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Three of us met on the obstetrics service at The New York Hospital and Cornell University
Medical College in 1968. Two of us (J.R.N. and J.L.S.) were residents, and one (5.G.G.)
was a medical student. We became friends, and, as our careers moved ahead, we continued
to see each other at national meetings. About 35 years ago, at one of these conferences, we
were approached by Lynne Herndon, then with Churchill Livingstone, and asked if we
would like to collaborate on a new obstetrics book. We were honored to be asked.

We believed a new book was needed and thought that our different areas of interest would
complement each other. We decided to prepare a multiple-author textbook, inviting our
friends and colleagues to join us. The book was targeted to residents and fellows in training.
Of course, we were all in different cities, and this was before the internet, word processors,
or fax, so preparing a book like this was a challenge. Yes, it was much more work than

we imagined, but it was exciting to read each new chapter and watch the book come
together. We were then, and we remain today, extremely thankful to our authors for their
outstanding state-of-the-art contributions. Although it has been challenging to keep up
with the rapid advances in our field, our authors, including many who have written
chapters in every edition, made sure we did.

The first edition of the book was very well received. We were honored by this response and
so pleased that the publisher encouraged us to do a second edition, and we accepted. Then
a third, a fourth, a fifth, and a sixth followed in the next three decades. Over the years, we
invited an outstanding group of editors to join us, and we have had great support from our
publishers, now Elsevier.

This seventh edition is the last we will edit. Although we all continue to see patients and
teach, we believe the time has come to pass the baton to our colleagues, Dr. Landon,

Dr. Galan, Dr. Jauniaux, Dr. Driscoll, Dr. Berghella, and Dr. Grobman. Because Obstetrics:
Normal and Problem Pregnancies has been the single most important contribution of our
professional careers, we are honored they have decided to dedicate this edition to us.

We thank them very much, and we thank you, our readers, for your loyalty and support
over the years.

Steven G. Gabbe, MD
Jennifer R. Niebyl, MD
Joe Leigh Simpson, MD

Joe Leigh Simpson, Jennifer R. Niebyl, and Steven G. Gabbe
(photograph courtesy Kevin Fitzsimons)
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The seventh edition of Obstetrics: Normal and Problem Pregnan-
cies is being delivered to you prematurely! Do we have your
attention? Good. We don’t mean the book is incomplete. In fact,
this edition may have more new information than any weve
done before, which is why it is being published just 4 years since
the sixth edition, rather than on our usual 5-year cycle. We want
to be sure our readers have access to the best, most advanced
resource to guide them as they learn and practice obstetrics
today. We were able to accomplish this accelerated process
thanks to the hard work ofour editors, our contributing authors,
and our publisher, Elsevier.

As we have done in the past, we surveyed our readers and
leaders in the field to assess content that needed to be added
and revised. You will find four new chapters in the seventh
edition: “Vaginal Birth After Cesarean Delivery,” “Placenta
Accreta,” “Obesity in Pregnancy,” and “Improving Global
Maternal Health: Challenges and Opportunities.” The first three
topics have become more important in our day-to-day obstetric
practice, and the chapter on global maternal health is a “must
read” for anyone providing obstetric care abroad. In addition to
the two appendices on normal values in pregnancy and the
anatomy of the pelvis, we have added a third—a glossary of the
most frequently used key abbreviations—for easy reference.

We also welcome two new editors to the seventh edition: Drs.
Vincenzo Berghella and William Grobman, both recognized
leaders in our field who have authored chapters in past editions.
We again thank our chapter authors for their outstanding con-
tributions. We welcome nearly 30 new authors, and we recog-
nize six who have written chapters in every edition: Drs. George
J. Annas, D. Ware Branch, Mark B. Landon, Adam A. Rosen-
berg, Philip Samuels, and Baha Sibai. During this past year, we
lost a beloved friend and colleague, Sherman Elias, who had
coauthored the chapter on legal and ethical issues in obstetric
practice with Dr. Annas for the first six editions. Sherman is and
will continue to be missed by so many of us.

Preface

Readers will find that we have expanded the use of bolded
statements and key points to enhance mastery of each chapter.
Our chapter on obstetric ultrasound now contains more than
100 images (in print and online), providing an important
resource for normal and abnormal fetal anatomy. Our seventh
edition’s online features include an exciting new resource: videos
to accompany several chapters to enhance learning in areas such
as cesarean delivery and operative vaginal delivery.

The seventh edition would not have been possible without
outstanding support from our publisher, Elsevier, and its expert
and dedicated team, Lucia Gunzel, Kate Dimock, and Carrie
Stetz, as well as members of our own staff who have provided
invaluable editorial and secretarial assistance, including Kenzie
Palsgrove and Susan DuPont (Columbus, Ohio), Nancy
Schaapveld (lowa City), and Lisa Prevel (New York).

As noted on the dedication page, this will be the last edition
three of us (S.G.G., J.R.N., J.L.S.) will edit. It has been a privi-
lege for us to contribute to this book over the last four decades.
We are confident our coeditors will make the book even better,
and we wish them great success.

Whether our readers are beginning their careers or have had
many years of clinical experience, we hope they will find the
seventh edition of this textbook to be a valuable and supportive
resource in today’s challenging health care climate. And, we hope
they appreciate its earlier arrival!

Steven G. Gabbe, MD

Jennifer R. Niebyl, MD

Joe Leigh Simpson, MD

Mark B. Landon, MD

Henry L. Galan, MD

Eric R.M. Jauniaux, MD, PhD
Deborah A. Driscoll, MD
Vincenzo Berghella, MD

William A. Grobman, MD, MBA
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The placenta is a remarkable and complex organ that is still only
partly understood. During its relatively short life span, it under-
goes rapid growth, differentiation, and maturation. At the same
time it performs diverse functions that include the transport of
respiratory gases and metabolites, immunologic protection, and
the production ofsteroid and protein hormones. As the interface
between the mother and her fetus, the placenta plays a key role
in orchestrating changes in maternal physiology that ensure a
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successful pregnancy. This chapter reviews the structure of the
human placenta and relates this to the contrasting functional
demands placed on the organ at different stages of gestation.
Because many of the morphologic features are best understood
through an understanding of the organ’s development, and
because many complications of pregnancy arise through aberra-
tions in this process, we approach the subject from this perspec-
tive. However, for the purposes of orientation and to introduce



some basic terminology, we first provide a brief description of
the macroscopic appearance of the delivered organ, with which
readers are most likely to be familiar.

PLACENTAL ANATOMY

Overview of the Delivered Placenta

At term, the human placenta is usually a discoid organ, 15 to
20 cm in diameter, approximately 3 cm thick at the center, and
weighing on average 450 g. Data show considerable individual
variation, and placentae are also influenced strongly by the mode
of delivery. Macroscopically, the organ consists of two sur-
faces or plates: the chorionic plate, to which the umbilical
cord is attached, and the basalplate that abuts the maternal
endometrium. Between the two plates is a cavity that is filled
with maternal blood, delivered from the endometrial spiral arter-
ies through openings in the basal plate (Fig. 1-1). This cavity is
bounded at the margins of the disc by the fusion ofthe chorionic
and basal plates, and the smooth chorion, or chorion laeve,
extends from the rim to complete the chorionic sac. The placenta
is incompletely divided into between 10 and 40 lobes by
the presence of septa created by invaginations of the basal plate.
The septa are thought to arise from differential resistance of the
maternal tissues to trophoblast invasion and may help to com-
partmentalize, and hence direct, maternal blood flow through
the organ. The fetal component of the placenta comprises a
series of elaborately branched villous trees that arise from the
inner surface of the chorionic plate and project into the
cavity of the placenta. lhis arrangement is reminiscent of the
fronds of a sea anemone wafting in the seawater of a rock pool.
Most commonly, each villous tree originates from a single-stem
villus that undergoes several generations of branching until the
functional units of the placenta, the terminal villi, are created.
These consist of an epithelial covering of trophoblast and a
mesodermal core that contains branches of the umbilical arteries
and tributaries of the umbilical vein. Because of this repeated

Stem villus

Lobule Intervillous space
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branching, the tree takes on the topology of an inverted wine
glass, often referred to as a lobule, and two to three of these
may “sprout” within a single placental lobe (see Fig. 1-1). As will
be seen later, each lobule represents an individual maternal-
fetal exchange unit. Near term, the continual elaboration of the
villous trees almost fills the cavity of the placenta, which is
reduced to a network of narrow spaces collectively referred to as
the intervillous space (IVS). The maternal blood percolates
through this network of channels and exchanges gases and nutri-
ents with the fetal blood that circulates within the villi before
draining through the basal plate into openings of the uterine
veins. The human placenta is therefore classified in compara-
tive mammalian terms as being of the villous hemochorial
type, although as we shall see, this arrangement only pertains
to the second and third trimesters of pregnancy.l Prior to
that, the maternal-fetal relationship is best described as
deciduochorial.

Placental Development

Development of the placenta is initiated morphologically at
the time of implantation, when the embryonic pole of the
blastocyst establishes contact with the uterine epithelium. At
this stage, the wall of the blastocyst comprises an outer layer
of unicellular epithelial cells, the trophoblast, and an inner
layer of extraembryonic mesodermal cells derived from the
inner cell mass; together these layers constitute the chorion.
The earliest events have never been observed in vivo for obvious
ethical reasons, but they are thought to be equivalent to those
that take place in the rhesus monkey.

Attempts have also been made to replicate the situation in
vitro by culturing in vitro fertilized human blastocysts on mono-
layers of endometrial cells. Although such reductionist systems
cannot take into account the possibility of paracrine signals that
emanate from the underlying endometrial stroma, the profound
differences in trophoblast invasiveness displayed by various
species are maintained. In the case of the human, the trophoblast

Umbilical cord

Chorion laeve

Amnion

Basal plate

AG1-1 Diagrammatic cross section through a mature placenta shows the chorionic and basal plates that bound the intervillous space. The villous
trees arise from stem Vvilli attached to the chorionic plate and are arranged as lobules centered over the openings of the maternal spiral arteries.

MC, maternal circulation.
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in contact with the endometrium undergoes a syncytial trans-
formation, and tongues of syncytiotrophoblast begin to pene-
trate between the endometrial cells. No evidence suggests
cell death is induced as part of this process, but gradually
the conceptus embeds into the stratum compactum of the
endometrium.

Recent ultrasound and comparative data indicate that
upgrowth and encapsulation by the endometrium may be just
as important as trophoblast invasion in this process.2 The earliest
ex vivo specimens available for study are estimated to be around
7 days postfertilization, and in these, the conceptus is almost
entirely embedded. A plug of fibrin initially seals the defect in
the uterine surface, but by days 10 to 12, the epithelium is
restored.

By the time implantation is complete, the conceptus is
surrounded entirely by a mantle of syncytiotrophoblast (Fig.
1-2, A). This multinucleated mantle tends to be thicker beneath

the conceptus, in association with the embryonic pole, and it
rests on a layer of uninucleate cytotrophoblast cells derived from
the original wall of the blastocyst. Vacuolar spaces begin to
appear within the mantle and gradually coalesce to form
larger lacunae, the forerunners of the IVS. As the lacunae
enlarge, the intervening syncytiotrophoblast is reduced in thick-
ness and forms a complex lattice of trabeculae (see Fig. 1-2, B).
Soon after, starting around day 12 after fertilization, the cyto-
trophoblast cells proliferate and penetrate into the trabeculae.
On reaching their tips approximately 2 days later, the cells
spread laterally and establish contact with those from other
trabeculae to form a new layer interposed between the mantle
and the endometrium, the cytotrophoblastic shell (see Fig. 1-2,
Q. Finally, at the start of the third week of development, meso-
dermal cells derived from the extraembryonic mesoderm invade
the trabeculae, bringing with them the hemangioblasts from
which the fetal vascular circulation differentiates. The mesoderm

Uterine epithelium

Syncytiotrophoblast

Endoderm

Extraembryonic mesoderm

Cavity in EE mesoderm

Cytotrophoblast

Amniotic ca

Lacuna

Remnant of 1° YS

Angiogenic clusters

Early stem villus

Syncytiotrophoblast

Lacuna transforming

into IVS

Cytotrophoblast

cell columns

Uterine gland

Endovascular plug

Spiral artery

Cytotrophoblast shell

FIG 1-2 Schematic representation of early placental development between days 9 and 16 postfertilization. ECC, extracoelomic cavity; EE, extra-
embryonic; IVS, intervillous space; SYS, secondary yolk sac; YS, yolk sac.



cells do not penetrate right to the tips of the trabeculae, and
these remain as an aggregation of cytotrophoblast cells—the
cytotrophoblast cell columns, which may or may not have a cover-
ing of syncytiotrophoblast (see Fig. 1-2, C). Proliferation of the
cells at the proximal ends of the columns and their subsequent
differentiation contribute to expansion of the cytotrophoblastic
shell. Toward the end of the third week, the rudiments of the
placenta are therefore in place. The original wall of the blasto-
cyst becomes the chorionic plate, the cytotrophoblastic shell
is the precursor of the basal plate, and the lacunae form the
IVS (Fig. 1-2, D). The trabeculae are the forerunners of the
villous trees, and repeated lateral branching gradually increases
their complexity.

Initially, villi form over the entire chorionic sac, but toward
the end of the first trimester, they regress from all except the
deep pole, where they remain as the definitive discoid pla-
centa. Abnormalities in this process may account for the
persistence ofvilli at abnormal sites on the chorionic sac and,
hence, the presence of accessory or succenturiate lobes. Also,
excessive asymmetric regression may result in the umbilical
cord being attached eccentrically to the placental disc.

Amnion and Yolk Sac

While these early stages of placental development are taking
place, the inner cell mass differentiates and gives rise to the
amnion, the yolk sac, and the bilaminar germ disc. The amnion,
the yolk sac, and the fluid compartment in which they lie
play an important role in the physiology of early pregnancy;
their development will be described. The initial formation of
these sacs has been controversial over the years, due mainly
to the small number of specimens available for study. However,
there now appears to be consensus that the amnion extends
from the margins of the epiblast layer over the future dorsal
surface of the germ disc, whereas the primary yolk sac extends
from the hypoblast layer around the inner surface of the tropho-
blast, separated from it by a loose reticulum thought to be
derived from the endoderm. Over the next few days, consider-
able remodeling of the yolk sac occurs that involves three
closely interrelated processes. First, formation of the primitive
streak in the germ disc and the subsequent differentiation of
definitive endoderm lead to displacement of the original hypo-
blast cells into the more peripheral regions of the primary yolk
sac. Second, the sac greatly reduces in size, either because the
more peripheral portion is nipped off, or because it breaks up
into a number of vesicles. Third, the reticulum splits into two
layers of mesoderm except at the future caudal end of the germ
disc, where it persists as a mass; this is the connecting stalk that
links the disc to the trophoblast. One layer lines the inner surface
of the trophoblast, contributing to formation of the chorion,
and the other covers the outer surfaces of the amnion and yolk
sac. In between these layers is a large fluid-filled space, the exo-
coelomic cavity (ECC). The net result of this remodeling is the
formation of a smaller secondary yolk sac (SYS); connected
to the embryo by the vitelline duct, it floats within the ECC
(see Fig. 1-2, D).

The ECC is a conspicuous feature ultrasonographically that
can be clearly visualized using a transvaginal probe toward the
end of the third week after fertilization (fifth week of gesta-
tional age). Between 5 and 9 weeks of pregnancy, it represents
the largest anatomic space within the chorionic sac. The SYS
is the first structure that can be detected ultrasonographi-
cally within that space, and its diameter increases slightly
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between 6 and 10 weeks of gestation to reach a maximum
of 6 to 7 mm, and then it decreases slightly. Histologically,
the SYS consists of an inner layer of endodermal cells linked
by tight junctions at their apical surface and bearing a few
short microvilli. Their cytoplasm contains numerous mito-
chondria, whorls of rough endoplasmic reticulum, Golgi
bodies, and secretory droplets; this gives them the appearance
of being highly active synthetic cells. With further develop-
ment, the epithelium becomes folded to form a series of cyst-
like structures or tubules, only some of which communicate
with the central cavity. The function of these spaces is not
known, although it has been proposed that they serve as a
primitive circulatory network in the earliest stages of develop-
ment because they may contain nonnucleated erythrocytes.
On its outer surface, the yolk sac is lined by a layer of meso-
thelium derived from the extraembryonic mesoderm. This epi-
thelium bears a dense covering of microvilli, and the presence
of numerous coated pits and pinocytotic vesicles gives it the
appearance of an absorptive epithelium. Although no direct
evidence has yet been obtained of this function in the human,
transport proteins for glucose and folate have been immunolo-
calized to this layer.3 Experiments in the rhesus monkey have
revealed that the mesothelial layer readily engulfs horseradish
peroxidase, and the proposed transport function is reinforced
by the presence of a well-developed capillary plexus immedi-
ately beneath the epithelium that drains through the vitelline
veins to the developing liver.

However, by week 9 of pregnancy, the SYS begins to exhibit
morphologic evidence of a decline in function, lhis appears
to be independent of the expansion of the amnion, which is
gradually drawn around the ventral surface of the developing
embryo. As it does this, it presses the yolk sac remnant against
the connecting stalk, thus forming the umbilical cord. By the
end of the third month, the amnion abuts the inner surface of
the chorion, and the ECC is obliterated. The fusion of the
amnion and chorion and elimination of the ECC can be seen
by ultrasound at around 15 weeks of gestation.

Maternal-Fetal Relationship During

the First Trimester

For the placenta to function efficiently as an organ of
exchange, it requires adequate and dependable access to the
maternal circulation. Establishing that access is arguably one
of the most critical aspects of placental development, and
over recent years, it has certainly been one of the most con-
troversial. As the syncytiotrophoblastic mantle enlarges, it soon
comes in close proximity to superficial veins within the endo-
metrium. These undergo dilation to form sinusoids, which are
subsequently tapped into by the syncytium. As a result, maternal
erythrocytes come to lie within the lacunae, and their presence
has in the past been taken by embryologists as indicating the
onset of the maternal circulation to the placenta. If this is a
circulation, however, it is entirely one of venous ebb and flow,
possibly influenced by uterine contractions and other forces.
Numerous traditional histologic studies have demonstrated that
arterial connections are not established with the lacunae until
much later in pregnancy,45 although the exact timing was not
known for many years. The advent of high-resolution ultrasound
and Doppler imaging has appeared to answer this question, for
in normal pregnancies most observers agree that moving echoes
indicative of significant fluid flow cannot be detected within the
IVS until 10 to 12 weeks of gestation.
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It is now well accepted on the basis of evidence from a
variety of techniques that a major change in the maternal
circulation to the placenta takes place at the end of the first
trimester. First, direct vision into the IVS during the first
trimester with a hysteroscope reveals the cavity to be filled
with a clear fluid rather than with maternal blood/’ Second,
perfusion of pregnant hysterectomy specimens with radi-
opaque and other media demonstrates litde flow into the IVS
during the first trimester, except perhaps at the margins of
the placental disc.4 Third, the oxygen concentration within
the IVS is low (<20 mm Hg) prior to 10 weeks of pregnancy,
and it rises threefold between weeks 10 and 12. This rise is
matched by increases in the mRNA concentrations encoding
and in activities of the principal antioxidant enzymes in the
placental tissues that confirm a change in oxygenation at the
cellular level. The mechanism that underlies this change in
placental perfusion relates to the phenomenon of extravillous
trophoblast invasion.

Extravillous Trophoblast Invasion and
Physiologic Conversion of the Spiral Arteries
During the early weeks of pregnancy, a subpopulation of
trophoblast cells migrates from the deep surface of the cyto-
trophoblastic shell into the endometrium. Because these cells
do not take part in the development of the definitive placenta,
they are referred to as extravillous trophoblast. Their activities
are, however, fundamental to the successful functioning of
the placenta, for their presence in the endometrium is associ-
ated with the physiologic conversion of the maternal spiral
arteries. The cytologic basis of this phenomenon is still not
understood, but the net effect is the loss of the smooth muscle
cells and elastic fibers from the media of the endometrial seg-
ments of the arteries and their subsequent replacement by fibri-
noid.89 Some evidence suggests that this is a two-stage process.
Very early in pregnancy, the arteries display endothelial baso-
philia and vacuolation, disorganization of the smooth muscle
cells, and dilation. Because these changes are observed equally
in both the decidua basalis and parietalis, and because they are
also seen within the uterus in cases of ectopic pregnancies, they
must be independent of local trophoblast invasion. Instead, it
has been proposed that these changes result from activation of
decidual renin-angiotensin signaling. Slightly later, during the
first few weeks of pregnancy, the invading extravillous tropho-
blasts become closely associated with the arteries and infiltrate
their walls. Further dilation ensues, and as a result, the arter-
ies are converted from small-caliber vasoreactive vessels into
funnel-shaped flaccid conduits.

