this is cleared by a process of metaplasia, in which squamous
epithelium covers the columnar epithelium. This process, how-
ever, may leave small areas of irregularities and inclusion cysts,
called nabothian cysts, which may be seen in various sizes and
shapes. They are typically translucent and range from a few mil-
limeters to up to 3 c¢m in size. These cysts are common benign
findings and require no additional evaluation or treatment.

Cervical ectropion occurs when the endocervical epithelium
is exposed to the vaginal environment and takes on a reddish
appearance, similar to granulation tissue. This ectropion is not
a pathologic condition.

Any lesions of the cervix should be noted and, where appro-
priate, a biopsy should be performed. In a patient with acute
herpes simplex, vesicles or ulcers may be noted. In a patient
infected with human papillomavirus, warts (condylomata acu-
minata) on the cervix may also be observed.

Stellate

Parous

Nulliparous

Figure 7.9 Nulliparous, parous, and stellate lacerations of cervix.

PAPANICOLAOU SMEAR

At this point in the examination a Pap smear is usually taken,
if indicated. In 1943, Papanicolaou and Trout published their
now classic monograph demonstrating the value of vaginal
and cervical cytology as a screening tool for cervical neo-
plasm. With the use of the Pap smear in screening programs,
the incidence of invasive cervical cancer has been reduced by
50%. In 2012, ACOG together with ACS and U.S. Preven-
tive Services Task Force (USPSTF) recommended that initial
screening should begin at age 21 regardless of sexual activ-
ity. For women ages 21 through 29, screening should occur
every 3 years. Women ages 30 to 65 can either have co-testing
(Pap plus high-risk human papillomavirus [HPV] testing) or
just a routine Pap test. Repeat co-testing occurs every 5 years,
whereas Pap testing alone continues on an every 3-year basis.
Pap smear screening is no longer recommended in women
after age 65, if she has had normal adequate testing over the
past 10 years and she has not been treated for high-grade
dysplasia within the past 20 years. Exceptions to the above
schedule include HIV seropositive women, immunosup-
pressed women, and women exposed to DES in utero, all of
whom should be screened annually (Saslow, 2012). It is cru-
cial to educate women that this extended interval between Pap
smears is based on long-term, excellent analysis of the existing
data. The importance of this cancer screening should continue
to be highlighted during annual preventive visits, as we know
that 50% of cervical cancer cases develop in women who have
never had a Pap test, and an additional 10% occur in women
who have been underscreened (Saslow, 2012). No Pap smear
screening is necessary after a complete hysterectomy done for
benign conditions. However, if a supracervical hysterectomy
was performed, the same screening guidelines pertain as if
there had been no hysterectomy, since the cervix remains
in situ.

The goal of the Pap smear is to collect cells from the trans-
formation zone of the cervix. The presence of adequate endo-
and ectocervical cells ensures that this area is captured in the
specimen. After excess mucus is gently removed (routine swab-
bing may cause insufficient cells to be sampled), the endocervi-
cal canal is sampled with a Cytobrush, which is placed into the
canal and rotated. A spatula is then used to collect ectocervical
cells (Figs. 7.10 and 7.11). A single broomlike sampling device
can also be used to collect both populations of cells in a single
step. The collected material is placed in the liquid preservative
solution. HPV testing can be concurrently ordered from the col-
lected sample, as indicated (Video 7.1).

Figure 7.10 Obtaining cells from endocervix using a Cytobrush.
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Figure 7.11 Obtaining cells from transformation zone using Ayers
spatula.

Chapter 28 discusses cervical dysplasia, classifications of abnor-
malities, surveillance, and treatment options.

BIMANUAL EXAMINATION

The bimanual examination allows the physician to palpate the
uterus and the adnexa. The lubricated index and middle fingers
of the dominant hand are placed within the vagina, and the
thumb is folded under so as not to cause the patient distress
in the area of the mons pubis, clitoris, and pubic symphysis.
The fingers are inserted deeply into the vagina so that they rest
beneath the cervix in the posterior fornix. The physician should
be in a comfortable position at this point, generally with the leg
on the side of the vaginal examining hand on a table lift and
the elbow of that arm resting on the knee. The opposite hand is
placed on the patient’s abdomen above the pubic symphysis. The
flat of the fingers are used for palpation. The physician then ele-
vates the uterus by pressing up on the cervix and delivering the
uterus to the abdominal hand so that the uterus may be placed
between the two hands, thereby identifying its position, size,
shape, consistency, and mobility. In the normal and nonpreg-
nant state, the uterus is approximately 6 cm x 4 cm and weighs
approximately 60 g. It may be somewhat larger in a woman who
has had children (Fig. 7.12).

Enlarge