The extravillous trophoblast population can be separated into
two subgroups: the endovascular trophoblast migrates in a retro-
grade fashion down the lumens of the spiral arteries, replacing
the endothelium; and the interstitial trophoblast migrates through
the endometrial stroma. In early pregnancy, the volume of the
migrating endovascular cells is sufficient to occlude, or plug,
the terminal portions of the spiral arteries as they approach
the basal plate (Fig. 1-3).45 It is the dissipation of these plugs
toward the end of the first trimester that establishes the
maternal circulation to the placenta. The mechanism of
unplugging of the arteries is unknown at present but could
potentially reflect changes in endovascular trophoblast motility
or alterations in maternal hemodynamics. Trophoblast invasion
is not equal across the implantation site; rather it is greatest in
the central region, where it has presumably been established the

longest. It is to be expected, therefore, that the plugging of the
spiral arteries will be most extensive in this region, and this may
account for the fact that maternal arterial blood flow is most
often first detectable ultrasonographically in the peripheral
regions of the placental disc.10Associated with this blood flow
is a high local level of oxidative stress, which can be consid-
ered physiologic because it occurs in all normal pregnancies.
It has recendy been proposed that this stress induces regres-
sion of the villi over the superficial pole of the chorionic sac,
so forming the chorion laeve (Fig. 1-4).10

Under normal conditions, the interstitial trophoblast cells
invade as far as the inner third of the myometrium, where they
fuse and form multinucleated giant cells. It is essential that the
process is correcdy regulated; excessive invasion can result in
complete erosion of the endometrium and the condition
known osplacenta accreta (see Chapter 21). As they migrate,
the trophoblast cells interact with cells of the maternal immune
system present within the decidua, in particular macrophages
and uterine natural killer (NK) cells. These interactions may play
a physiologic role in regulation of the depth of invasion and in
the conversion of the spiral arteries. Uterine NK cells accumu-
late in the endometrium during the secretory phase of the non-
pregnant cycle and are particularly numerous surrounding the
spiral arteries at the implantation site. Despite their name, no
evidence suggests that they destroy trophoblast cells. On the
contrary, their cytoplasm contains numerous granules with a
diverse array of cytokines and growth factors. Extravillous tro-
phoblast cells express the polymorphic human leukocyte
C-antigen (HLA-C) that binds to killer cell immunoglobulin-
like receptors (KIRs) on the NK cells. Recent evidence indi-
cates that a degree of activation of the NK cells is necessary
for successful pregnancy, most likely because of the release
of factors that mediate spiral artery remodeling. Hence, com-
binations of HLA-C antigen and KIR subtypes that are gen-
erally inhibitory are associated with a high risk of pregnancy
complications,llwhich emphasizes the importance of immu-
nologic interactions to reproductive success.

Physiologic conversion of the spiral arteries is often attributed
with ensuring an adequate maternal blood flow to the placenta,
but such comments generally oversimplify the phenomenon. By
itself, the process cannot increase the volume of blood flow to
the placenta because it only affects the most distal portion of the
spiral arteries. The most proximal part of the arteries, where
they arise from the uterine arcuate arteries, always remains
unconverted, and will act as the rate-limiting segment. These
segments gradually dilate in conjunction with the rest of the
uterine vasculature during early pregnancy, most probably
under the effects of estrogen; as a result, the resistance of the
uterine circulation falls, and uterine blood flow increases
from approximately 45 mL/min during the menstrual cycle
to around 750 mL/min at term or 10% to 15% of maternal
cardiac output.

By contrast, the terminal dilation of the arteries will substan-
tially reduce both the rate and pressure with which that maternal
blood flows into the IVS. Mathematic modeling has demon-
strated that physiologic conversion is associated with a reduction
in velocity from 2 to 3 m/sec in the nondilated section ofa spiral
artery to approximately 10 cm/sec at its mouth.22 This reduc-
tion in the velocity will ensure that the delicate villous trees
are not damaged by the momentum of the inflowing blood.
Slowing the rate of maternal blood flow across the villous
trees will also facilitate exchange, whereas lowering the
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FIG 1-3 During early pregnancy, the tips of the maternal spiral arteries are occluded by invading endovascular trophoblast cells, which impedes
flow into the intervillous space. The combination of endovascular and interstitial trophoblast invasion is associated with physiologic conversion
of the spiral arteries. Both processes are deficient in preeclampsia, and the retention of vascular smooth muscle may increase the risk of
spontaneous vasoconstriction and hence may result in an ischemia-reperfusion type injury to the placenta. MC, maternal circulation.

pressure in the 1VS is important to prevent compression and
collapse of the fetal capillary network within the villi. Mea-
surements taken in the rhesus monkey indicate that the pressure
at the mouth of a spiral artery is only 15 mm Hg and within
the VS is on average 10 mm Hg. The pressure within the fetal
villous capillaries is estimated to be approximately 20 mm Hg,
providing a pressure differential that favors their distension of
5 mm Hg.

Many complications of pregnancy are associated with
defects in extravillous trophoblast invasion and failure to
establish the maternal placental circulation correctly. In the
most severe cases, the cytotrophoblastic shell is thin and
fragmented; this is observed in approximately two thirds of
spontaneous miscarriages.13 Reduced invasion may reflect
defects inherent in the conceptus, such as chromosomal aberra-
tions, or it may be due to thrombophilia, endometrial dysfunc-
tion, or other problems in the mother. The net result is that
onset of the maternal circulation is both precocious and wide-
spread throughout the developing placenta, consequent upon
absent or incomplete plugging of the maternal arteries.0Hemo-
dynamic forces coupled with excessive oxidative stress within the

placental tissuesl4 are likely to be major factors that contribute
to loss of these pregnancies.

In milder cases, the pregnancy may continue, but it is
complicated later by preeclampsia, intrauterine growth
restriction (IUGR), or a combination of the two. The physi-
ologic changes are either restricted to only the superficial
endometrial parts of the spiral arteries or are absent all
together (see Fig. 1-3). In the most severe cases of preeclamp-
sia associated with major fetal growth restriction, only 10%
of the arteries may be fully converted, compared with 96%
in normal pregnancies.ll There is still debate as to whether this
is due to an inability of the interstitial trophoblast to invade the
endometrium successfully, or whether having invaded suffi-
ciently deeply, the trophoblast cells fail to penetrate the walls of
the arteries. These two possibilities are not mutually exclusive
and may reflect different etiologies.

Whatever the causation, there are several potential conse-
quences to incomplete conversion of the arteries. First, because
of the absence of the distal dilation, maternal blood will enter
the IVS with greater velocity than normal, forming jetlike spurts
that can be detected ultrasonographically. The villous trees are



8 Section | Physiology

FG 1-4 Onset of the maternal circulation (MC) starts in the periphery
of the placenta {arrows), where trophoblast invasion— and hence plug-
ging of the spiral arteries— is least developed. The high local levels of
oxidative stress are thought to induce villous regression and formation
of the chorion laeve. AC, amniotic cavity; D, decidua; ECC, exocoe-
lomic cavity; P, placenta; M, myometrium; SYS, secondary yolk sac.
(Modified from Jauniaux E, Cindrova-Davies T, Johns J, et al. Distribu-
tion and transfer pathways of antioxidant molecules inside the
first trimester human gestational sac. J Clin Endocrinol Metab.
2004;89:1452-1459.)

often disrupted opposite these spurts, which leads to the forma-
tion of intervillous blood lakes, and the altered hemodynamics
within the 1VS result in thrombosis and excessive fibrin deposi-
tion. Second, incomplete conversion will allow the spiral arteries
to maintain greater vasoreactivity than normal. Evidence from
rhesus monkeys and humans shows that spiral arteries are not
continuously patent but that they undergo periodic constriction
independent of uterine contractions.1016 It has recently been
proposed that exaggeration of this phenomenon due to the
retention of smooth muscle in the arterial walls may lead to a
hypoxia-reoxygenation-type injury in the placenta, which cul-
minates in the development of oxidative stress. Placental oxida-
tive stress is a key factor in the pathogenesis of preeclampsia,
and clinical evidence suggests that hypoxia-reoxygenation is
a more physiologic stimulus for its generation than simply
reduced uterine perfusion.7 The third consequence of incom-
plete conversion is that the distal segments of the arteries are
frequently the site of acute atherotic changes.18 These are likely
to be secondary changes, possibly induced by the involvement
of these segments in the hypoxia-reoxygenation process or their
abnormal hemodynamics; however, if the lesions become occlu-
sive, they will further impair blood flow within the IVS, which
contributes to the growth restriction.

Role of the Endometrium During

the First Trimester

Signals from the uterine epithelium and secretions from the
endometrial glands play a major role in regulating receptivity

at the time of implantation, but the potential contribution of
the glands to fetal development once implantation is complete
has largely been ignored. This has been due to the general
assumption that once the conceptus is embedded within the
uterine wall, it no longer has access to the secretions in the
uterine lumen. However, a review of archival placenta in situ
hysterectomy specimens has revealed that the glands discharge
their secretions into the IVS through openings in the basal
plate throughout the first trimester (see Fig. 1-2).19The secre-
tions are a heterogenous mix of maternal proteins; carbohy-
drates, including glycogen; and lipid droplets phagocytosed by
the syncytiotrophoblast. Recently, it has been demonstrated that
the pattern of sialylation of the secretions changes between the
late secretory phase of the nonpregnant cycle and early preg-
nancy.D A loss of terminal sialylic acid caps occurs, which will
render the secretions more easily degradable by the trophoblast
following their phagocytic uptake. The fact that glycodelin, for-
merly referred to as PP14 or a2PEG, is derived from the glands
and yet accumulates within the amniotic fluid with concentra-
tions that peak at around 10 weeks’ gestation indicates that the
placenta must be exposed to glandular secretions extensively
throughout the first trimester.

Ultrasonographic measurements suggest that an endome-
trial thickness of 8 mm or more is necessary for successful
implantation, although not all studies have found such an
association. Nonetheless, these measurements are in line with
observations based on placenta-in-situ specimens, in which
an endometrial thickness of over 5 mm was reported beneath
the conceptus at 6 weeks of gestation.2l Gradually, over the
remainder of the first trimester, the endometrium regresses so
that by 14 weeks of gestation, the thickness is reduced to 1 mm.
Histologically, there is also a transformation in the glandular
epithelial cells over this period. During early pregnancy, they
undergo characteristic hypersecretory morphologic changes, the
so-called Arias-Stella reaction,2 and their cytoplasm contains
abundant organelles and large accumulations of glycogen.192
These changes are likely a response to placental lactogens and
prolactin from the decidua, which represents a servomechanism
by which the placenta induces upregulation of its own nutrient
supply. However, by the end of the first trimester, the cells are
more cuboidal, and secretory organelles are much less promi-
nent, although the lumens of the glands are still filled with
secretions.

The overall picture is that the glands are most prolific and
active during the early weeks of pregnancy, and that their
contribution gradually wanes during the first trimester. This
would be consistent with a progressive switch from histotro-
phic to hemotrophic nutrition as the maternal arterial circu-
lation to the placenta is established. The glands should not be
considered solely as a source of nutrients; their secretions are also
rich in growth factors such as leukemia inhibitory factor, vascu-
lar endothelial growth factor (VEGF), epidermal growth factor,
and transforming growth factor beta (TGF-(3).2L Receptors for
these factors are present on the villous tissues, so the glands may
play an important role in modulating placental proliferation and
differentiation during early pregnancy, as in other species. The
change in sialylation in early pregnancy will ensure that any of
the secretions that gain access to the maternal circulation via the
uterine veins will be rapidly cleared in the maternal liver. Hence,
a unique proliferative microenvironment can be created within
the IVS of the early placenta without placing the mother’s
tissues at risk of excessive stimulation. Attempts to correlate the



functional activity of the glands with pregnancy outcome have
met with mixed success. Thus reduced concentrations of mucin
1, glycodelin, and leukemia inhibitory factor have been reported
in uterine flushings from women who have suffered repeated
miscarriages.23 However, a recent study has shown no significant
association between the expression of these markers within the
endometrium and outcome.24This difference may reflect impair-
ment in the secretory, rather than the synthetic, machinery
of the gland cells, although further work is required to confirm
this point.

From the evidence available, it would appear that the
functional importance of the endometrial glands to a
successful pregnancy extends well beyond the time of
implantation.

Topology of the Villous Trees

One of the principal functions of the placenta is diffusional
exchange, and the physical requirements for this impose the
greatest influence on the structure of the organ. The rate of
diffusion of an inert molecule is governed by Fick’s law, so it
is proportional to the surface area for exchange divided by
the thickness of the tissue barrier. A large surface area will
therefore facilitate exchange, and this is achieved by repeated
branching of the villous trees.

The villous trees arise from the trabeculae interposed
between the lacunae (see Fig. 1-2) through a gradual process of
remodeling and lateral branching. [Initially, the different
branches have an almost uniform composition, and the villi
can be separated only by their relative size and position in the
hierarchical branching pattern. At this stage, the mesodermal
core is loosely packed, and at the proximal end of the trees, it
blends with the extraembryonic mesoderm that lines the ECC.
The stromal cells possess sail-like processes that often link
together to form fluid-filled channels orientated parallel to the
long axis of the villi. Macrophages are often seen within these
channels, so it is possible they function as a primitive circula-
tory system prior to vasculogenesis. In this way proteins
derived from the uterine glands could freely pass into the coe-
lomic fluid, and it is notable that the macrophages within the
channels are strongly immunoreactive for maternal glycodelin9
secreted from the glands.

Toward the end of the first trimester, the villi begin to dif-
ferentiate into their principal types. The connections to the
chorionic plate become remodeled to form stem villi, which
represent the supporting framework of each villous tree.'1
These progressively develop a compact fibrous stroma and
contain branches of the chorionic arteries and accompanying
veins. The arteries are centrally located and are surrounded by a
cuff of smooth muscle cells. Although these have the appear-
ance of resistance vessels, physiologic studies indicate that
under normal conditions, the fetal placental circulation
operates under conditions of full vasodilation. Stem villi
contain only a few small caliber capillaries, and so they play little
role in placental exchange.

After several generations of branching, stem villi give rise to
intermediate villi. These are longer and more slender in form
and can be of two types: immature and mature. The former are
seen predominantly in early pregnancy and represent a persis-
tence of the nondifferentiated form as indicated by the presence
of fluid-filled stromal channels. Mature intermediate villi provide
a distributing framework, and terminal villi arise at intervals
from their surface. Within the core are arterioles and venules
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but also a significant number of nondilated capillaries, which
suggest a limited capacity for exchange.

The main functional units of the villous tree are, however,
the terminal villi. There is no strict definition as to where a
terminal villus starts, but they are most often short, stubby
branches up to 100 |im in length and approximately 80 |im in
diameter that arise from the intermediate villi (Fig. 1-5).2' They
are highly vascularized, but by capillaries alone, and they are
highly adapted for diffusional exchange, as will be seen later.

This differentiation of the villi coincides temporally with the
development of the lobular architecture, and the two processes
are most likely interlinked. Lobules can be first identified during
the early second trimester, following onset of the maternal cir-
culation, when it is thought hemodynamic forces may shape the
villous tree. Convincing radiographic and morphologic evidence
shows that maternal blood is delivered into the center of the
lobule and that it then disperses peripherally, as in the rhesus
monkey placenta.2 Consequently, it is to be expected that an
oxygen gradient will exist across the lobule, and differences in
the activities and expression of antioxidant enzymes within the
villous tissues suggest strongly that this is the case. Other meta-
bolic gradients (e.g., glucose concentration) may also exist, and
together these may exert powerful influences on villous differ-
entiation. Villi in the center of the lobule, where the oxygen
concentration will be highest, display morphologic and enzy-
matic evidence of relative immaturity, and so this is considered
to be the germinative zone. By contrast, villi in the periphery of
the lobule are better adapted for diffusional exchange.

Elaboration of the villous tree is a progressive event that
continues at a steady pace throughout pregnancy, and by
term, the villi present a surface area of 10 to 14 m2. This may
be significantly reduced in cases of IUGR, although this
principally reflects an overall reduction in placental volume
rather than maldevelopment of the villous tree.2 In cases of
preeclampsia alone, villous surface area is normal and is only
compromised with associated growth restriction.27 Attempts
have recently been made to monitor placental growth longitu-
dinally during pregnancy using ultrasound. Although the data
show considerable individual variability, they indicate that in
cases of growth restriction or macrosomia, placental volume is
significantly reduced or increased, respectively, at 12 to 14
weeks. These findings suggest that ultimate placental size has
its origins firmly in the first trimester.

PLACENTAL HISTOLOGY

The epithelial covering of the villous trees is formed by the
syncytiotrophoblast. As its name indicates, this is a true multi-
nucleated syncytium that extends without lateral intercellular
clefts over the entire villous surface. In essence, the syncytiotro-
phoblast acts as the endothelium of the IVS, and everything that
passes across the placenta must pass through this layer, either
actively or passively. This tissue also performs all hormone syn-
thesis in the placenta, and so a number of potentially conflicting
demands are placed upon it.

The syncytiotrophoblast is highly polarized, and one of its
most conspicuous features is the presence of a dense covering of
microvilli on the apical surface. In the first trimester, the micro-
villi are relatively long (approximately 0.75 to 1.25 (min length
and 0.12 to 0.17 |Im in diameter), but as pregnancy advances,
they become shorter and more slender, being approximately 0.5
to 0.7 ]im in length and 0.08 to 0.14 |Im in diameter at term.
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AG 1-5 Diagrammatic representation of an intermediate villus with terminal villi arising from the lateral surface.

The microvillous covering is even over the villous surface, and
measurements of the amplification factor provided vary from 5.2
to 7.7. Many receptors and transport proteins have been local-
ized to the microvillous surface by molecular biologic and
immunohistochemical techniques, as will be discussed later. The
receptors are thought to reside in lipid rafts, and once bound to
their ligand, they migrate to the base of the microvilli, where
clathrin-coated pits are present (see Fig. 1-5).28 Receptor-ligand
complexes are concentrated in the pits, which are then internal-
ized. Disassociation of ligands such as cholesterol may occur in
the syncytioplasm, whereas other ligands, such as immunoglob-
ulin G, are exocytosed at the basal surface.

Support for the microvillous architecture is provided by a
substantial network of actin filaments and microtubules that lie
just beneath the apical surface. Also present within the syncy-
tioplasm are numerous pinocytotic vesicles, phagosomes, lyso-
somes, mitochondria, secretory droplets, strands of endoplasmic
reticulum, Golgi bodies, and lipid droplets.8 The overall im-
pression is of a highly active epithelium engaged in absorp-
tive, secretory, and synthetic functions. Therefore it is not
surprising that the syncytiotrophoblast has a high metabolic
rate, consuming approximately 40% of the oxygen taken up
by the fetoplacental unit.21

Tbe syncytiotrophoblast is a terminally differentiated tissue;
consequently, mitotic figures are never observed within its
nuclei. It has been suggested that this condition, which is fre-
quently observed in the fetal cells at the maternal-fetal interface
in other species, reduces the risk of malignant transformation in
the trophoblast and so protects the mother. Whatever the reason,
the syncytiotrophoblast is generated by the recruitment of

progenitor cytotrophoblast cells, which are uninucleate
and lie on a well-developed basement membrane immediately
beneath the syncytium. A proportion represents progenitor cells
that undergo proliferation, with daughter cells that undergo
progressive differentiation.3 Consequently, a range of morpho-
logic appearances are seen, from cuboidal resting cells with a
general paucity of organelles to fully differentiated cells that
closely resemble the overlying syncytium.'8 Ultimately, mem-
brane fusion takes place between the two, and the nucleus and
cytoplasm are incorporated into the syncytiotrophoblast. Early
in pregnancy, the cytotrophoblast cells form a complete layer
beneath the syncytium, but as pregnancy advances, the cells
become separated and are seen less frequently in histologic sec-
tions. In the past this observation was interpreted as being
indicative of a reduction in the number of cytotrophoblast cells
and therefore a reduction in the proliferative potential of the
trophoblast layers. More recent stereologic estimates have
revealed a different picture, however, because the total number
of these cells increases until term.3L The apparent decline results
from the fact that villous surface area increases at a greater rate,
and so cytotrophoblast cell profiles are seen less often in any
individual histologic section.

The stimuli that regulate cytotrophoblast cell proliferation are
not fully understood. In early pregnancy, prior to 6 weeks, epi-
dermal growth factor (EGF) may play an important role; expres-
sion of both the factor and its receptor are localized principally
to these cells. EGF is also strongly expressed in the epithelium
of the uterine glands,2L and in the horse, a tight spatial and
temporal correlation exists between glandular expression and
proliferation in the overlying trophoblast. Later during the first



trimester, insulin-like growth factor Il (IGF-I1) can be immu-
nolocalized to the cytotrophoblast cells, as can the receptor for
hepatocyte growth factor—a powerful mitogen expressed by the
mesenchymal cells, which provides the possibility of paracrine
control. Environmental stimuli may also be important, and
hypoxia has long been known to stimulate cytotrophoblast
proliferation in vitro. A greater number of cell profiles are
also observed in placentae from high altitudes, where they are
exposed to hypobaric hypoxia, and in conditions associated with
poor placental perfusion. However, whether this represents
increased proliferation or decreased fusion with the syncytiotro-
phoblast is uncertain.

The factors that regulate and mediate fusion are equally
uncertain. Growth factors such as EGF, granulocyte-macrophage
colony-stimulating factor (GM-CSF), and VEGF are able to
stimulate fusion in vitro, as are the hormones estradiol and
human chorionic gonadotropin (hCG). By contrast, TGF-(3,
leukemia inhibitory factor, and endothelin inhibit the process,
which suggests that the outcome in vivo depends on a balance
between these opposing influences. One of the actions of hCG
at the molecular level is to promote the formation of gap junc-
tions between cells, and strong experimental evidence suggests
that communication via gap junctions is an essential prerequisite
in the fusion process.3' Whether membrane fusion is initiated
at the sites of gap junctions is not known at present, but much
interest has been paid recently to other potential mechanisms of
fusion. One such is the externalization of phosphatidylserine on
the outer leaflet of the cell membrane, although whether this
represents part of an apoptotic cascade that is only completed
in the syncytiotrophoblast or is inherent to cytotrophoblastic
differentiation remains controversial. Another is the expression
of human endogenous retroviral envelope proteins HERV-W
env and HERV-FRD env, commonly referred to as syncytin 1
and syncytin 2, respectively. The first protein entered the primate
genome approximately 25 million years ago, the second over 40
million years ago, and these are considered to have fusigenic and
immunomodulatory roles.383 Expression of syncytin appears to
be necessary for syncytial transformation of trophoblast cells in
vitro, and ectopic expression in other cell types renders them
fusigenic. Syncytin interacts with the amino acid transporter
protein ASCT2, and the expression of both is influenced by
hypoxia in trophoblast cell lines in vitro. This could provide
an explanation for the increased number of cytotrophoblast
cells observed in placentae from hypoxic pregnancies.

Although it is clear that the cascade of events that control
cytotrophoblastic proliferation and fusion has yet to be fully
elucidated, it appears to be tightly regulated in vivo. Thus
the ratio of cytotrophoblastic to syncytial nuclei remains at
approximately 1:9 throughout pregnancy,d although it may
be perturbed in pathologic cases. Recent evidence from immu-
nohistochemistry and the incorporation of fluorouridine sug-
gests that a constant proportion of the nuclei (approximately
80%) are transcriptionally active across gestation,3 which
enables the tissue to respond more rapidly and independently
to challenges. Nuclei that are transcriptionally inactive are
sequestered together into aggregates known as syncytial
knots. These nuclei display dense heterochromatin and also
show evidence of oxidative changes, which suggests they are
aged or damaged in some way.® Syncytial knots become
more common in later pregnancy and are taken by patholo-
gists as a marker ofsyncytial well-being, the so-called Tenney-
Parker change.
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Integrity of the Villous Membrane

One situation that may alter the balance of the two popula-
tions of nuclei is damage to the trophoblast layers and the
requirement for repair. Isolated areas of syncytial damage, often
referred to as sites offocal syncytial necrosis, are a feature ofall
placentae, although they are more common in those from patho-
logic pregnancies. Their origin remains obscure but they could
potentially arise from altered hemodynamics within the IVS or
from physical interactions between villi. One striking example
of the latter is the rupture of syncytial bridges that form between
adjacent villi and lead to circular defects on the surface 20 to
40 [Jmin diameter. Disruption of the microvillous surface leads
to the activation of platelets and to the deposition of a fibrin
plaque on the trophoblastic basement membrane. Apoptosis of
syncytial nuclei has been reported in the immediate vicinity of
such plaques, but whether this reflects cause or effect has yet to
be determined. With time, cytotrophoblast cells migrate over
the plaque, differentiate, and fuse to form a new syncytiotro-
phoblastic layer. As a result, the plaque is internalized, and the
integrity of the villous surface is restored. In the interim,
however, these sites are nonselectively permeable to creatinine
and may represent a paracellular route for placental transfer.3%

In the past, more widespread apoptosis in the syncytiotropho-
blast has been reported, with the interpretation that this reflects
increased turnover of the trophoblast in pathologic conditions.
However, recent research has clarified that although rates of
apoptosis are increased in preeclampsia and ITUGR, the cell death
is confined to the cytotrophoblast cells.37

Extensive damage to the syncytiotrophoblast is seen in cases
of missed miscarriage, in which complete degeneration and
sloughing of the layer can occur.104 Although apoptosis and
necrosis are increased among the cytotrophoblast cells, the
remaining cells differentiate and fuse to form a new and func-
tional syncytial layer. A similar effect is observed when villi from
either first trimester or term placentae are maintained under
ambient conditions in vitro.

Thus it is likely that considerable turnover of the syncytiotro-
phoblast takes place over the course of a pregnancy, although in
the absence oflongitudinal studies, it is impossible to determine
the extent of this phenomenon. Nonetheless, it is clear that the
villous membrane cannot be considered an intact physical
barrier and that other elements of the villous trees may play
important roles in regulating maternal-fetal transfer.

Placental Vasculature

The development of the fetal vasculature begins during the
third week after conception (the fifth week of pregnancy)
with the de novo formation of capillaries within the villous
stromal core. Hemangioblastic cell cords differentiate under the
influence of growth factors such as basic fibroblast growth factor
and VEGF.38 By the beginning of the fourth week, the cords
have developed lumens, and the endothelial cells become flat-
tened. Surrounding mesenchymal cells become closely apposed
to the tubes and differentiate to form pericytes. During the next
few days, connections form between neighboring tubes to form
a plexus, and this ultimately unites with the allantoic vessels
developing in the connecting stalk to establish the fetal circula-
tion to the placenta.

Exactly when an effective circulation is established through
these vessels is difficult to determine. First, the connection
between the corporeal and extracorporeal fetal circulations is
initially particularly narrow, which suggests there can be little
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flow. Second, the narrow caliber of the villous capillaries, coupled
with the fact that the fetal erythrocytes are nucleated during the
first trimester and hence are not readily deformable, will ensure
that the circulation presents a high resistance to flow. This is
reflected in the Doppler waveform obtained during the first
trimester, and the resistance gradually falls as the vessels enlarge
over the ensuing weeks.

Early in pregnancy, there are relatively few pericytes, and the
capillary network is labile and undergoes considerable remodel-
ing. Angiogenesis continues until term and results in the
formation of capillary sprouts and loops. Both of these pro-
cesses contribute to the elaboration of terminal villi.* The
caliber of the fetal capillaries is not constant within interme-
diate and terminal villi, and frequendy oo the apex of a tight
bend, the capillaries become greatly dilated and form sinu-
soids. These regions may help to reduce vascular resistance
and facilitate distribution of fetal blood flow through the
villous trees. P Equally important is the fact that the dilations
bring the outer wall ofthe capillaries into close juxtaposition
with the overlying trophoblast. The trophoblast is locally
thinned, and as a result, the diffusion distance between the
maternal and fetal circulations is reduced to a minimum (see
Fig. 1-5). Because of their morphologic configuration, these
specializations are referred to as vasculosyncytial membranes,
and they are considered the principal sites of gaseous and
other diffusional exchanges. The arrangement can be consid-
ered analogous to that in the alveoli of the lung, where the
pulmonary capillaries indent into the alveolar epithelium in
order to reduce the thickness of the air-blood diffusion barrier.
Thinning of the syncytial layer will not only increase the rate of
diffusion into the fetal capillaries, it will also reduce the amount
of oxygen extracted by the trophoblast en route. The syncytio-
trophoblast is highly active metabolically because ofthe increased
rates of protein synthesis and ionic pumping, but by having an
uneven distribution of the tissue around the villous surface, the
oxygen demands of the fetus and the placenta can be separated
to a large extent.

It is notable that development ofvasculosyncytial membranes
is seen to its greatest extent in the peripheral regions of a pla-
cental lobule, where the oxygen concentration is lowest, and also
in placentae from high altitudes. In both instances, it is associ-
ated with enlargement of the capillary sinusoids and may be
viewed as an adaptive response aimed at increasing the diffusing
capacity of the placental tissues. Conversely, an increase in the
thickness of the villous membrane is often seen in cases of IUGR
and in placentae from cigarette smokers. As mentioned earlier,
the hydrostatic pressure differential across the villous membrane
is an important determinant of the diameter of the capillary
dilations and hence of the villous membrane thickness. Raising
the pressure in the IVS not only compresses the capillaries, it
also increases the resistance within the umbilical circulation.
Both effects will impair diffusional exchange, which highlights
the importance of full conversion of the spiral arteries.

Vascular changes are observed in many complications of
pregnancy,0where they may underpin changes in the topol-
ogy of the villous tree. Increased branching of the vascular
network is observed in placentae from high altitudes, which
causes the terminal villi to be shorter and more clustered
than normal. At present, no experimental data indicate
that this has any impact on placental exchange; but in theory,
this shortening of the arteriovenous pathway may lead to
increased efficiency.

PLACENTAL PHYSIOLOGY

The placenta provides the fetus with all its essential nutrients,
including water and oxygen, and it gives a route for clearance
of fetal excretory products in addition to producing a vast array
of protein and steroid hormones and factors necessary for the
maintenance of pregnancy. In the first trimester, the SYS and
the extraembryonic coelom play an important role in protein
synthesis and as an additional transport pathway inside the
gestational sac. In the last two trimesters, the majority (95%) of
maternofetal exchange takes place across the chorioallantoic
placenta.

Physiology of the Secondary Yolk Sac

and Exocoelomic Cavity

Now that development of the placenta and the extraembryonic
membranes has been covered, we turn to their physiologic roles
during pregnancy. Phylogenetically, the oldest membrane is the
yolk sac, and the SYS plays a major role in the embryonic devel-
opment of all mammals. The function of the yolk sac has been
most extensively studied in laboratory rodents. It has been
demonstrated that it is one of the initial sites of hematopoi-
esis, it synthesizes a variety of proteins, and it is involved in
maternal-fetal transport.

The endodermal layer of the human SYS is known to synthe-
size several serum proteins in common with the fetal liver, such
as alpha-fetoprotein (AFP), alpha,-antitrypsin, albumin, preal-
bumin, and transferrin. With rare exceptions, the secretion of
most of these proteins is confined to the embryonic compart-
ments, and the contribution of the SYS to the maternal protein
pool is limited.L This can explain why their concentrations are
always higher in the ECC than in maternal serum. AFP is also
produced by the embryonic liver from 6 weeks until delivery; it
has a high molecular weight (£70 kDa) and, conversely to hCG,
is found in similar amounts on both sides of the amniotic mem-
brane. Analysis of molecular variants of AFP that have an
affinity for concanavalin A have demonstrated that AFP mol-
ecules within both the coelomic and amniotic fluids are
mainly ofyolk sac origin, whereas maternal serum AFP mol-
ecules are principally derived from the fetal liver.2 These
results suggest that the SYS also has an excretory function
and secretes AFP toward the embryonic and extraembryonic
compartments. By contrast, AFP molecules of fetal liver
origin are probably transferred from the fetal circulation to
the maternal circulation, mainly across the placental villous
membrane.

The potential absorptive role of the yolk sac membrane has
been evaluated by examining the distribution of proteins and
enzymes between the ECC and SYS fluids and by comparing
the synthesizing capacity of SYS, fetal liver, and placenta for
hCG and AFP.43 The distribution of the trophoblast-specific
hCG in yolk sac and coelomic fluids, together with the absence
of hCG mRNA expression in yolk sac tissues, provided the first
biologic evidence of its absorptive function. Similarities in the
composition of the SYS and coelomic fluids suggest that a free
transfer for most molecules occurs between the two correspond-
ing compartments. Conversely, an important concentration gra-
dient exists for most proteins between the ECC and amniotic
cavity, indicating that transfer of molecules is limited at the level
of the amniotic membrane.

These findings suggest that the yolk sac membrane is an
important zone of transfer between the extraembryonic and



embryonic compartments, and that the main flux of mole-
cules occurs from outside the yolk sac—that is, from the
ECC—in a direction toward its lumen and subsequently to
the embryonic gut and circulation. The recent identification
of specific transfer proteins on the mesothelial covering,3and of
the multifunctional endocytic receptors megalin and cubilin, 4
lends further support to this concept. When after 10 weeks of
gestation, the cellular components of the wall of the SYS start
to degenerate, this route of transfer is no longer functional, and
most exchanges between the ECC and the fetal circulation must
then take place at the level of the chorionic plate.

The development and physiologic roles of the ECC are inti-
mately linked with that of the SYS, for which it provides a stable
environment. The concentrations of hCG, estriol, and proges-
terone are higher in the coelomic fluid than in maternal serum™1
and strongly suggest the presence of a direct pathway between
the trophoblast and the ECC. Morphologically, this may be via
the villous stromal channels and the loose mesenchymal tissue
of the chorionic plate. Protein electrophoresis has also shown
that the coelomic fluid results from an ultrafiltrate of maternal
serum with the addition of specific placental and SYS bioprod-
ucts. For the duration of the first trimester, the coelomic fluid
remains straw colored and more viscous than the amniotic fluid,
which is always clear. This is mainly due to the higher protein
concentration in the coelomic fluid than in the amniotic cavity.
The concentration of almost every protein is higher in coelomic
fluid than in amniotic fluid, ranging from 2 to 50 times higher
depending on the molecular weight of the protein investigated.4
The coelomic fluid has a very slow turnover, so the ECC may
act as a reservoir for nutrients needed by the developing embryo.
These findings suggest that the ECC is a physiologic liquid
extension of the early placenta and an important interface
in fetal nutritional pathways. Molecules such as vitamin
B12 prolactin, and glycodelin (placental protein 14, PP14) are
known to be mainly produced by the uterine decidua.4 This
pathway may be pivotal in providing the developing embryo
with sufficient nutrients before the intervillous circulation
becomes established.l’

Some analogies can be drawn between the ECC and the
antrum within a developing graafian follicle. It has been sug-
gested that the evolution of the latter was necessary to overcome
the problem of oxygen delivery to an increasing large mass of
avascular cells. Because the contained fluid has no oxygen con-
sumption, it will permit diffusion more freely than an equivalent
thickness of cells. However, because neither follicular nor coe-
lomic fluids contain an oxygen carrier, the total oxygen content
must be low. An oxygen gradient will inevitably exist between
the source and the target, whether it be an oocyte or an embryo.
Measurements in human patients undergoing in vitro fertiliza-
tion (IVF) have demonstrated that the oxygen tension in follicu-
lar fluid falls as follicle diameter, assessed by ultrasound, increases.
Thus diffusion across the ECC may be an important route of
oxygen supply to the embryo before the development of a func-
tional placental circulation, but it will maintain the early fetus
in a low-oxygen environment. This may serve to protect the fetal
tissues from damage by O2free radicals and may prevent disrup-
tion of signaling pathways during the crucial stages of embryo-
genesis and organogenesis. The presence in the ECC ofmolecules
with a well-established antioxidant role—such as taurine, trans-
ferrin, vitamins A and E, and selenium—supports this hypoth-
esis. Associated with this, the low-oxygen environment may also
favor the maintenance of “sternness” in embryonic and placental
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stem cells. It is notable that the proliferative capacity of the
placenta rapidly reduces at the end of the first trimester,2which
may reflect loss of growth factor stimulation from the endome-
trial glands or the rise in intraplacental oxygen concentration.

Placental Metabolism and Growth

The critical function of the placenta is illustrated by its high
metabolic demands. For example, placental oxygen con-
sumption equals that ofthe fetus, and it exceeds the fetal rate
when expressed on aweight basis (10 mL/min/kg).4 Glucose
is the principal substrate for oxidative metabolism by placen-
tal tissues. Ofthe total glucose leaving the maternal compart-
ment to nourish the uterus and its contents, placental
consumption may represent up to 70%. In addition, a signifi-
cant fraction of placental glucose uptake derives from the fetal
circulation. Although one third of placental glucose may be
converted to the three-carbon sugar lactate, placental metabo-
lism is not heavily anaerobic. Instead, because the placental
tissues are not capable of metabolizing lactate, this may represent
a mechanism by which energy resources can be protected for use
by the fetal kidneys and liver. During the first trimester, activity
is high in the polyol pathways.%6

These phylogenetically old carbohydrate pathways enable
nicotinamide adenine dinucleotide (NAD+ and nicotinamide
adenine dinucleotide phosphate (NADP4 to be regenerated
independent of lactate production and thereby permit glycolysis
to be maintained under the low-oxygen conditions. Metabolo-
mic profiling confirms that first-trimester tissues are not
compromised energetically, and the ratio of adenosine tri-
phosphate (ATP) to adenosine diphosphate (ADP) is the
same at 8 weeks of gestation as it is at term. The factors that
regulate short-term changes in placental oxygen and glucose
consumption are uncertain at present, although in pregnancies
at high altitudes, the placenta appears to spare oxygen for fetal
use at the cost of increased placental utilization of glucose.

The regulation of placental growth is incompletely under-
stood, although dramatic advances have recently been made in
the study of imprinted genes. Such genes are expressed in a
parent-of-origin manner: paternally expressed genes generally
promote placental growth, whereas maternally expressed genes
provide restraint. Approximately 100 imprinted genes have been
identified at present; these are expressed in the placenta and also
in the brain, where they regulate reproductive behaviors such as
nest building. Imprinting is achieved through epigenetic mecha-
nisms that are particularly sensitive to environmental factors
such as hypoxia, maternal diet, and stress. Perturbations of
imprinting therefore represent a possible mechanism linking
extrinsic changes to alterations in placental differentiation and
function.

Normal term placental weight averages 450 g, which rep-
resents approximately one seventh (one sixth with cord and
membranes) of the fetal weight. Large placentae, either ultra-
sonographically or at delivery, may prompt investigation into
possible etiologies: increased placental size has been associated
with maternal anemia, fetal anemia associated with erythrocyte
isoimmunization, and hydrops fetalis secondary to fetal a-
thalassemia with hemoglobin Bart’s. The association of a large
placenta with maternal diabetes mellitus is also recognized, pos-
sibly a result of insulin-stimulated mitogenic activity or enhanced
angiogenesis. Enlarged placentae are also found in cloned animals,
presumably because of defects in the expression of imprinted
genes, and in animals in which specific gene products have been
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deleted. In humans, an increased ratio of placental size to fetal
weight is associated with increased morbidity for the off-
spring, both in the neonatal period and subsequently.

An array of growth-promoting peptide hormones (factors)
have been characterized in placental tissue at the protein and/or
receptor levels. These include the insulin receptor, IGF-1 and
IGF-11, EGF, leptin, placental growth factor, placental growth
hormone, placental lactogen, and a variety of cytokines and
chemokines, each ofwhich has been shown to play an important
role in fetal/placental development. IGF-1 and IGF-II are poly-
peptides with a high degree of homology to human proinsu-
lin; both are produced within the placenta and in the fetus
and mother, both circulate bound to carrier proteins, and
they are 50 times more potent than insulin in stimulating
cell growth. EGF increases RNA and DNA synthesis and cell
multiplication in a wide variety of cell types. The integrated
physiologic role of these and other potential placental growth
factors in regulating placental growth remains to be fully defined,;
however, the development of null-mutation mouse models for
IGF-I, IGF-II, IGF-Ir, and IGF-lIr—as well as for the EGF
receptor—have provided evidence in this regard.47 Specifically,
the EGF receptor appears important in placental development,
as does IGF-II. Knockout of IGF-I1 results in diminished pla-
cental size, whereas deletion of the H19 gene that regulates
imprinting ofthe IGF-II clearance receptor results in an increase
in placental size.

Conversely, exposure to chronic hypoxia at high altitudes,
nutrient deprivation, infection, and malperfiusion due to
deficient remodeling of the spiral arteries all lead to a small
placenta and fetal IUGR. Inhibition of protein synthesis
through activation of the integrated stress response pathways,
formerly referred to as endoplasmic reticulum stress or the unfolded
protein response, and deactivation of the mTOR/AKT pathway
appears to be a common feature in many cases.4 Translational
arrest also appears to reduce complexes of the mitochondrial
electron transport chain at the protein, but not mRNA, level
at high altitudes, which renders ATP levels lower in these pla-
centae compared with sea level controls.49 Modeling these
changes in placental cell lines in vitro leads to a reduction in
the rate of cell proliferation. Exposure to exogenous cortico-
steroid may also result in diminished placental size and repre-
sents another pathway through which stress and undernutrition
may act.

Placental Transport

For the bulk of pregnancy, the chorioallantoic placenta is the
major site of exchange of nutrients (including oxygen) and of
waste products of fetal metabolism (including carbon dioxide)
between mother and fetus. As described above, histotrophic
nutrition occurs in early pregnancy, and the yolk sac probably
contributes to the uptake of nutrients and their transport to the
embryo. However, once blood flow to the IVS begins at around
10 weeks of gestation, exchange across the barrier between
maternal and fetal circulations within the villi will be predomi-
nant, although there may be some limited transfer between
maternal blood in the endometrium and the fluid of the amni-
otic sac. As discussed below, many of the transport mechanisms
required to effect exchange are present in the placenta by 10
weeks, and these may be upregulated or downregulated through-
out the rest of pregnancy to meet the requirements of fetal
growth and homeostasis. The impact of perturbations of nutri-
ent transport on fetal growth has recently been reviewed.®

FIG 1-6 Electron micrograph of human placenta demonstrates the cel-
lular and extracellular components with which solutes must interact
in moving from the maternal intervillous space (IVS) to the lumen
of the fetal capillary (FC). BCM, basal cell membrane of the syncytio-
trophoblast cell; CT, cytotrophoblast; FCE, fetal capillary endothelial
cell; LIS, lateral intercellular space of fetal endothelial cell;, MPM,
microvillous plasma membrane of the syncytiotrophoblast; SC, syn-
cytiotrophoblast. (Courtesy Kent L. Thornburg, PhD, Center for Devel-
opmental Health, Oregon Health Science University, Portland.)

For a molecule to reach fetal plasma from maternal plasma
and vice versa, it must cross the syncytiotrophoblast, the matrix
of the villous core, and the endothelium of the fetal capillary
(Fig. 1-6). The syncytiotrophoblast is the transporting epi-
thelium and is considered to be the major locus of exchange
selectivity and regulation. However, both the matrix and
endothelium will contribute to the properties of the placenta
as an organ of exchange because both contribute to the thick-
ness of the barrier; they may also act as a size filter in that
the finite width of the space between the endothelial cells is
likely to restrict the diffusion of larger molecules.

The fact that the syncytiotrophoblast is a true syncytium, with
no obvious intercellular or extracellular water-filled spaces, sug-
gests that it forms a tight barrier. However, physiologic data
suggest that this is not the case (see below). Nevertheless, regu-
lated exchange most likely occurs predominantly across the two
opposing plasma membranes, the microvillous (maternal facing)
and basal (fetal facing) membranes.

Maternal-fetal exchange across the placenta may occur,
broadly, by one of four mechanisms: (1) bulk flow/solvent



drag, (2) diffusion, (3) transporter-mediated mechanisms,
and (4) endocytosis/exocytosis.

Bulk Flow/Solvent Drag

Differences in hydrostatic and osmotic pressures between the
maternal and fetal circulations within the exchange barrier
drive water transfer by bulk flow, which drags along dis-
solved solutes. These solutes are filtered as they move through
the components of the barrier. Water movement may be via
paracellular channels (see below) or across the plasma mem-
branes. The latter may be enhanced by the presence of aquapo-
rins, integral membrane proteins that form water pores in the
plasma membrane.

Hydrostatic pressure gradients will be created by differences
in maternal and fetal blood pressure and vascular resistances on
the maternal and fetal sides of the placenta. Although the actual
pressures are impossible to measure in vivo at this time, evidence
suggests that they are lower in the 1VS than in the fetal capil-
laries. Because this would drive water from the fetus to the
mother, which is incompatible with fetal growth, clearly a deficit
exists in our knowledge and understanding; the assumptions
involved in assessing the hydrostatic pressures could simply be
wrong. On the other hand, fetal-maternal water transfer driven
by hydrostatic pressures may be opposed, and exceeded by,
maternal-fetal water transfer driven by osmotic pressure gradi-
ents created by the active transport of solute to the fetus across
the syncytiotrophoblast. These forces may well be altered as
gestation proceeds. Altogether, this is an important area in which
further research is required.

Diffusion

Diffusion of any molecule occurs in both directions across
any barrier. When a concentration gradient exists—and/or
for charged species, an electrical gradient—one of these uni-
directional fluxes (rates oftransfer) is greater in one direction
than it is in the other so that there is a net flux in one direc-
tion. Net flux (Jnet) ofsolute across the placenta for an uncharged
molecule may be described by an adaptation of Fick’s law of
diffusion:

Jnet = (AD/1)(Cm —Cf) moles/unit time

where A is the surface area of the barrier available for exchange,
D is the diffusion coefficient in water of the molecule (smaller
molecules will have a larger D), /is the thickness of the exchange
barrier across which diffusion is occurring, Cm is the mean
concentration of the molecule in maternal plasma, and Cfis the
mean concentration of solute in the fetal circulation.

Small, relatively hydrophobic molecules such as 0 2 and
C 02will diffuse rapidly across the plasma membranes of the
barrier, so their flux is dependent much more on the concen-
tration gradients than on the surface area ofthe barrier avail-
able for exchange or the thickness of the exchange barrier
across which diffusion is occurring. Because this concentra-
tion gradient is affected predominantly by the blood flows in
both circulations, the diffusion of such molecules is said to
be flow limited. This explains why reductions in uterine or
umbilical flow may result in fetal asphyxia and, consequently,
growth restriction.

By contrast, hydrophilic molecules such as glucose and
amino acids will not diffuse across plasma membranes easily;
rather their concentration gradients are maintained, and flux
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will be determined predominantly by barrier surface area and
thickness. Flux of such “membrane-limited” molecules is not
affected by blood flow unless blood flow is dramatically reduced,
but it will be altered if abnormal placental development results
in reduced surface area of the barrier available for exchange or
increased thickness of the barrier; evidence suggests that this
occurs in idiopathic IUGR.ZZ

In Fick’s equation, the term AD/l is equivalent to what is
described as the permeability of a membrane. Measurements of
the passive permeability of the placenta have been made in vivoil
and in vitro"2 utilizing hydrophilic molecules that would be
unlikely to be affected by blood flow and which are not sub-
strates for transporter proteins. These measurements show that
an indirect relationship exists between permeability and the
molecular size of the hydrophilic tracer. Such a relationship is
explained, most simply, by the presence of extracellular water-
filled channels, or pores, across the exchange barrier through
which the molecules can diffuse. The existence of this “paracel-
lular permeability pathway” has been controversial because of
the syncytiotrophoblast being syncytial, with no obvious para-
cellular channels. However, transtrophoblastic channels may be
present that are not normally visible by electron microscopy.
Furthermore, the areas of syncytial denudation that occur in
every placenta may provide a route through which molecules
may diffuse.®2

Rates of transfer of hydrophobic molecules by flow-limited
diffusion may change over gestation because, as described in
previous sections, both uteroplacental and fetoplacental blood
flows change. Changes in concentration—and for charged mol-
ecules, changes in electrical gradients—between maternal and
fetal plasma will also affect rates of transfer. Gestational changes
do occur in the maternal and fetal plasma concentrations of
solutes, and this affects driving forces. For example, glucose
and amino acid concentrations in maternal plasma increase
over gestation, which is due at least in part to the effects of
insulin resistance in pregnancy, and of hormones such as
human placental lactogen (hPL). If expressed across the pla-
cental exchange barrier, a maternal-fetal electrical potential dif-
ference (PDnf) will have an effect on the exchange of ions. In
the human, the PDnfis small but significant between maternal
and fetal circulations (—2.7 = 0.4 mV fetus negative) in mid
gestation3 and zero or close to it at term.% A PD between the
mother and the coelomic cavity has been measured in first-
trimester pregnancies.% No change was apparent in this PD
value (8.7 £ 1 mV fetus negative) between 9 and 13 weeks’
gestation, which was somewhat higher than the PD across the
syncytiotrophoblast (3 mV) measured using microelectrodes in
term placental villi in vitro. The in vitro PD across the micro-
villous membrane of human syncytiotrophoblast decreases
between the early (median, —32 mV) and late first trimester
(median, —24 mV), with a small subsequent fall at term
(—21 mV). This suggests that as pregnancy progresses, the
driving force for cation flux into the syncytiotrophoblast
decreases, and for anions it increases.

Transporter Protein-Mediated Processes

Transporter proteins are integral membrane proteins that
catalyze transfer of solutes across plasma membranes at
faster rates than would occur by diffusion. Transporter pro-
teins are a large and diverse group of molecules generally
characterized by showing substrate specificity. That is, one
transporter or class of transporters will predominantly
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transfer one substrate or class of substrates (e.g., amino acids)
by having appropriate saturation kinetics (i.e., raising the
concentration ofa substrate solute will not infinitely increase the
rate at which it is transferred on transporters) and by being
competitively inhibitable (two structurally similar molecules
will compete for transfer by a particular transporter protein).
Transporter proteins are found most abundantly in the pla-
centa in the microvillous and basal plasma membranes of
the syncytiotrophoblast. A detailed description of all these is
beyond the scope of this chapter but may be found in work by
Atkinson and colleagues.% In overview, channel proteins form
pores in the plasma membrane and allow diffusion of ions
such as K+and Ca2+ and transporters allow facilitated diffu-
sion down concentration gradients, such as the GLUT!
glucose transporter. Exchange transporters, such as the Na+/
H+exchanger involved in pH homeostasis ofthe syncytiotro-
phoblast and fetus, and cotransporters, such as the system-A
amino acid transporter—which cotransports small hydro-
philic amino acids such as alanine, glycine, and serine with
Na+—require the maintenance of an ion gradient through
secondary input of energy, often via Na+/K+ATPase. Finally,
active transporters directly utilize ATP to transfer against
concentration gradients; these include the Na#/K+ATPase
and the CaZATPase, which pumps Ca across the basal
plasma membrane from syncytiotrophoblast cytosol toward
the fetal circulation.

Gestational changes in the flux of solutes through transporter
proteins could result from changes in the number of transporters
in each plasma membrane, their turnover (i.e., the rate of
binding to and release from the transporter), or their affinity for
solute as well as from changes in the driving forces acting on
them, such as electrochemical gradients and ATP availability. A
variety of evidence shows that such developmental changes do
occur. Using the technique of isolating and purifying microvil-
lous plasma membrane and radioisotopic tracers to measure
transport rates in vesicles formed from these membranes, it has
been shown that the Vraxof the Na+dependent system-A amino
acid transporter increases by about fourfold per milligram of
membrane protein between the first trimester and term. The
activity of the system-y+ cationic amino acid (e.g., arginine,
lysine) transporter increases over gestation, whereas the activity
of the system-y4L transporter decreases.5/ This decrease in
system-y4L activity is due to a decrease in the affinity of the
transporter for substrate and is accompanied by an increased
expression of 4F2hc monomer of the dimer protein.57 The
reason for this decline is not known but could well be associated
with a specific fetal need. Glucose transporter 1 (GLUTY)
expression in microvillous membrane increases between the
first trimester and term.18 Na+/H+exchanger activity is lower
in first-trimester microvillous membrane vesicles compared with
that at term, a result borne out by studies on the intrasyncy-
tiotrophoblast pH of isolated placental villi from these two
stages in gestation. Interestingly, the expression of the NHE1
isoform of this exchanger in the microvillous membrane does
not change across gestation, but the expression of both of its
NHE2 and NHE3 isoforms increases between weeks 14 and 18
and term.5 In contrast, no difference is apparent in CI_/HCO3_
exchanger activity or, by Western blotting, expression of its AE1
isoform between first trimester and term. Our understanding of
how these gestational changes are regulated is currently sparse;
studies in knockout mice suggest that hormones from the fetus
such as IGF-11, which signals demand for the nutrients required

for growth, are important, but much further work is needed in
this area.

Endocytosis/Exocytosis

Endocytosis is the process by which molecules become
entrapped in invaginations of the microvillous plasma mem-
brane of the syncytiotrophoblast, which eventually pinch off
and form vesicles within the cytosol. Such vesicles may diffuse
through the intracellular compartment, and if they avoid fusion
with lysosomes, they eventually fuse with the basal plasma
membrane and undergo exocytosis, releasing their contents into
the fetal milieu. Evidence suggests that immunoglobulin G
(IgG) and other large proteins may cross the placenta by
this mechanism.%@ Specificity and the ability to avoid lyso-
somal degradation during the endocytosis phase may be pro-
vided by the presence of receptors for 1gG in the microvillous
membrane invaginations and vesicles. However, this mechanism
of transfer and its gestational regulation, if any, is still not well
understood.

A Selective Barrier

In addition to facilitating maternal-fetal transfer, the placenta
also acts as a selective barrier that prevents certain substances
and maternal hormones from either crossing to the fetus or
crossing in an active form. Members of the multidrug-resistance
protein (MRP) family, the breast-cancer-resistant protein
(BCRP), and P-glycoprotein are present on the apical surface of
the syncytiotrophoblast and in the endothelium of the villous
capillaries at term. These transporters mediate the efflux of a
wide range of anionic and cationic organic compounds in an
ATP-dependent manner, and their expression at the mRNA
level shows a general increase toward term. Within the syncy-
tioplasm are a range of cytochrome P450 (CYP) enzymes.
Although more restricted than in the liver, placental CYP-
mediated metabolism is capable of detoxifying several drugs
and foreign chemicals. Alcohol dehydrogenase is also present,
along with glutathione transferase and N-acetyltransferase. This
combination of efflux transporters and defensive enzymes pro-
vides a degree of protection to the fetus against exposure to
potentially noxious xenobiotics, although many drugs and
chemicals can still cross and act as teratogens.

The syncytiotrophoblast also expresses the enzyme 11-(3-
hydroxysteroid dehydrogenase 2 (11(3-HSD2), which oxidizes
maternal cortisol into the inactive metabolite, cortisone. This
process allows the fetal hypothalamic-pituitary-adrenal (HPA)
axis to develop in isolation from maternal cortisol and also
protects the fetal tissues against the growth-inhibitory effects
of corticosteroids. However, the activity of placental 11[3-HSD2
can be perturbed in pathologic pregnancies associated with
growth restriction, and raised fetal levels of cortisol may
contribute to the developmental programming of organ
systems.

Substance-Specific Placental Transport
Respiratory Gases

The transfer of the primary respiratory gases, oxygen and
carbon dioxide, is likely to be flow limited. Thus, the driving
force for placental gas exchange is the partial pressure gradi-
ent between the maternal and fetal circulations. Early in
gestation, the human embryo develops in a low-oxygen envi-
ronment. Such an environment appears to be necessary for
the avoidance of teratogenesis and the maintenance of stem



cell populations. After about week 10 of gestation, the placenta
becomes important as a respiratory organ. Indeed, estimates of
human placental diffusing capacities predict that the placenta’s
efficiency as an organ of respiratory gas exchange allows equilib-
rium of oxygen and carbon dioxide between the maternal IVS
and the fetal capillaries. However, this prediction varies from the
observed 10 mm Hg difference in oxygen tension between the
umbilical and uterine veins and between the umbilical vein and
IVS. By contrast, the PCO2difference from the umbilical to the
uterine vein is small (3 mm Hg). PO2 differences could be
explained by areas of uneven distribution of maternal-to-fetal
blood flows or shunting; this limits fetal and maternal blood
exchange, a process that may be an active one, as in the lung.
The most important contribution, however, is likely the high
metabolic rate of the placental tissues. Thus trophoblast cell
O2consumption and CO2 production lower umbilical vein O2
tension and increase uterine vein CO2tension to a greater degree
than could be explained by an inert barrier for respiratory gas
transfer.

The arteriovenous difference in the uterine circulation and
the venoarterial difference in the umbilical circulation widen
during periods ofreduced blood flow. Proportionate O2uptake
increases and O2 consumption remains unchanged over a
fairly wide range of blood flows. Thus both uterine and
umbilical blood flows can fall significantly without decreas-
ing fetal O2 consumption.11Conversely, unilateral umbilical
artery occlusion is associated with significant fetal effects.

Carbon dioxide is carried in the fetal blood both as dis-
solved carbon dioxide and as bicarbonate. Because of its
charged nature, fetal to maternal bicarbonate transfer is
limited. However, CO2 likely diffuses from fetus to mother
in its molecular form, and [HCO3 ] does not contribute sig-
nificantly to fetal CO2 elimination.

Glucose

Placental permeability for D-glucose is at least 50 times
greater than the value predicted on the basis of size and lipid
solubility. Specific transporter proteins of the GLUT family are
present on both the microvillous and basal membranes of the
syncytiotrophoblast, although they are at greater density in
the former.” This distribution may provide additional uptake
capacity to meet the metabolic demands of the syncytium.
The primary human placental glucose transporter is GLUT1,
a sodium-independent facilitated transporter, unlike the
sodium-dependent transporters found in the adult kidney
and intestine. This transporter is not insulin sensitive. Placental
GLUTL1 can be saturated at high substrate concentrations; 50%
saturation is observed at glucose levels of approximately 5 mM
(90 mg/dL). Thus glucose transfer from mother to fetus is not
linear, and transfer rates decrease as maternal glucose concentra-
tions increase. This effect is reflected in fetal blood glucose levels
following maternal sugar loading. Modification of transporter
expression within the placenta also occurs in response to
maternal diabetes. In this setting, GLUT1 expression is thought
to increase on the rate-limiting basal membrane, while it remains
constant on the maternal-facing microvillous membrane.@
Alterations in transporter expression may also depend on gesta-
tional stage (e.g., early in pregnancy, GLUT4 may be present
within the placenta) and maternal nutrition/placental blood
flow. A third transporter, GLUT3, has also been noted in the
fetal-facing placental endothelium. Its presence within the syn-
cytiotrophoblast remains controversial.
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Amino Acids

Amino acid concentrations are generally higher in fetal
umbilical cord plasma than in maternal plasma. Like mono-
saccharides, amino acids enter and exit the syncytiotrophoblast
via specific membrane transporter proteins. These proteins
allow amino acids to be transported against a concentration
gradient into the syncytiotrophoblast, and subsequently—if not
directly—into the fetal circulation.

Multiple class-specific transporter proteins mediate
neutral, anionic, and cationic amino acid transport into the
syncytiotrophoblast. These include both sodium-dependent
and sodium-independent transporters.6 In many cases, amino
acid entry is coupled to sodium in cotransport systems located
at the microvillous membrane facing the maternal 1VS; the
system-A amino acid transporter—for which glycine, alanine,
and serine are substrates—is a good example of such a cotrans-
port system. As long as an inwardly directed sodium gradient
is maintained, trophoblast cell amino acid concentrations will
exceed maternal blood levels. The sodium gradient is main-
tained by Na+/K4ATPase located on the basal or fetal side
of the syncytiotrophoblast. In addition, high trophoblast
levels of amino acids transported by sodium-dependent
transporters can “drive” uptake of other amino acids via
transporters that function as “exchangers” (Fig. 1-7).63 Exam-
ples of these include ASCTI and y+ AT/4F2HC. Still other
transporters function in a sodium-independent fashion. Indi-
vidual amino acids may be transported by single or multiple
transport proteins, and transport systems have been defined in
human placenta. A list of the transporters and their changes in
IUGR is found in Table 1-1).

SNA!1 and SNAT2, sodium-dependent transporters with
activity localized on both the microvillous and basal membranes
of the syncytiotrophoblast, are responsible for the system-A
transporter activity of the neutral amino acids described above.
SNAT4, with similar substrate specificity, is present early in
gestation. Other sodium-dependent transport activities localized

FIG 1-7 Pathways for sodium entry into the syncytiotrophoblast and
exit to the fetal circulation. ATP, adenosine triphosphate. (Data from
references 101-104.)
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TABLE 1-1 CHANGES IN ACTIVITY OF TRANSPORTER
PROTEINS IN THE MICROVILLOUS AND
BASAL PLASMA MEMBRANES OF
PLACENTAE FROM PREGNANCIES
COMPLICATED BY INTRAUTERINE
GROWTH RESTRICTION*

TRANSPORTER MVM BM REFERENCE

System A Decreased No change 91

System L (leucine) Decreased Decreased 92

System y+/y+L No change Decreased 57, 92

(arginine/lysine)
System p Decreased No change 93
Na-+independent No change Decreased 93, 94
taurine

GLUT1 No change No change 91, 95

Na+/K+ATPase Decreased No change 96

Ca2ATPase Not present Increased 97

Na+/H+exchanger Decreased Activity not 98

present
H+/lactate No change Decreased 99

*Compared with normal pregnancies.
ATPase, adenosine triphosphatase; BM, basal membrane; MVVM, microvillous membrane.

to the microvillous membrane include that for [3-amino acids
such as taurine (TauT) and perhaps glycine transport via system
GLY. Sodium-independent transporters that mediate neutral
amino acid transfer on the microvillous membrane include
system L (LAT-1, 2/4F2HC), which exhibits a high affinity
for amino acids with bulky side chains such as leucine, and
yH AT/4F2HC, which is capable of transporting both neutral
and cationic amino acids such as lysine and arginine. The afore-
mentioned transporters are heterodimeric and require the com-
bination of two distinct proteins with the cell membrane for
transport to occur. Cationic amino acids may also be transported
by the sodium-independent transport protein CAT1, whereas
anionic amino acids (glutamate, aspartate) are transported by
the sodium-dependent transport proteins KAAT1 through
EAATA4. Basal membrane transport activities are similar; however,
a predominance of sodium-independent transport and exchange
(e.g., ASCTI) allows flow of amino acids down their concentra-
tion gradients into the fetal endothelium/blood space. Although
less is known regarding transfer into and out of the fetal
endothelium—which, for the most part, abuts the syncytiotro-
phoblast basal membrane—available studies have verified that
these cells also have a complement of amino acid transport
proteins.

As implied earlier, more than one protein may mediate each
transport activity within a single tissue. Examples include
EAAT1 through EAATS, associated with sodium-dependent
anionic amino acid transfer; CATI, CAT2, and CAT2a, associ-
ated with system-y+ activity; and SNAT1, SNAT2, and SNAT4,
associated with sodium-dependent transfer of small neutral
amino acids. The reasons that underlie this duplication within
the placenta are unclear, but they are more pronounced than
in any other organ with the possible exception of the central
nervous system. Certainly, as is the case for the anionic amino
acid transporters EAAT1 through EAATS, differential distribu-
tion within various tissue elements plays a role. Differential
regulation within single cell types is another likely reason. In
isolated trophoblast cells, system-A activity (sodium-dependent
transfer of small neutral amino acids) is upregulated by the
absence of amino acids partially because ofan increase in carrier

affinity. Conversely, increases in trophoblast amino acid concen-
trations may suppress uptake (transinhibition). These mecha-
nisms serve to maintain constant trophoblast cell amino acid
levels during fluctuations in maternal plasma concentrations.
Insulin has also been shown to upregulate this transport
activity, as has IGF-1.

The coordination between placental/fetal metabolism and
amino acid transfer is illustrated by the anionic amino acids
glutamate and aspartate, which are poorly transported from
mother to fetus. Glutamate, however, is produced by the fetal
liver from glutamine and is then taken up across the basal
membrane of the placenta. Within the placenta, the majority
of glutamate is metabolized and utilized as an energy source.
As a result, sodium-dependent anionic amino acid transfer activ-
ity is of particular importance on the basal membrane, as is
system-ASC (ASCTI) activity, which is responsible for the
uptake of serine—also produced by the fetal liver—into the
placenta.

Lipids
Esterified fatty acids (triglycerides) are present in maternal serum
as components of chylomicrons and very-low-density lipopro-
teins (VLDLs). Before transfer across the placenta, lipoprotein
lipase interacts with these particles and releases free fatty acids,
which are relatively insoluble in plasma and circulate bound to
albumin owing to their hydrophobic nature. As a result, fatty
acid transfer involves dissociation from maternal protein and
subsequent association with placental proteins, first at the
plasma membrane (FABPpm) and then after transfer into the
cell (thought to be via FAT/CD36 and FATP) with intracyto-
plasmic binding proteins. Transfer out of the syncytiotropho-
blast is less well understood but is thought to occur via interaction
with FAT/CD36 and FATP, which are present at both the micro-
villous and basal membrane surfaces. Subsequently, interaction
with fetal plasma proteins occurs. Placental fatty acid uptake is
in part regulated by peroxisome proliferator-activated receptor
y (PPARYy) and retinoid X receptor (RXR). In turn, long-chain
polyunsaturated fatty acids (PUFAs) taken up by the placenta
can be metabolized into PPAR ligands, thus affecting the expres-
sion ofan array of placental genes, including those that influence
fatty acid metabolism and transfer. Fatty acids may also be
oxidized within the placenta as a source of energy. Although
precise interactions and mechanisms remain uncertain, it is clear
that lipid uptake is of profound importance to fetal develop-
ment. Targeted deletion of the gene encoding FATP4 (Slc27a4),
found within the placenta, results in fetal lethality.&4

Early studies documented that placental fatty acid transfer
increases logarithmically with decreasing chain length (C 16 to
C8) and then declines somewhat for C6 and C4. However, more
recent work has clarified the fact that essential fatty acids are,
in general, transferred more efficiently than are nonessential
fatty acids.6 Of these, docosahexaenoic acid seems to be trans-
ferred more efficiently than arachidonic acid; oleic acid is trans-
ferred least efficiently. As in the case of amino acids discussed
earlier, the fetus is significantly enriched in long-chain PUFAs
compared with the mother. Such selectivity may also relate to
the composition of triglycerides in maternal serum because lipo-
protein lipase preferentially cleaves fatty acids in the two posi-
tions. In general, fatty acids transferred to the fetus reflect
maternal serum lipids and diet. Placental fatty transfer has
been recently reviewed.6 Evidence also suggests that the pla-
cental secretion of leptin, a hormone generally secreted by



adipocytes, may promote maternal lipolysis, thus providing
both placenta and fetus the means by which to ensure an
adequate lipid supply. Another possible mechanism by which
lipids may be excreted from the placenta involves the synthesis
and secretion of apolipoprotein (apo) B-containing lipopro-
teins. The relative importance of this pathway in the human
placenta is unclear. Placental uptake and excretion of cholesterol
is discussed in the section on receptor-mediated endocytosis.

Water and lons

Water transfer from mother to fetus is determined by a
balance of osmotic, hydrostatic, and colloid osmotic forces
at the placental interface. Calculation of osmotic pressure from
individual solute concentrations is unreliable because osmotic
pressure forces depend on the membrane permeability to each
solute. Thus sodium and chloride, the principal plasma solutes,
are relatively permeable across the placenta and would not be
expected to contribute important osmotic effects. As a result,
although human fetal plasma osmolality is equal to or greater
than maternal plasma osmolality, these measured values do not
reflect the actual osmotic force on either side of the mem-
branes.®6 Coupled with findings that hydrostatic pressure may
be greater in the umbilical vein than in the IVS, these data do
not explain mechanisms for fetal water accumulation. Alterna-
tively, colloid osmotic pressure differences and active solute
transport probably represent the main determinants of net
water fluxes—approximately 20 mL/day. It is likely, however,
given the large (3.6 L/hr) flux of water between mother and
fetus that more active mechanisms, including perhaps con-
trolled changes in end-vessel resistance, play a significant
role. In fact, water flux occurs through both transcellular and
paracellular pathways. Water channels (aquaporins 1, 3, 8, and
9) have been identified within the placenta, but their roles rela-
tive to water flux within the fetal placental unit have not been
discerned.

In comparison to other epithelia, the specialized placental
mechanisms for ion transport are incompletely understood.
Multiple mechanisms of sodium transport exist in syncytio-
trophoblast membranes (see Fig. 1-7). The maternal-facing
microvillous membrane contains, at a minimum, 1) multiple
amino acid cotransporters; 2) a sodium phosphate cotransporter,
in which two sodium ions are transported with each phosphate
radical; 3) a sodium-hydrogen ion antiport that exchanges one
proton for each sodium ion that enters the cell; and 4) other
nutrient transporters. In addition, both sodium and potassium
channels have been described. A membrane potential with the
inside negative (—30 mV) would promote sodium entry from
the 1VS, and this probably exists.6 The fetally directed basal side
of the cell contains the Na+/K+ATPase. The microvillous or
maternal-facing trophoblast membrane has an anion exchanger
(AE1) that mediates chloride transit across this membrane in
association with CP conductance pathways (channels) present
in both the microvillous and basal membranes.@8 Paracellular
pathways also play an important role. The integration and regu-
lation of these various mechanisms for sodium and chloride
transport from mother to fetus is not completely understood,;
however, accumulating evidence suggests that mineralocorti-
coids may regulate placental sodium transfer. Further, sodium-
hydrogen exchange, mediated by multiple members of the
NHE family (NHE1, NHE2, and NHE3), is regulated both
over gestation and in response to IUGR, as is expression of
Na+/K+ATPase.
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Calcium

Calcium is an essential nutrient for the developing fetus, and
ionized calcium levels are higher in fetal than in maternal
blood. Higher fetal calcium levels are due to a syncytiotro-
phoblast basal membrane ATP-dependent Ca2 transport
system that exhibits high affinity (nanomolar range) for
calcium. Indeed, analogous to amino acid and sodium-hydrogen
exchange proteins, multiple isoforms of the plasma membrane
calcium ATPase (PMCAs 1 through 4) are expressed within the
placentad; the placental expression of PMCA3 has been linked
to intrauterine bone accrual. Sodium-calcium exchange (NCX)
proteins may also play a role in the extrusion of calcium from
the trophoblast—again, multiple isoforms are expressed within
the placenta. A variety of calcium channels have been identified
in both the apical and basal membranes; TRPV6 plays a signifi-
cant role in calcium uptake into the syncytiotrophoblast.® Intra-
cellular calcium is bound by multiple calcium-binding proteins,
which have been identified within the placenta; these include
CaBP9k, CaBP28k, CaBP57k, oncomodulin, S-100P, S-100a,
and S-100(3. CaBP9k in particular is thought to have a regula-
tory and perhaps rate-limiting role. Calcium transport across the
placenta is increased by the calcium-dependent regulatory
protein calmodulin, regulated by 1,25 dihydroxycholecalciferol,
calcitonin, parathyroid hormone-related protein, and parathy-
roid hormone.

Placental Nutrient Supply and Intrauterine
Growth Restriction

The term placental insufficiency has been used as a cause of IUGR
but has been poorly understood until recently. It is often taken
as being synonymous with reduced uteroplacental bloodflow or
reduced umbilical blood flow. Doppler measurements of such
blood flows have been of assistance in diagnosing and assessing
the severity of IUGR but are limited in value.7 It is now clear
that other variables that determine the capacity of the placenta
to supply nutrients may also contribute to IUGR. For example,
in IUGR, the surface area of the exchange barrier is decreased
and its thickness decreased,” and such changes are likely to
markedly decrease the passive permeability of the placenta. Fur-
thermore, considerable evidence now shows that the activity
and expression oftransporter proteins in the syncytiotropho-
blast is altered in IUGR. 1722The reported data are summarized
in Table 1-1. As can be seen, activity of several transporters
decrease, at least one increases, and others show no change at
all. This variation in response could reflect whether a change in
the placenta is causative in IUGR (e.g., the decrease in system-A
amino acid transporter activity) or compensatory (e.g., the
increase in Ca2+ATPase activity) and could also reflect differen-
tial regulation of the transporters. Understanding these placental
phenotypes of IUGR may well give clues to novel means of
diagnosing and even treating the condition.

Vasomotor Control of the

Umbilicoplacental Circulation

The placenta represents an extensive extracorporeal vascular
bed that must be perfused by the fetal heart. In addition, for
efficient exchange, flow in the maternal and placental circula-
tions must be matched as closely as possible. Hence, there
must be local control of vascular resistance within the fetal
placental vascular bed. The principal resistance vessels in the
placental circulation are the muscular arteries contained within
the stem villi. In the absence of any nerves within the placenta,
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vasomotor control must be performed by local paracrine
factors. Nitric oxide, carbon monoxide, and hydrogen sulfide
have been identified as having powerful vasodilatory effects.
It is thought that under normal conditions, the villous vascular
bed is fully dilated, and it might constrict under hypoxic condi-
tions to redistribute flow to better perfused areas of the placenta,
analogous to the situation in the lung. It is notable that expres-
sion of the enzyme cystathionine y-lyase, which synthesizes
hydrogen sulfide, is reduced in the smooth muscle that sur-
rounds the resistance arteries in growth-restricted placentae that
display abnormal umbilical artery Doppler waveforms, 1which
suggests it plays an important physiologic role.

Placental Endocrinology

The human placenta is an important endocrine organ. It signals
the presence of the conceptus to the mother in early pregnancy
and optimizes the intrauterine environment and maternal physi-
ology for the benefit of fetal growth. Two major groups of
hormones are produced: the steroid hormoties, progesterone
and the estrogens, and peptide hormones, such as human
chorionic gonadotropin (hCG) and hPL. All are predomi-
nantly synthesized in the syncytiotrophoblast, and although the
synthetic pathways have been generally elucidated, the factors
that regulate secretion are still largely unknown. During early
pregnancy, the hormones increase maternal food intake and
energy storage, whereas later they mobilize these resources for
use by the fetus.

Progesterone

During the first few weeks of pregnancy, progesterone is
mainly derived from the corpus luteum; gradually, as the
placental mass increases, this organs contribution becomes
dominant with the production of around 250 mg/day of
progesterone. The corpus luteum regresses at around 9 weeks,
and at that stage, it is no longer essential for the maintenance
of a pregnancy.

Placental synthesis of progesterone begins with the conversion
of cholesterol to pregnenolone, as in other steroid-secreting
tissues. Placental tissues are poor at synthesizing cholesterol, and
so they utilize maternal cholesterol derived from low-density
lipoproteins (LDLs) taken up in coated pits on the surface of
the syncytiotrophoblast. Conversion of cholesterol to pregneno-
lone occurs on the inner aspect of the inner mitochondrial
membrane, catalyzed by cytochrome P450scc (CYP11A1l), and
in other steroidogenic tissues, the delivery of cholesterol to this
site is the principal rate-limiting step in progesterone synthesis.
There, delivery is facilitated by the steroidogenic acute regulatory
(StAR) protein, which binds and transports cholesterol, but this
protein is not present in the human placenta.'4 Instead, a homo-
logue, MLN 64, may carry out a similar function; freshly isolated
cytotrophoblast cells appear to contain concentrations of cho-
lesterol that are near saturating for progesterone synthesis, which
indicates that supply of the precursor is not rate limiting.7% Side-
chain cleavage requires molecular oxygen, but it is unclear
whether the conditions that prevail during the first trimester are
rate limiting. The rate of production of pregnenolone from
radiolabeled cholesterol by placental homogenates in vitro
increases throughout the first trimester, and both the concentra-
tion and activity of P450scc increase in placental mitochondria
from the first trimester to term. These changes, coupled with the
expansion of the syncytiotrophoblast, most likely account for
the increase in progesterone synthesis observed.

Side-chain cleavage also requires a supply of electrons, and
this is provided by nicotinamide adenine dinucleotide phos-
phate (NADPH) through a short electron transport chain in the
mitochondrial matrix that involves adrenodoxin reductase and
its redox partner adrenodoxin. Preliminary studies in Tuckey’s71
laboratory suggest that the transport of electrons to P450scc is
rate limiting for the enzyme’s activity at mid pregnancy, and so
further research on the factors that regulate expression and activ-
ity of adrenodoxin reductase during gestation is clearly needed.

The resultant pregnenolone is then converted to progesterone
by the enzyme type 1 3(3-hydroxysteroid dehydrogenase (3(3-
HSD), principally in the mitochondria. The activity of 3P-HSD
in placental tissues is significantly higher than that of cyto-
chrome P450scc, and so this step is unlikely to ever be rate
limiting for the production of progesterone. Once secreted, the
principal actions of the hormone are to maintain quiescence
of the myometrium, although it may have immunomodula-
tory and appetite stimulatory roles as well. In addition, our
new data on the importance of histotrophic nutrition during the
first few weeks of pregnancy suggest that progesterone may be
essential to maintain the secretory activity ofthe endometrial
glands.

Estrogens

The human placenta lacks the enzymes required to synthesize
estrogens directly from acetate or cholesterol, and so it uses
the precursor dehydroepiandrosterone sulfate (DHEAS) sup-
plied by the maternal and fetal adrenal glands in approxi-
mately equal proportions near term. Following uptake by the
syncytiotrophoblast, DHEAS is hydrolyzed by placental sulfa-
tase to dehydroepiandrosterone (DHEA), which is further con-
verted to androstenedione by 3]3-HSD. Final conversion to
estradiol and estrone is achieved by the action of P450 cyto-
chrome aromatase (P450arom; CYP19), which has been immu-
nolocalized to the endoplasmic reticulum. The syncytiotrophoblast
can also utilize 16-OH DHEAS produced by the fetal liver,
converting this to 16a-OH androstenedione through the action
of 3(3-HSD and then to estriol through the action of P450arom.
Because approximately 90% of placental estriol production is
reliant on fetal synthesis of the precursor 16-OH DHF1AS,
maternal estriol concentrations have, in the past, been taken
clinically as an index of fetal well-being.

Although the synthesis of estrogens can be detected in placen-
tal tissues during the early weeks of gestation, secretion signifi-
cantly increases toward the end of the first trimester. By 7 weeks’
gestation, more than 50% of maternal circulating estrogens are
of placental origin. Recent analysis of the transcriptional regula-
tion of the CYP19A1 gene has shown it to be oxygen responsive
through a novel pathway that involves the basic helix-loop-helix
transcription factor MASH-2.% Production of MASH-2 is
increased under physiologically low-oxygen conditions and leads
to repression of CYP19A1 gene expression. Hence the change in
oxygenation that occurs at the end of the first trimester may
stimulate placental production of estrogens.

Human Chorionic Gonadotropin

Human chorionic gonadotropin (hCG) is secreted by the
trophoblast at the blastocyst stage and can be detected in
the maternal blood and urine approximately 8 to 10 days
after fertilization. Its principal function is to maintain the
corpus luteum until the placenta is sufficiently developed to
take over production of progesterone. It is a heterodimeric



glycoprotein (approximately 38,000 Da) that consists of a and
(3 subunits and is principally derived from the syncytiotropho-
blast. The a subunitiscommon to that ofthyroid-stimulating
hormone (TSH), luteinizing hormone (LH), and follicle-
stimulating hormone (FSH) and is encoded by a single gene
located at chromosome 6ql2-21. It is the (3 subunit that
determines the biologic specificity of hCG, and this evolved
by a duplication event at the LHB gene locus. Mapping has
revealed that in the human, six copies of the CGB gene are
located together with a single copy of the LHB gene at chromo-
some 19p 13.3. Polymerase chain reaction (PCR)-based tech-
niques have revealed that at least five of the genes, and possibly
all six, are transcribed in vivo during normal pregnancy. Most
of the steady-state hCG(3 mRNAs are transcribed from CGB
genes 5, 3, and 8 but with the levels of expression being (35 >
(33 =38 > (37, 3L/72. The @ subunits of LH and hCG share
85% amino acid sequence homology and are functionally inter-
changeable. One of the principal differences between the two is
the presence of a 31-amino acid carboxyl-terminal extension
in hCG(3 compared with a shorter 7-amino acid stretch in
LH(3. This extension is hydrophilic, contains four O-glycosylated
serine residues, and is thought to act as a secretory routing signal
that targets release of hCG from the apical membrane of the
syncytiotrophoblast.

Assembly of hCG involves a complex process of folding, in
which a strand of 20 residues of the (3subunit is wrapped around
the a subunit, and the two are secured by a disulfide bond.
Combination of the subunits occurs in the syncytiotrophoblast
prior to the release of intact hCG, and because only limited
storage exists in cytoplasmic granules, secretion is largely thought
to reflect de novo synthesis. Oxidizing conditions promote com-
bination of the subunits in vitro, most likely through their
effects on the disulfide bond, and so the wave of physiologic
oxidative stress observed in placental tissues at the transition
from the first to second trimesters7 may influence the pattern of
secretion in vivo.

Concentrations of the hCG dimer in maternal blood rise
rapidly during early pregnancy, peak at 9 to 10 weeks, and
subsequently decline to a nadir at approximately 20 weeks.
The physiologic role of the hCG peak is unknown, and the
serum concentration far exceeds that required to stimulate
LH receptors in the corpus luteum. In any case, the corpus
luteum is coming to the end of its extended life, and so the
peak may therefore merely reflect other physiologic events.
Production of the (3 subunit follows the same pattern, whereas
the maternal serum concentration of the a subunit continues to
rise during the first and second trimesters. Synthesis of the (3
subunit is therefore considered to be the rate-limiting step.
Early experiments that used primary placental cultures revealed
that cyclic adenosine monophosphate (CAMP) plays a key role
in the biosynthesis of both subunits, and subsequent work
showed it to increase both the transcription and the stability of
the a- and (3-mRNAs. The kinetics were different for the two
subunits, however, which suggests that the effect occurs through
separate pathways or transcription factors. Possible regulatory
elements within the ocand (3 genes were extensively reviewed by
Jameson and Hollenberg.®B

Another theory that has been proposed is that intact hCG
may modulate its own secretion in an autocrine/paracrine
fashion through the LH/hCG receptor.® This G protein-
coupled receptor has been identified on the syncytiotrophoblast
of the mature placenta and contains a large extracellular domain
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that binds intact hCG with high affinity and specificity. However,
during early pregnancy, the receptors in the placenta are
truncated and probably functionless until 9 weeks. Hence, in
the absence of self-regulation, maternal serum concentrations
of hCG may rise steeply, until the expression of functional
LH/hCG receptors on the syncytiotrophoblast toward the end
of the first trimester brings it under control. Reduced synthesis
of the functional receptor may underlie the raised serum con-
centrations of hCG that characterize cases of Down syndrome
(trisomy 21).8

In addition to changes in the rate of secretion, hCG also
exhibits molecular heterogeneity in both its protein and carbo-
hydrate moieties; also, the ratio of the different isoforms secreted
changes with gestational age. For the first 5 to 6 weeks of gesta-
tion, hyperglycosylated isoforms of the (3 subunit predominate
(hCG-H), resembling the pattern seen in choriocarcinoma.8
These isoforms are particularly released by extravillous tropho-
blast, and they stimulate invasion through autocrine/paracrine
pathways rather than having traditional endocrine activity.
Reduced levels of hCG-H in the maternal serum have been
linked with miscarriage and poor obstetric outcome,8 and
they may reflect impaired development of the extravillous
trophoblast. This in turn would lead to deficient spiral artery
remodeling. In normal pregnancies, these hyperglycosylated
isoforms decline after the first trimester and are replaced by those
that predominate for the remainder of the pregnancy. Midtri-
mester maternal concentrations of hCG were also found to be
raised in a retrospective study of early-onset preeclampsia,& and
recently a link between the serum concentration and the severity
of maternal oxidative stress has been reported.83 These data
reinforce the putative link between the secretion of hCG and
the redox status of the trophoblast.

Placental Lactogen

Human placental lactogen (hPL), also known as chorionic
somatotropin, is a single-chain glycoprotein (22,300 Da)
that has a high degree ofamino acid sequence homology with
both human growth hormone (96%) and prolactin (67%).
Therefore it has been suggested that the genes that encode all
three hormones arose from a common ancestral gene through
repeated gene duplication. Thus hPL has both growth-
promoting and lactogenic effects, although the former are of
rather low activity. The hormone is synthesized exclusively in
the syncytiotrophoblast and is secreted predominantly into
the maternal circulation, where it can be detected from the
third week of gestation onward. Concentrations rise steadily
until they plateau at around 36 weeks ofgestation, at which time
the daily production rate is approximately 1 g. ITie magnitude
of this effort is reflected by the fact that at term, production of
hPL accounts for 5% to 10% of total protein synthesis by pla-
cental ribosomes, and the encoding mRNA represents 20% of
the total placental mMRNA.

Little is known regarding the control of hPL secretion in vivo,
and maternal concentrations correlate most closely with placen-
tal mass. Evidence suggests that calcium influx into the syncy-
tiotrophoblast or an increase in the external concentration in
albumin can cause the release of hPL from placental explants in
vitro, and this does not appear to be mediated by activation of
the inositol phosphate, cAMP, or cyclic guanosine monophos-
phate (cGMP) pathways.

The actions of hPL are well defined, both as an appetite
stimulant and for its effects on maternal metabolism. It
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promotes lipolysis, which increases circulating free fatty acid
levels, and in the past it was also thought to act as an insulin
antagonist, thereby raising maternal blood glucose concen-
trations. However, it is now thought that placental growth
hormone is more important in this respect. Placental lacto-
gen also promotes growth and differentiation ofthe mammary
glandular tissue in anticipation of lactation.

Placental Growth Hormone

Placental growth hormone (PGH) is expressed from the hGH-V
gene GH2, which is in the same cluster as CSH1, and it differs
from pituitary growth hormone by only 13 amino acids.es PGH
is secreted predominantly by the syncytiotrophoblast into the
maternal circulation in a nonpulsatile manner and cannot be
detected in the fetal circulation. Between 10 and 20 weeks of
gestation, PGH gradually replaces pituitary growth hormone,
which then becomes undetectable until term. In contrast to
hPL, PGH has high growth-promoting but low lactogenic
activities.

Secretion of PGH is not modulated by growth-hormone
releasing hormone but rather appears to be rapidly suppressed
by raised glucose concentrations both in vivo and in vitro.8
Through its actions on maternal metabolism, PGH increases
nutrient availability for the fetoplacental unit and promotes
lipolysis and also gluconeogenesis. It is also one of the key
regulators of maternal insulin sensitivity and IGF-1 concen-
trations. Although IGF-1 does not cross into the fetal circula-
tion, it does have a powerful influence on fetal growth
through its effects on maternal metabolism, maternal-fetal
nutrient portioning, placental transporter expression, and
placental growth and blood flow. Circulating levels of
PGH correlate with birthweight and are reduced in cases
of IUGR.%4

Leptin

Leptin is secreted by adipose tissue and normally feeds back on
the hypothalamus to suppress appetite and food intake. However,
pregnancy is a state of central leptin resistance that allows
the mother to lay down adipose reserves. During pregnancy,
leptin is secreted in large quantities by the syncytiotrophoblast,
regulated in part through hCG and 17P-estradiol.& Expression
correlates closely with maternal serum concentrations and peaks
at the end of the second and during the early third trimesters.
The hormone has local stimulatory effects on placental trans-
porter expression and has central effects on appetite.

Pregnancy-Associated Plasma Protein A

Pregnancy-associated plasma protein A (PAPP-A) is a macromo-
lecular glycoprotein that is increased in the serum of pregnant
women from 5 weeks’ gestation, and it continuously rises until
the end of pregnancy. It is mainly produced by the villous tro-
phoblast and, during pregnancy, its synthesis is upregulated by
progesterone. It is a key regulator of IGF bioavailability,
which is essential for normal fetal development, and low
maternal serum levels of PAPP-A have been associated with
a higher risk of preeclampsia and poor fetal growth during
the second half of pregnancy.& Ultrasound measurements of
the basal surface area indirectly reflect development of the defini-
tive placenta. The finding of a relationship between basal surface
area and PAPP-A levels in maternal serum, and also between
basal surface area and birthweight centile, suggests that a com-
bination of these parameters could be useful in identifying

placenta-related disorders from the end of the first trimester of
pregnancy.8

Sex Differences in Placental Function

Increasing evidence suggests sex differences in placental
development and function, and in particular to its responses
to various stressors.28 Differences are found in growth factor
pathways—with concentrations of IGF-1 being higher in the
cord blood of female fetuses, whereas the reverse is true for
growth hormone—and placental cytokine production. Males
grow faster in utero than females but have a smaller placenta in
relation to fetal weight, which suggests that the organ is more
efficient. However, this may mean that the functional reserve is
less and that, as a result, male fetuses are more vulnerable to
developmental programming under adverse conditions.®
Dimorphic patterns of placental gene expression may underlie
the greater risk of preeclampsia, growth restriction, and prema-
turity associated with male babies. For example, in preeclamptic
pregnancies, the placentae of boys show significantly higher
levels of proinflammatory cytokines and activation of apoptosis,
which is associated with more pronounced nuclear factor kB
(NFkB) signaling.9 This is an area of active research, and greater
consideration needs to be paid to the sex of the fetus in future
placenta studies.

SUMMARY

The placenta must be one of the most complex human
organs. While growing and differentiating, it performs the
functions of many organ systems in the fetus—such as the
lungs, kidneys, and liver—that are still immature. Although
principally considered an organ of exchange, the placenta
also has a major endocrine role. It orchestrates a variety
of physiologic responses in the mother that sustain the
pregnancy and ensure appropriate allocation of nutrient
resources to both parties. Imprinted genes are key players
in regulating placental differentiation and function, and
their epigenetic status is sensitive to environmental factors.
These genes provide a mechanism by which the placenta is
able to adapt to meet changing fetal demands and maternal
supply. Impaired placental development is frequently asso-
ciated with fetal growth restriction, and developmental
programming of the major organ systems may influence
the life-long health of the offspring. Placentation therefore
has clinical impact that extends far beyond the 9 months
of pregnancy.

KEY POINTS

The mature human placenta is a discoid organ that
consists of an elaborately branched fetal villous tree
bathed directly by maternal blood of the villous hemo-
chorial type. Normal term placental weight averages
450 g and represents approximately one seventh (one
sixth with cord and membranes) of the fetal weight.
Continual development throughout pregnancy leads to
progressive enlargement of the surface area for exchange
(12 to 14 m2at term) and reduction in the mean diffu-
sion distance between the maternal and fetal circula-
tions (approximately 5 to 6 (Im at term).



¢ The maternal circulation to the placenta is not fully
established until the end of the first trimester; hence
organogenesis takes place in a low-oxygen environment
ofapproximately 20 mm Hg, which may protect against
free radical—mediated teratogenesis. Uterine blood flow
at term averages 750 mL/min, or 10% to 15% of mater-
nal cardiac output.

¢ During the first trimester, the uterine glands discharge
their secretions into the placental intervillous space and
represent an important supply of nutrients, cytokines,
and growth factors prior to the onset of the maternal-
fetal circulation.

¢ The exocoelomic cavity acts as an important reservoir
of nutrients during early pregnancy, and the secondary
yolk sac is important in the uptake of nutrients and their
transfer to the fetus.

¢ Oxygen is a powerful mediator of trophoblast prolifera-
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In obstetric practice, recognition of normal fetal growth, devel-
opment, and behavior often suggests an expectant management
plan. However, abnormalities may require clinical strategies for
fetal assessment and intervention. The basic concepts of placen-
tal and fetal physiology provide the building blocks necessary
for understanding pathophysiology and thus mechanisms of
disease. Throughout this chapter, we have reviewed the essential
tenets of fetal physiology and have related this information to
normal and abnormal clinical conditions.

Much of our knowledge of fetal physiology derives from
observations made in mammals other than humans. We have
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attempted to include only those observations reasonably appli-
cable to the human fetus and in most instances have not detailed
the species from which the data were obtained. Should questions
arise regarding the species studied, the reader is referred to the
extensive bibliography.

UMBILICAL BLOOD FLOW

Fetal blood flow to the umbilical circulation represents
approximately 40% of the combined output of both fetal
ventricles.1Over the last third of gestation, increases in umbili-
cal blood flow are proportional to fetal growth so that umbilical
blood flow remains constant when normalized to fetal weight.
Human umbilical venous flow can be estimated through the use
of triplex ultrasonography. Although increases in villous capil-
lary number represent the primary contributor to gestation-
dependent increases in umbilical blood flow, the factors that
regulate this change are unknown; however, a number of impor-
tant angiogenic peptides and factors, including vascular endo-
thelial growth factor (VEGF), have been identified.2 Short-term
changes in umbilical blood flow are primarily regulated by per-
fusion pressure. The relationship between flow and perfusion
pressure is linear in the umbilical circulation. As a result,
small (2 to 3 mm Hg) increases in umbilical vein pressure evoke
proportional decreases in umbilical blood flow. Because both the
umbilical artery and vein are enclosed in the amniotic cavity,
pressure changes caused by increases in uterine tone are trans-
mitted equally to these vessels without changes in umbilical
blood flow. Relative to the uteroplacental bed, the fetoplacen-
tal circulation is resistant to vasoconstrictive effects of infused
pressor agents, and umbilical blood flow is preserved unless
cardiac output decreases. Thus despite catecholamine-
induced changes in blood flow distribution and increases in
blood pressure during acute hypoxia, umbilical blood flow
is maintained over a relatively wide range of oxygen tensions.
Endogenous vasoactive autacoids have been identified; nitric
oxide may also be important. Endothelin-1, in particular, is
associated with diminished fetoplacental blood flow.3



AMNIOTIC FLUID VOLUME

Mean amniotic fluid volume (AFV) increases from 250 to
800 mL between 16 and 32 weeks of gestation. Despite
considerable variability, the average volume remains stable
up to 39 weeks and then declines to about 500 mL at 42
weeks (Fig. 2-1). Amniotic fluid index (AFI) values across gesta-
tion are found in Chapter 35. The origin of amniotic fluid
during the first trimester of pregnancy is uncertain. Possible
sources include a transudate of maternal plasma through the
chorioamnion or a transudate of fetal plasma through the highly
permeable fetal skin before Kkeratinization. The origin and
dynamics of amniotic fluid are better understood beginning
in the second trimester, when the fetus becomes the primary
determinant. AFV is maintained by a balance of fetal fluid
production (lung liquid and urine) anAfluid resorption (fetal
swallowing and flow across the amniotic and/or chorionic
membranes to the fetus or maternal uterus; Fig. 2-2).4

The fetal lung secretes fluid at a rate of 300 to 400 mL/day
near term. Chloride is actively transferred from alveolar capil-
laries to the lung lumen, and water follows the chloride gradient.
Thus lung fluid represents a nearly protein-free transudate with
an osmolarity similar to that of fetal plasma. Fetal lung fluid
does not appear to regulate fetal body fluid homeostasis, just as
fetal intravenous volume loading does not increase lung fluid
secretion. Rather, lung fluid likely serves to maintain lung
expansion and facilitate pulmonary growth. Lung fluid must
decrease at parturition to provide for the transition to respi-
ratory ventilation. Notably, several hormones that increase in
fetal plasma during labor (i.e., catecholamines, arginine vaso-
pressin [AVP]) also decrease lung fluid production. With the
reduction offluid secretion, the colloid osmotic gradient between
fetal plasma and lung fluid results in lung fluid resorption across
the pulmonary epithelium and clearance via lymphatics. The
absence of this process explains the increased incidence of
transient tachypnea of the newborn, or “wet lung,” in infants
delivered by cesarean section in the absence of labor.

Fetal urine is the primary source of amniotic fluid, and
outputs at term vary from 400 to 1200 mL/day. Between 20
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FIG 2-1 Normal range of amniotic fluid volume in human gestation.
(From Beall MH, van den Wijngaard JP, van Gemert MJ, Ross MG.
Amniotic fluid water dynamics. Placenta. 2007;28:816-823.)
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and 40 weeks’ gestation, fetal urine production increases
about tenfold in the presence of marked renal maturation.
The urine is normally hypotonic, and the low osmolarity of fetal
urine accounts for the hypotonicity of amniotic fluid in late
gestation relative to maternal and fetal plasma. Numerous fetal
endocrine factors that include AVP, atrial natriuretic factor
(ANF), angiotensin Il (All), aldosterone, and prostaglandins can
alter fetal renal blood flow, glomerular filtration rate, and urine
flow rates.1In response to fetal stress, endocrine-mediated reduc-
tions in fetal urine flow may explain the association between
fetal hypoxia and oligohydramnios. The regulation of fetal urine
production is discussed further under “Fetal Kidney” later in this
chapter.

Fetal swallowing is believed to be a major route of amni-
otic fluid resorption, although swallowed fluid contains a
mixture ofamniotic and tracheal fluids. Human fetal swallow-
ing has been demonstrated by 18 weeks’ gestation,6 with daily
swallowed volumes of200 to 500 mL near term. Similar to fetal
urine flow, daily fetal swallowed volumes (per body weight) are
markedly greater than adult values. With the development of
fetal neurobehavioral states, fetal swallowing occurs primarily
during active sleep states associated with respiratory and eye
movements. Moderate elevations in fetal plasma osmolality
increase the number of swallowing episodes and volume swal-
lowed, indicating the presence of an intact thirst mechanism in
the near-term fetus.

Because amniotic fluid is hypotonic with respect to maternal
plasma, there is a potential for bulk water removal at the
amniotic-chorionic interface with maternal or fetal plasma.
Although fluid resorption to the maternal plasma is likely
minimal, intramembranous flow from amniotic fluid to fetal
placental vessels may contribute importantly to amniotic fluid
resorption. Thus intramembranous flow may balance fetal
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FIG 2-2 Water circulation between the fetus and amniotic fluid. The
major sources of amniotic fluid water are fetal urine and lung liquid,
and the routes of absorption are through fetal swallowing and
intramembranous flow. (From Beall MH, van den Wijngaard JP,
van Gemert MJ, Ross MG. Amniotic fluid water dynamics. Placenta.
2007;28:816-823.)
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urine and lung-liquid production with fetal swallowing to
maintain normal AFVs.

The mechanisms by which water is transferred across the
amnion into fetal vessels remains uncertain, but evidence impli-
cates the presence of water channels within the amnion and, as
discussed previously, the placental trophoblast and fetal endo-
thelium. Aquaporins 1, 3, 8, and 9 are found within the placenta
and fetal membranes. Mice deficient in aquaporin 1 develop
polyhydramnios, which suggests an important role for this
protein in intramembranous water transfer.n Aquaporins 1 and
3, important in transplacental water flow, are regulated by AVP
and by cyclic adenosine monophosphate (CAMP), and they
show changes in expression throughout gestation.

FETAL GROWTH AND METABOLISM

Substrates

Nutrients are utilized by the fetus for two primary purposes:
oxidation for energy and tissue accretion. Under normal con-
ditions, glucose is an important substrate for fetal oxidative
metabolism. The glucose utilized by the fetus derives from the
placenta rather than from endogenous glucose production.
However, based on umbilical vein-umbilical artery glucose and
oxygen (O2 concentration differences, glucose alone cannot
account for fetal oxidative metabolism. In fact, glucose oxidation
accounts for only two thirds of fetal carbon dioxide (CO2
production.10 Thus fetal oxidative metabolism depends on
substrates in addition to glucose. A large portion of the amino
acids taken up by the umbilical circulation are used by the fetus
for aerobic metabolism instead of protein synthesis. Fetal uptake
for a number of amino acids actually exceeds their accretion
into fetal tissues. In addition, other amino acids—notably
glutamate—are taken up by the placenta from the fetal circula-
tion and are metabolized within the placenta." In fetal sheep,
and likely in the human fetus as well, lactate also is a sub-
strate for fetal oxygen consumption.0 Thus the combined
substrates—glucose, amino acids, and lactate—essentially
provide the approximately 87 kcal/kg required daily by the
growing fetus.

Metabolic requirements for new tissue accretion depend on
the growth rate and the type of tissue acquired. Although the
newborn infant has relatively increased body fat, fetal fat content
is low at 26 weeks. Fat acquisition increases gradually up to 32
weeks and rapidly thereafter (about 82 g [dry weight] of fat per
week). Because many of the necessary enzymes for conversion
of carbohydrate to lipid are present in the fetus, fat acquisi-
tion reflects glucose utilization in addition to placental fatty
acid uptake. In contrast, fetal acquisition of nonfat tissue is
linear from 32 to 39 weeks and may decrease to only 30% of
the fat-acquisition rate in late gestation (about 43 g [dry weight]
per week).

Hormones

The roles of select hormones in the regulation of placental
growth are discussed in Chapter 1. Fetal hormones influence
fetal growth through both metabolic and mitogenic effects.
Although growth hormone and growth hormone receptors
are present early in fetal life, and growth hormone is essential
to postnatal growth, growth hormone appears to have little
role in regulating fetal growth. Instead, changes in insulin-like
growth factor (IGF), IGF-binding proteins, or IGF receptors
explain the apparent reduced role of growth hormone on fetal

growth. Most if not all tissues of the body produce IGF-I and
IGF-11, and both are present in human fetal tissue extracts after
12 weeks’ gestation. Fetal plasma IGF-I and -1l levels begin to
increase by 32 to 34 weeks’ gestation. The increase in IGF-I
levels directly correlates with increase in fetal size, and a
reduction in IGF-1 levels is associated with growth restric-
tion.12 In contrast, no correlation has been found between
serum IGF-I1 levels and fetal growth. However, a correlation
has been noted between small offspring and genetic manipula-
tions that result in decreased IGF-11 messenger RNA produc-
tion. IGF-11 knockout mice are small, and knockout of the
IGF-I1 receptor results in fetal overgrowth.13Thus tissue IGF-I1
concentrations and localized IGF-11 release may be more impor-
tant than circulating levels in supporting fetal growth.

IGF binding proteins (IGFBPs) modulate IGF-1 and Il con-
centrations in serum, with IGFBP1 having an inhibitory and
IGFBP3 a comparatively stimulatory effect. As such, diminished
fetal concentrations of IGFBP3 and enhanced concentrations of
IGFBP1 have been associated with smaller fetal size. 4

A role for insulin in fetal growth is suggested from the
increases in body weight and in heart and liver weights in
infants of diabetic mothers. Insulin levels within the high
physiologic range increase fetal body weight, and increases
in endogenous fetal insulin significandy increase fetal glu-
cose uptake. In addition, fetal insulin secretion increases in
response to elevations in blood glucose, although the normal
rapid insulin response phase is absent.1 Plasma insulin levels
sufficient to increase fetal growth also may exert mitogenic ef-
fects, perhaps through insulin-induced IGF-11 receptor binding.
Separate receptors for insulin and IGF-II are expressed in fetal
liver cells by the end of the first trimester. Hepatic insulin recep-
tor numbers (per gram tissue) triple by 28 weeks, whereas IGF-11
receptor numbers remain constant. Thus, although infants of
diabetic mothers are at increased risk of cardiac defects, the
growth patterns of these infants indicate that insulin levels may
be most important in late gestation (see Chapter 40). Although
less common, equally dramatically low birthweights are associ-
ated with the absence of fetal insulin. Experimentally induced
hypoinsulinemia causes a 30% decrease in fetal glucose utiliza-
tion and decreases fetal growth.

As in the adult, P-adrenergic receptor activation increases
fetal insulin secretion, whereas P-adrenergic activation inhib-
its insulin secretion. Fetal glucagon secretion also is modu-
lated by the P-adrenergic system. However, the fetal glycemic
response to glucagon is blunted, probably caused by a rela-
tive reduction in hepatic glucagon receptors.

Corticosteroids are essential for fetal growth and matura-
tion, and levels in the fetus rise near parturition in step with
maturation of fetal organs such as the lung, liver, kidneys,
and thymus and with slowing of fetal growth. Exogenous
maternal steroid administration during pregnancy also has
the potential to diminish fetal growth in humans and in a
variety of other species, perhaps via suppression of the IGF
axis. In addition to the insulin-like growth factors, a number
of other factors—including epidermal growth factor (EGF),
transforming growth factor (TGF), fibroblast growth factor
(FGF), and nerve growth factor (NGF)—are expressed during
embryonic development and appear to exert specific effects
during morphogenesis; for example, EGF has specific effects on
lung growth and on differentiation of the secondary palate, and
normal sympathetic adrenergic system development is depen-
dent on NGF. However, the specific role of these factors in



regulating fetal growth remains to be defined. Similarly, the
fetal thyroid also is not important for overall fetal growth
but is important for central nervous system development.

Substantial evidence now exists to support the view that
several cell-specific growth factors and their cognate receptors
play an essential role in placental growth and function in a
number of species. Growth factors identified to date include
family members of EGF, TGF-(3, NGF, IGF, hematopoietic
growth factors, VEGF, and FGF. The expression, ontogeny, and
regulation of most but not all of these growth factors have been
explored; in addition, a number of cytokines also play a role in
normal placental development. In vitro placental cell culture
studies support the concept that growth factors and cytokines
exert their functions locally, promoting proliferation and
differentiation through their autocrine and/or paracrine
mode of actions. For example, EGF promotes cell proliferation,
invasion, or differentiation depending on the gestational age.
Hepatocyte growth factor and VEGF stimulate trophoblast
DNA replication, whereas TGF-p suppresses cytoplast invasion
and endocrine differentiation. In support of local actions, func-
tional receptors for various growth factors have been demon-
strated on trophoblast and other cells. Various intracellular
signal proteins and transcription factors that respond to growth
factors are also expressed in the placenta. A number of elegant
studies have identified alterations in growth factors and growth
factor receptors in association with placental and fetal growth
restriction. Placental defects in growth factor and receptor path-
ways, explored through the use of transgenic and mutant mice,
have provided potential mechanisms for explaining complica-
tions of human placental development.’6 An illustrative
example is EGF, a potent mitogen for epidermal and meso-
dermal cells that is expressed in human placenta. EGF is
involved in embryonal implantation, it stimulates syncytio-
trophoblast differentiation in vitro, and it modulates pro-
duction and secretion of human chorionic gonadotropin
(hCG) and human placental lactogen (hPL). The effects of
EGF are mediated by EGF-receptor (EGF-R), a transmembrane
glycoprotein with intrinsic tyrosine kinase activity. EGF-R is
expressed on the apical microvillus plasma membrane fractions
from early, middle, and term whole placentae. Placental EGF-R
expression is regulated by locally expressed parathyroid
hormone-related protein, which is important in placental dif-
ferentiation and maternal-fetal calcium flux.1 18 Decreased
EGF-R expression has been demonstrated in association with
intrauterine growth restriction (IUGR). Targeted disruption of
EGF-R has been shown to result in fetal death as a result of
placental defects.ll Overexpression of EGF-R activity results
in placental enlargement. 1

The EGF family now consists of at least 15 members, many
ofwhich have been identified in human placenta. Future studies
should reveal whether EGF family members play distinct or
overlapping functions in mediating placental growth.

Control of fetal growth may occur via the impact of growth
factors/hormones on the placenta or may occur as a direct result
of action in and on the fetus. It is clear that nutrition may play
arole in these processes. However, the number of genes and gene
products known to control or affect fetal growth continues to
increase. Imprinted genes, expressed primarily from mater-
nally or paternally acquired alleles, play a particularly impor-
tant role in controlling fetal growth."1Abnormalities in the
expression of these genes often result in fetal overgrowth or
undergrowth. Environmental influences, such as alterations in
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gene methylation or in modification of histones associated with
genes, may further alter gene expression and thus fetal growth,
making this a rich area for further exploration.

FETAL CARDIOVASCULAR SYSTEM

Development

The heart and the vascular system develop from splanchnic
mesoderm during the third week after fertilization. The two
primordial heart tubes fuse to form a simple contractile tube
early in the fourth week, and the cardiovascular system becomes
the first functional organ system. During weeks 5 to 8, this
single-lumen tube is converted into the definitive four-
chambered heart through a process of cardiac looping
(folding), remodeling, and partitioning. However, an opening
in the interatrial septum, the foramen ovale, is present and serves
as an important right-to-left shunt during fetal life.

During the fourth embryonic week, three primary circula-
tions characterize the vascular system. The aortic/cardinal cir-
culation serves the embryo proper and is the basis for much of
the fetal circulatory system. Of note the left sixth aortic (pul-
monary) arch forms a connection between the left pulmonary
artery and the aorta as the ductus arteriosus. The ductus arte-
riosus also functions as a right-to-left shunt by redistributing
right ventricular (RV) output from the lungs to the aorta and
fetal and placental circulations. The vitelline circulation devel-
ops in association with the yolk sac, and although it plays a
minor role in providing nutrients to the embryo, its rearrange-
ment ultimately provides the circulatory system for the gastro-
intestinal (GI) tract, spleen, pancreas, and liver. The allantoic
circulation develops in association with the chorion and the
developing chorionic villi and forms the placental circulation,
comprised of two umbilical arteries and two umbilical veins. In
humans, the venous pathways are rearranged during embry-
onic weeks 4 to 8, and only the left umbilical vein is retained.
Subsequent rearrangement of the vascular plexus associated
with the developing liver forms the ductus venosus, a venous
shunt that allows at least half of the estimated umbilical
blood flow (70 to 130 mL/min/kg fetal weight after 30
weeks’ gestation) to bypass the liver and enter the inferior
vena cava.2

Placental gas exchange provides well-oxygenated blood that
leaves the placenta (Fig. 2-3) via the umbilical vein. In addition
to the ductus venosus, small branches into the left lobe of the
liver and a major branch to the right lobe account for the
remainder of the umbilical venous flow. Left hepatic vein blood
combines with the well-oxygenated ductus venosus flow as it
enters the inferior vena cava. Because right hepatic vein blood
combines with the portal vein (only a small fraction of portal
vein blood passes through the ductus venosus), right hepatic
vein blood is less oxygenated than its counterpart on the left,2
and a combination of right hepatic/portal drainage with blood
returning from the lower trunk and limbs further decreases the
oxygen content. Although both ductus venosus blood and
hepatic portal/fetal trunk bloods enter the inferior vena cava and
the right atrium, little mixing occurs. This stream of well-
oxygenated ductus venosus blood is preferentially directed
into the foramen ovale by the valve of the inferior vena cava
and the crista dividens on the wall of the right atrium. This
shunts a portion of the most highly oxygenated ductus
venosus blood through the foramen ovale with little oppor-
tunity for mixing with superior vena cava/coronary sinus
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FIG 2-3 Anatomy of the umbilical and hepatic circulation. Black arrows
represent nutrient-rich and oxygen-rich blood. LHV, left hepatic vein;
RHV, right hepatic vein. (From Rudolph AM. Hepatic and ductus
venosus blood flows during fetal life. Hepatology. 1983;3:254-258.)

FIG 2-4 Anatomy of the fetal heart and central shunts. CA, carotid
artery; DA, ductus arteriosus; FA, femoral artery; FO, foramen ovale;
IVC, inferior vena cava; LA, left atrium; LV, left ventricle; RA, right
atrium; RV, right ventricle; SVC, superior vena cava; TA, thoracic aorta.
(From Anderson DF, Bissonnette JM, Faber JJ, Thornburg KL. Central
shunt flows and pressures in the mature fetal lamb. Am J Physiol.
1981 ;241 :H60-H66.)

venous return (Fig. 2-4; see also Fig. 2-3). As a result, left atrial
filling results primarily from umbilical vein-ductus venosus
blood, with a small contribution from pulmonary venous
flow. Thus blood with the highest oxygen content is delivered
to the left atrium and left ventricle and ultimately supplies
blood to the upper body and limbs, carotid and vertebral
circulations, and the brain. Inferior vena cava flow is greater
than the volume that can cross the foramen ovale. The remainder
of the oxygenated inferior vena cava blood is directed through
the tricuspid valve (see Fig. 2-3) into the riglit ventricle (see Fig.
2-4) and is accompanied by venous return from the superior

vena cava and coronary sinus. However, the very high vascular
resistance in the pulmonary circulation maintains mean pulmo-
nary artery pressure 2 to 3 mm Hg above aortic pressure and
directs most of the RV output through the ductus arteriosus and
into the aorta and the fetal and placental circulations.2

Fetal Heart

The adult cardiovascular system includes a high-pressure (95 mm
Hg) system and a low-pressure pulmonary circuit (15 mm Hg)
driven by the left and right ventricles working in series. Although
the ejection velocity is greater in the left ventricle than in the
right, equal volumes of blood are delivered into the systemic and
pulmonary circulations with contraction of each ventricle. The
stroke volume is the volume ofblood ejected by the left ventricle
with each contraction, and cardiac output is a function of the
stroke volume and heart rate (70 mL/beat X 72 beats/min =
5040 mL/min). For a 70-kg adult man, cardiac output averages
72 mL/min/kg. In addition to heart rate, cardiac output varies
with changes in stroke volume, which in turn is determined by
venous return (preload), pulmonary artery and aortic pressures
(afterload), and contractility.

In contrast to the adult heart, where the two ventricles pump
blood in a series circuit, the unique fetal shunts provide an
unequal distribution ofvenous return to the respective atria, and
ventricular output represents a mixture of oxygenated and deox-
ygenated blood. Thus the fetal right and left ventricles func-
tion as two pumps that operate in parallel, rather than in
series, and cardiac output is described as the combined ven-
tricular output. RV output exceeds 60% of biventricular
output2’ and is primarily directed through the ductus arte-
riosus to the descending aorta (see Fig. 2-4). As a result,
placental blood flow, which represents approximately 40%
of the combined ventricular output, primarily reflects RV
output. Because of the high pulmonary vascular resistance,2"
the pulmonary circulation receives only 5% to 10% of the
combined ventricular output. Instead, left ventricular (LV)
output is primarily directed through the aortic semilunar valve
and aortic arch to the upper body and head. Estimates of fetal
LV output average 120 mL/min/kg body weight. If LV output
is less than 40% of the combined biventricular output,2 total
fetal cardiac output would be above 300 mL/min/kg. The dis-
tribution of the cardiac output to fetal organs is summarized in
Table 2-1,1with fetal hepatic distribution reflecting only the
portion supplied by the hepatic artery. In fact, hepatic blood
flow derives principally from the umbilical vein and to a lesser
extent the portal vein,2 and represents about 25% of the total
venous return to the heart.

The placenta receives approximately 40% ofthe combined
ventricular output, which means the single umbilical vein
also conducts this volume ofthe combined ventricular output
toward the fetus. At least half of the umbilical venous blood
bypasses the liver via the ductus venosus, and the remainder
traverses the hepatic circulation. The combination of umbilical
vein blood, hepatic portal blood, and blood returning from the
lower body contributes approximately 69% ofthe cardiac output
that enters the right atrium from the inferior vena cava. Flow
across the foramen ovale accounts for approximately one third
(27%) of the combined cardiac output.2. Pulmonary venous
return to the left atrium is low and represents approximately 7%
of combined ventricular output. Thus the left atrium accounts
for only about 34% (27% + 7%) of the combined ventricular
output. Because a volume of inferior vena cava venous return



TABLE 2-1 DISTRIBUTION OF CARDIAC OUTPUT TO
FETAL ORGANS
BIVENTRICULAR CARDIAC
ORGAN OUTPUT (%)
Placenta 40
Brain 13
Heart 35
Lung 7
Liver 2.5 (hepatic artery)
Gastrointestinal tract 5
Adrenal glands 0.5
Kidney 2.5
Spleen 1
Body 25

Data from Rudolph AM, Heymann MA. Circulatory changes during growth in the fetal
lamb. CircRes. 1970;26(3):289.

equivalent to 27% ofthe combined ventricular output is shunted
across the foramen ovale, 42% remains in the right atrium and
contributes to RV output. With another 21% from the superior
vena cava and 3% from the coronary circulation, RV output
accounts for 66% of the combined ventricular output. However,
only 7% of RV output enters the pulmonary circulation, leaving
59% entering the aorta via the ductus arteriosus. Similarly,
24% of the combined ventricular output derived from the left
ventricle is distributed to the upper body and brain, with
approximately 10% combining with RV output in the aorta.
Thus 69% of the combined ventricular output reaches the
descending aorta, and 40% of this accounts for placental flow,
with the remainder distributed to the fetal abdominal organs
and lower body.

Consistent with the greater contribution of the right ven-
tricle to combined ventricular output, coronary blood flow
to the myocardium reflects the greater stroke volume of the
right side, and RV free wall and septal blood flows are higher
than in the left ventricle.2 It is not surprising then that fetal
ventricular wall thickness is greater on the right side relative
to the left. As in the adult, fetal ventricular output depends on
heart rate, pulmonary artery and aortic pressures, and contractil-
ity. The relationship between mean right atrial pressure (the
index often used for ventricular volume at the end of diastole)
and stroke volume is depicted in Figure 2-5. The steep ascending
limb represents the length-active tension relationship for cardiac
muscle in the right ventricle.2 Under normal conditions, fetal
right atrial pressure resides at the break point in this ascending
limb, and increases in pressure do not increase stroke volume.
Thus the contribution of Starling mechanisms to increasing
right heart output in the fetus is limited. In contrast, decreases
in venous return and right atrial pressure decrease stroke
volume. Compared with the left ventricle, the fetal right ven-
tricle has a greater anteroposterior dimension, which increases
both volume and circumferential radius of curvature. This ana-
tomic difference increases the radius/wall thickness ratio for the
right ventricle and produces increased wall stress in systole and
a decrease in stroke volume when afterload increases. Because
the right ventricle is sensitive to afterload, a linear inverse rela-
tionship exists between stroke volume and pulmonary artery
pressure.®

The relationship between atrial pressure and stroke volume in
the left ventricle is similar to that shown in Figure 2-5 for the
right ventricle. Although the break point occurs near the normal
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Mean right atrial pressure (mm Hg)

FIG 2-5 Stroke volume of the fetal right ventricle as a function of mean
right atrial pressure. (From Thornburg KL, Morton MJ. Filling and arte-
rial pressures as determinants of RV stroke volume in the sheep fetus.
Am J Physiol. 1983;244:H656-H663.)

value for left atrial pressure, a small amount of preload reserve
remains.5 In distinction to the fetal right ventricle, the left
side is not sensitive to aortic pressure increases. Thus postnatal
increases in systemic blood pressure do not decrease LV stroke
volume, and LV output increases to meet the needs of the post-
natal systemic circulation. Although Starling mechanism-related
increases in stroke volume are limited, especially in the right side
of the heart, late-gestation fetal heart |3-adrenergic receptor
numbers are similar to those in the adult, and circulating
catecholamine-induced increases in contractility may increase
stroke volume by 50%.

Although the fetal heart rate (FHR) decreases during the
last half of gestation, particularly between 20 and 30 weeks,
the FHR averages more than twofold above resting adult
heart rates. If analysis is confined to episodes of low heart rate
variability, mean heart rate decreases from 30 weeks to term.
However, if all heart rate data are analyzed, mean heart rate is
stable at 142 beats/min over the last 10 weeks of gestation. Vari-
ability in mean heart rate over 24 hours includes a nadir between
2 AM and 6 AM and a peak between 8 AM and 10 AM. Most
FHR accelerations occur simultaneously with limb movement,
which primarily reflects central neuronal brainstem output.
Also, movement-related decreases in venous return and a reflex
tachycardia may contribute to heart rate accelerations.2 Because
ventricular stroke volumes decrease with increasing heart
rate, fetal cardiac output remains constant over a heart rate
range of 120 to 180 beats/min. The major effect of this inverse
relationship between heart rate and stroke volume is an altera-
tion in end-diastolic dimension. If end-diastolic dimension is
kept constant, no fall in stroke volume occurs, and cardiac
output increases.

At birth, major changes in vascular distribution occur with
the first breath. Alveolar expansion and the associated
increase in alveolar capillary oxygen tension induce a marked
decrease in pulmonary microvascular resistance. This decrease
in pulmonary vascular resistance has two effects. First, an accom-
panying decrease occurs in right atrial afterload and right atrial
pressure. Second, the increase in pulmonary flow increases
venous return into the left atrium and therefore increases left
atrial pressure. The combined effect of these two events is to
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increase left atrial pressure above right atrial pressure, which
leads to a physiologic closure of the foramen ovale. The return
ofthe highly oxygenated blood from the lungs to the left atrium,
left ventricle, and aorta and the decrease in pulmonary vascular
resistance, and hence pulmonary trunk pressure, allows backflow
of oxygen-rich blood into the ductus arteriosus. This local
increase in ductus arteriosus oxygen tension alters the ductus
response to prostaglandins and causes a marked localized
vasoconstriction. Concurrent spontaneous constriction (or
clamping) of the umbilical cord stops placental blood flow,
reduces venous return, and perhaps augments the decrease in
right atrial pressure.

Regulation of Cardiovascular Function

Autonomic Regulation

Through reflex stimulation of peripheral baroreceptors, che-
moreceptors, and central mechanisms, the sympathetic and
parasympathetic systems have important roles in the regula-
tion of FHR, cardiac contractility, and vascular tone. The
fetal sympathetic system develops early, whereas the para-
sympathetic system develops somewhat later.28 Nevertheless,
in the third trimester, increasing parasympathetic tone accounts
for the characteristic decrease in FHR with periods of reduced
FHR reactivity. As evidence, FHR increases in the presence of
parasympathetic blockade with atropine. Opposing sympa-
thetic and parasympathetic inputs to the fetal heart contrib-
ute to R-R interval variability from one heart cycle to the
next and to basal heart rate variability over periods of a few
minutes. However, even when sympathetic and parasympa-
thetic inputs are removed, a level of variability remains.

Fetal sympathetic innervation is not essential for blood pres-
sure maintenance when circulating catecholamines are present.
Nevertheless, fine control of blood pressure and FHR requires
an intact sympathetic system. In the absence of functional
adrenergic innervation, hypoxia-induced increases in peripheral,
renal, and splanchnic bed vascular resistances and blood pressure
are not seen.21However, hypoxia-related changes in pulmonary,
myocardial, adrenal, and brain blood flows occur in the absence
of sympathetic innervation, which indicates that both local
and endocrine effects contribute to regulation of blood flow in
these organs.

Receptors in the carotid body and arch of the aorta respond
to pressor or respiratory gas stimulation with afferent modula-
tion of heart rate and vascular tone. Fetal baroreflex sensitivity,
in terms of the magnitude of decreases in heart rate per milli-
meter of mercury increase in blood pressure, is blunted relative
to the adult. 0 However, fetal baroreflex sensitivity more than
doubles in late gestation. Although the set point for FHR is
not believed to depend on intact baroreceptors, FHR variability
increases when functional arterial baroreceptors are absent.3L The
same observation has been made for fetal blood pressure. Thus
fetal arterial baroreceptors buffer variations in fetal blood pres-
sure during body or breathing movements.3l Changes in baro-
receptor tone likely account for the increase in mean fetal blood
pressure normally observed in late gestation. In the absence of
functional chemoreceptors, mean arterial pressure is main-
tained'lwhile peripheral blood flow increases. Thus peripheral
arterial chemoreceptors may be important to maintenance of
resting peripheral vascular tone. Peripheral arterial chemore-
ceptors also are important components in fetal reflex
responses to hypoxia; the initial bradycardia is not seen
without functional chemoreceptors.

Hormonal Regulation

Adrenocorticotropic hormone (ACTH) and catecholamines are
discussed in the sections that describe the fetal adrenal and
thyroid glands later in this chapter.

ARGININE VASOPRESSIN

Significant quantities of arginine vasopressin (AVP) are
present in the human fetal neurohypophysis by completion
of the first trimester. Ovine fetal plasma AVP levels increase
appropriately in response to changes in fetal plasma osmolal-
ity induced directly in the fetus 2 or via changes in maternal
osmolality.i! Because of functional high- and low-pressure baro-
receptors and chemoreceptor afferents, decreases in fetal intra-
vascular volume or systemic blood pressure43% also increase fetal
AVP secretion. Thus in the late-gestation fetus as in the adult,
AVP secretion is regulated by both osmoreceptor and volume/
baroreceptor pathways. Hypoxia-induced AVP secretion has
been demonstrated beyond mid pregnancy of ovine gestation,
and reductions in fetal PO2 of 10 mm Hg (50%) evoke pro-
found increases in fetal plasma AVP levels (about 2 pg/mL to
200 to 400 pg/mL or more). Thus, because fetal AVP respon-
siveness to hypoxia is augmented relative to the adult (as much
as fortyfold), and fetal responsiveness appears to increase during
the last half of gestation, hypoxemia is the most potent stimu-
lus known for fetal AVP secretion.

The cardiovascular response pattern to AVP infusion
includes dose-dependent increases in fetal mean blood pres-
sure and decreases in heart rate at plasma levels well below
those required for similar effects in the adult. Receptors (V1)
distinct from those that mediate AVP antidiuretic effects in the
kidney (V2) account for AVP contributions to fetal circulatory
adjustments during hemorrhage, hypotension, and hypoxia.3
Corticotropin-releasing factor (CRF) effects of AVP may con-
tribute to hypoxia-induced increases in plasma ACTH and cor-
tisol levels. In addition to effects on FHR, cardiac output, and
arterial blood pressure, AVP-induced changes in peripheral, pla-
cental, myocardial, and cerebral blood flows directly parallel the
cardiovascular changes associated with acute hypoxia. Because
many of these responses are attenuated during AVP receptor
blockade, AVP effects on cardiac output distribution may
serve to facilitate oxygen availability to the fetus during hypoxic
challenges. However, other hypoxia-related responses, including
decreases in renal and pulmonary blood flows and increased
adrenal blood flow, are not seen in response to AVP infusions.

RENIN-ANGIOTENSIN I

Fetal plasma renin levels are typically elevated during late
gestation.’ A variety of stimuli that include changes in tubular
sodium concentration; reductions in blood volume, vascular
pressure, or renal perfusion pressure; and hypoxemia all increase
fetal plasma renin activity. The relationship between fetal renal
perfusion pressure and plasma renin activity is similar to that of
adults. Consistent with the effects of renal nerve activity on
renin release in adults, fetal renin gene expression is directly
modulated by renal sympathetic nerve activity.

Although fetal plasma All levels increase in response to
small changes in blood volume and hypoxemia, fetal All and
aldosterone levels do not increase in proportion to changes
in plasma renin activity. This apparent uncoupling of the
fetal renin-angiotensin-aldosterone system and the increase
in newborn All levels may relate to the significant con-
tribution of the placenta to plasma All clearance in the



fetus relative to the adult. Also, limited angiotensin-converting
enzyme (ACE) availability due to reduced pulmonary blood flow
and direct inhibition of aldosterone secretion by the normally
high circulating ANF levels may contribute. Thus, reductions in
All production and aldosterone responses to All, augmented All
and aldosterone clearances, and the resulting reductions in All
and aldosterone levels and feedback inhibition of renin may
account for the elevated renin and reduced All and aldosterone
levels typically observed during fetal life.

All infusion increases fetal mean arterial blood pressure. In
contrast to AVP-induced bradycardia, fetal All infusion increases
heat rate (after an initial reflex bradycardia) through both a
direct effect on the heart and decreased baroreflex responsive-
ness. Both hormones increase fetal blood pressure similar to the
levels seen with hypoxemia. However, All does not reduce
peripheral blood flow, perhaps because circulation to muscle,
skin, and bone is always under maximum response to All,
which thereby limits increases in resting tone. All infusions also
decrease renal blood flow and increase umbilical vascular resis-
tance, although absolute placental blood flow does not change.
Whereas the adult kidney contains both All-receptor subtypes
(AT! and AT2, the AT2subtype is the only form present in the
human fetal kidney. Maturational differences in the All receptor
subtype expressed would be consistent with earlier studies that
demonstrated differing All effects on fetal renal and peripheral
vascular beds. Thus, the receptors that mediate All responses in
the renal and peripheral vascular beds differ during fetal life.

Fetal Hemoglobin

The fetus exists in a state ofaerobic metabolism, with arterial
blood PO2values in the 20 to 35 mm Hg range but with no
evidence of metabolic acidosis. Adequate fetal tissue oxygen-
ation is achieved by several mechanisms. Of major importance
are the higher fetal cardiac output and organ blood flows. A
higher hemoglobin concentration (relative to the adult) and an
increase in oxygen-carrying capacity of fetal hemoglobin also
contribute. The resulting leftward shift in the fetal oxygen dis-
sociation curve relative to the adult (Fig. 2-6) increases fetal
blood oxygen saturation for any given oxygen tension. For
example, at a partial pressure of 26.5 mm Hg, adult blood
oxygen saturation is 50%, whereas fetal oxygen saturation is
70%. Thus at a normal fetal PO2 of 20 mm Hg, fetal whole-
blood oxygen saturation may be 50%.

The basis for increased oxygen affinity of fetal whole blood
resides in the interaction of fetal hemoglobin with intracel-
lular organic phosphate 2,3-diphosphoglycerate (2,3-DPG).
The fetal hemoglobin (HgbF) tetramer is composed of two
oc-chains (identical to adult) and two y-chains. The latter differ
from the y-chain of adult hemoglobin (HgbA) in 39 of 146
amino acid residues. Among these differences is the substitution
ofserine in the y-chain of HgbF for histidine at the (3-143 posi-
tion of HgbA, which is located at the entrance to the central
cavity of the hemoglobin tetramer. Due to a positively charged
imidazole group, histidine can bind with the negatively charged
2,3-DPG. Binding of 2,3-DPG to deoxyhemoglobin stabilizes
the tetramer in the reduced form. Because serine is nonionized
and does not interact with 2,3-DPG to the same extent as his-
tidine, the oxygen affinity of HgbF is increased, and the dissocia-
tion curve is shifted to the left. If HgbA or HgbF is removed
from the erythrocyte and stripped of organic phosphates, the
oxygen affinity for both hemoglobins is similar. However, addi-
tion ofequal amounts 0f2,3-DPG to the hemoglobins decreases
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FIG 2-6 Oxyhemoglobin dissociation curves of maternal and fetal
human blood at pH 7.4 and 37° C. (Modified from Hellegers AE,
Schruefer JJ. Normograms and empirical equations relating oxygen
tension, percentage saturation, and pH in maternal and fetal blood
Am J Obstet Gynecol. 1961 ;81:377-384.)

HgbA oxygen affinity (dissociation curve shifts to the right) to
a greater extent than for HgbF. Thus, even though overall oxygen
affinities are similar, differences in 2,3-DPG interaction result
in a higher oxygen affinity for HgbF.

The proportion of HgbF to HgbA changes between 26 and
40 weeks’ gestation. HgbF decreases linearly from 100% to
about 70% so that HgbA accounts for 30% of fetal hemo-
globin at term. This change in expression from y- to (3-globulin
synthesis takes place in erythroid progenitor cells. Although the
basis for this switching is not yet known, our understanding of
human globin gene regulation has provided important insights
into several fetal hemoglobin disorders, such as the thalassemias
and sickle cell anemia. Duplication of the a-genes on chromo-
some 16 provides the normal fetus with four gene loci. The genes
for the remaining globins are located on chromosome 11 and
consist of G, "y, 8, and p. The two y-genes differ in the amino
acid in position 36, glycine versus alanine. HgbA synthesis is
dictated by the y- and |3-genes, HgbF by a and y, and HgbhA2
by a and 8. Sequences in the 8 region may be responsible for
the relative expression of the y-gene such that fetal hemoglobin
persists when these are absent.

FETAL KIDNEY

Overall fetal water and electrolyte homeostasis is primarily
mediated by fetal-maternal exchange across the placenta.
However, urine production by the fetal kidney is essential to
maintenance of AFV and composition. Although absolute
glomerular filtration rate (GFR) increases during the third
trimester, GFR per gram of kidney weight does not change
because GFR and fetal kidney weight increase in parallel. The
genesis of new glomeruli is complete by about 36 weeks. Sub-
sequent increases in GFR reflect increases in glomerular surface
area for filtration, effective filtration pressure, and capillary
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filtration coefficient. Although glomerular filtration is related to
hydrostatic pressure, and fetal blood pressure increases in the
third trimester, both renal blood flow per gram ofkidney weight
and filtration fraction (GFR/renal plasma flow) remain con-
stant.38 Newborn increases in filtration fraction parallel increases
in arterial pressure, which suggests that the lower hydrostatic
pressure within the glomerulus contributes to the relatively low
filtration fraction and GFR of the intrauterine kidney.3 A mild
glomerulotubular imbalance may describe the early-gestation
fetus. However, renal tubular sodium and chloride reabsorptions
increase in late gestation such that glomerulotubular balance is
maintained in the third-trimester fetus.3

Although fetal GFR is low, the daily urine production rate
is substantial, equaling 60% to 80% of the AFV. The rela-
tively large urine output results from the significant portion
of the filtered water (20%) that is excreted in the form of
hypotonic urine. The positive free-water clearance that charac-
terizes fetal renal function originally led to the hypothesis
that the fetal kidney lacked AVP receptors. However, ovine fetal
renal collecting duct responses to AVP can be demonstrated in
the second trimester, which indicates that diminished urine-
concentrating ability is not caused by AVP receptor absence.
Fetal renal V2 receptors mediate AVP-induced tubular water
reabsorption, and functional V 2receptors are present in the fetal
kidney by the beginning of the last third of gestation.3 In addi-
tion, AVP-induced cAMP production is not different from that
of the adult, and AVP-induced apical tubular water channels
(aquaporin 2) are expressed in the fetal kidney. In fact, the selec-
tive AVP V2 receptor agonist dDAVP appropriately increases
fetal renal water reabsorption without affecting blood pressure
or heart rate.3 Thus V2 receptors mediate AVP effects on fetal
urine production and AFV.3" Instead, the reduced concentrat-
ing ability of the fetal kidney primarily reflects reductions in
proximal tubular sodium reabsorption, short juxtamedullary
nephron loops of Henle, and limited medullary interstitial
urea concentrations.

Although fetal plasma renin activity levels are high, effective
uncoupling of All production from plasma renin activity and a
high placental clearance rate for All serve to minimize increases
in fetal plasma All levels. Limiting fluctuations in fetal plasma
All levels may be advantageous for fetal renal function regula-
tion. For example, fetal All infusion increases fetal mean arterial
pressure and renal and placental vascular resistances. In contrast,
fetal treatment with the ACE inhibitor captopril increases
plasma renin activity and decreases arterial blood pressure, renal
vascular resistance, and filtration fraction, and urine flow effec-
tively ceases. Given the potential for All to decrease placental
blood flow, uncoupling of renin-induced angiotensin | produc-
tion, limited ACE activity, and augmented placental All clear-
ance may protect the fetal cardiovascular system from large
increases in plasma All levels. Collectively, plasma All levels
appear to be regulated within a very narrow range, and this regu-
lation may be important to overall fetal homeostasis.

Atrial natriuretic factor (ANF) granules are present in the
fetal heart, and fetal plasma ANF levels are elevated relative
to the adult. Fetal plasma ANF levels increase in response to
volume expansion, and ANF infusion evokes limited increases
in ovine fetal renal sodium excretion. Fetal ANF infusion also
decreases fetal plasma volume with minimal effect on blood
pressure. These observations suggest that ANF actions in the
fetus are primarily directed at volume homeostasis and have
minimal cardiovascular effects.

The ability of the fetal kidney to excrete titratable acid and
ammonia is limited relative to the adult. In addition, the thresh-
old for fetal renal bicarbonate excretion—defined as the excre-
tion of a determined amount of bicarbonate per unit GFR—is
much lower than in the adult. That is, fetal urine tends to be
alkaline at relatively low plasma bicarbonate levels, despite the
high fetal arterial PCO2 Because fetal renal tubular mechanisms
for glucose reabsorption are qualitatively similar to those in the
adult, fetal renal glucose excretion is limited. In fact, the
maximum ability of the fetal kidney to reabsorb glucose exceeds
that of the adult when expressed as a function of GFR.

FETAL GASTROINTESTINAL SYSTEM

Gastrointestinal Tract

Amniotic fluid contains measurable glucose, lactate, and amino
acid concentrations, which raises the possibility that fetal
swallowing could serve as a source of nutrient uptake. Fetal
swallowing contributes importantly to somatic growth and Gl
development as a result of the large volume of ingested fluid.
About 10% to 15% offetal nitrogen requirements may result
from swallowing of amniotic fluid protein. * Amino acids
and glucose are absorbed and utilized by the fetus if they
are administered into the fetal Gl tract.4' Furthermore,
intragastric ovine fetal nutrient administration partially
ameliorates fetal growth restriction induced by maternal
malnutrition.4

Further evidence for the role of swallowing in fetal growth
results from studies that have demonstrated that impairment of
fetal rabbit swallowing at 24 days’ gestation (term = 31 days)
induces an 8% weight decrease (compared with controls) by 28
days.& The fetal Gl tract is directly affected, and esophageal
ligation of fetal rabbit pups results in marked reductions in
gastric and intestinal tissue weight and gastric acidity.2 Reduc-
tions in Gl and somatic growth were reversed by fetal intragas-
tric infusion of amniotic fluid.2 Similarly, esophageal ligation
of 90-day ovine fetuses (term = 145 to 150 days) induces a 30%
decrease of small intestine villus height43and a reduction in liver,
pancreas, and intestinal weight.44

Although ingestion of amniotic fluid nutrients may be neces-
sary for optimal fetal growth, trophic growth factors within the
amniotic fluid also importantly contribute. Thus the reduction
in fetal rabbit weight induced by esophageal ligation is reversed
by gastric infusion of EGF. Studies in human infants support
the association of fetal swallowing and GI growth because upper
Gl tract obstructions are associated with a significantly greater
rate of human fetal growth restriction as compared with fetuses
with lower GI obstructions.%

Blood flow to the fetal intestine does not increase during
moderate levels of hypoxemia. The artery-mesenteric vein dif-
ference in oxygen content is also unchanged so that at a constant
blood flow, intestinal oxygen consumption can remain the same
during moderate hypoxemia. However, with more pronounced
hypoxemia, fetal intestinal oxygen consumption falls as
blood flow decreases, and the oxygen content difference
across the intestine fails to widen. The result is a metabolic
acidosis in the blood that drains the mesenteric system.

Liver

Near term, the placenta is the major route for bilirubin elimi-
nation. Less than 10% of an administered bilirubin load is
excreted in the fetal biliary tree over a 10-hour period; about



20% remains in plasma. Thus the fetal metabolic pathways
for bilirubin and bile salts remain underdeveloped at term.
The cholate pool size (normalized to body surface area) is one
third and the synthetic rate is one half the adult levels. In pre-
mature infants, cholate pool size and synthesis rates represent
less than half and one third, respectively, of term infant values.
In fact, premature infant intraluminal duodenal bile acid con-
centrations are near or below the level required to form lipid
micelles.46

The unique attributes of the fetal hepatic circulation were
detailed during the earlier discussion of fetal circulatory anatomy.
Notably, the fetal hepatic blood supply primarily derives from
the umbilical vein. The left lobe receives its blood supply almost
exclusively from the umbilical vein (with a small contribution
from the hepatic artery), whereas the right lobe receives blood
from the portal vein as well. The fetal liver under normal
conditions accounts for about 20% of total fetal oxygen con-
sumption. Because hepatic glucose uptake and release are bal-
anced, net glucose removal by the liver under normal conditions
is minimal. During episodes of hypoxemia, (3-adrenergic
receptor-mediated increases in hepatic glucose release account
for the hyperglycemia characteristic of short-term fetal hypox-
emia.4 Hypoxia severe enough to decrease fetal oxygen con-
sumption selectively reduces right hepatic lobe oxygen
uptake, which exceeds that of the fetus as a whole. In con-
trast, oxygen uptake by the left lobe ofthe liver is unchanged.

FETAL ADRENAL AND THYROID GLANDS
Adrenal Glands

The fetal anterior pituitary secretes ACTH in response to
stress, which includes hypoxemia. The associated increase in
cortisol exerts feedback inhibition of the continued ACTH
response.18 In the fetus and adult, proopiomelanocortin post-
translational processing gives rise to ACTH, corticotropin-like
intermediate lobe peptide (CLIP),and a-melanocyte-stimulating
hormone (a-MSH). The precursor peptide preproenkephalin
is a distinct gene product that gives rise to the enkephalins.
Fetal proopiomelanocortin processing differs from the adult.
For example, although ACTH is present in appreciable amounts,
the fetal pituitary contains large amounts of CLIP and a-MSH.
The fetal ratio of CLIP plus a-MSH to ACTH decreases
from the end of the first trimester to term. Because pituitary
corticotropin-releasing hormone (CRH) expression is relatively
low until late gestation, AVP serves as the major CRF in early
gestation. With increasing gestational age, fetal cortisol levels
progressively increase secondary to hypothalamic-pituitary axis
maturation. Cortisol is important to pituitary maturation
because it shifts corticotrophs from the fetal to the adult type,
and it impacts adrenal maturation through regulation of ACTH
receptor numbers.2

On a body-weight basis, the fetal adrenal gland is an order
of magnitude larger than in the adult. This increase in size is
due to the presence of an adrenal cortical definitive zone and
a so-called fetal zone that constitutes 85% of the adrenal at
birth. Cortisol and mineralocorticoids are the major prod-
ucts of the fetal definitive zone, and fetal cortisol secretion is
regulated by ACTH but not human chorionic gonadotropin
(hCG). Low-density lipoprotein (LDL)-bound cholesterol (see
“Receptor-Mediated Endocytosis and Exocytosis” in Chapter 1)
is the major source of steroid precursor in the fetal adrenal.
Because the enzyme 3a-hydroxysteroid dehydrogenase is lacking
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in the fetal adrenal, dehydroepiandrosterone sulfate (DHEAS)
is the major product of the fetal zone. At mid gestation, DHEAS
secretion is determined by both ACTH and hCG. Both fetal
ACTH and cortisol levels are relatively low during most of gesta-
tion, and no clear correlation has been found between plasma
ACTH levels and cortisol production. This apparent dissocia-
tion between fetal ACTH levels and cortisol secretion may be
explained by 1) differences in ACTH processing, and the pres-
ence of the large-molecular-weight proopiomelanocortin pro-
cessing products CLIP and a-M SH may suppress ACTH action
on the adrenal until late gestation, when ACTH becomes the
primary product; 2) fetal adrenal definitive zone ACTH respon-
siveness may increase; or 3) placental ACTH and/or posttrans-
lational processing intermediates may affect the adrenal response
to ACTH.

Resting fetal plasma norepinephrine levels exceed epi-
nephrine levels approximately tenfold. The fetal plasma
levels of both catecholamines increase in response to hypox-
emia, and norepinephrine levels are invariably higher than
epinephrine levels. Under basal conditions, norepinephrine is
secreted at a higher rate than epinephrine, and this relationship
persists during a hypoxemic stimulus. Plasma norepinephrine
levels increase in response to acute hypoxemia but decline to
remain above basal levels with persistent (>5 min) hypoxemia.
In contrast, adrenal epinephrine secretion begins gradually but
persists during 30 minutes of hypoxemia. These observations are
consistent with independent sites of synthesis and regulation of
the two catecholamines."0 Although the initial fetal blood pres-
sure elevation during hypoxemia correlates with increases in
norepinephrine, afterward the correlation between plasma nor-
epinephrine and hypertension is lost.

Thyroid Gland

The normal placenta is impermeable to thyroid-stimulating
hormone (TSH), and triiodothyronine (T3) transfer is minimal .8
However, appreciable levels of maternal thyroxine (T4) are seen
in infants with congenital hypothyroidism (see Chapter 42). By
week 12 of gestation, thyrotropin-releasing hormone (TRH)
is present in the fetal hypothalamus, and TRH secretion and/
or pituitary sensitivity to TRH increases progressively during
gestation. Extrahypothalamic sites, including the pancreas,
also may contribute to the high TRH levels observed in the
fetus. Measurable TSH is present in the fetal pituitary and
serum, and T4 is measurable in fetal blood by week 12 of
gestation. Thyroid function is low until about 20 weeks, when
T4 levels increase gradually to term. TSH levels rise markedly
between 20 and 24 weeks then slowly decrease until delivery.
Fetal liver T4 metabolism is immature, characterized by low
T3levels until week 30. In contrast, reverse T3levels are high
until 30 weeks and decline steadily thereafter until term.

FETAL CENTRAL NERVOUS SYSTEM

Clinically relevant indicators of fetal central nervous system
function are body movements and breathing movements.
Fetal activity periods in late gestation are often termed active
or reactive and quiet or nonreactive. The active cycle is char-
acterized by clustering of gross fetal body movements, a high
heart rate variability, heart rate accelerations (often followed
by decelerations), and fetal breathing movements. The quiet
cycle is noted by absence of fetal body movements and a low
variability in the fetal heart period. In this context,fetal heart
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period variability refers to deviations in the model heart rate
period averaged over short periods (seconds)® and is distinct
from beat-to-beat variability. In the last 6 weeks of gestation,
the fetus is in an active state 60% to 70% of the time. The
average duration of quiet periods ranges from 15 to 23
minutes (see Table 4 in Visser and colleagues 2for a review).

The fetal electrocorticogram shows two predominant
patterns: low-voltage, high-frequency and high-voltage, low-
frequency electrocortical patterns. Low-voltage, high-frequency
activity is associated with bursts of rapid eye movement (REM)
and fetal breathing movements. Similar to REM sleep in the
adult, inhibition of skeletal muscle movement is most pro-
nounced in muscle groups that have a high percentage of spin-
dles. Thus the diaphragm, which is relatively spindle free, is not
affected. Fetal body movements during low-voltage electrocorti-
cal activity are reduced relative to the activity seen during
high-voltage, low-frequency electrocortical activity.5 Polysynaptic
reflexes elicited by stimulation of afferents from limb muscles
are relatively suppressed when the fetus is in the low-voltage
state.4 Short-term hypoxia%3 or hypoxemia inhibits reflex limb
movements, and the inhibitory neural activity arises in the mid-
brain area.% Fetal cardiovascular and behavioral responses to
maternal cocaine use previously have been attributed to reduc-
tions in uteroplacental blood flow and resulting fetal hypoxia.
However, fetal sheep studies indicate that acute fetal cocaine
exposure evokes catecholamine, cardiovascular, and neurobehav-
ioral effects in the absence of fetal oxygenation changes.5l It is
not yet clear whether cocaine-induced reductions in fetal low-
voltage electrocortical activity reflect changes in cerebral blood
flow or a direct cocaine effect on norepinephrine stimulation of
central regulatory centers. However, these observations are con-
sistent with the significant neurologic consequences of cocaine
use during pregnancy (see Chapter 55).

Fetal breathing patterns are rapid and irregular in nature
and are not associated with significant fluid movement into
the lung.16 The central medullary respiratory chemoreceptors
are stimulated by CO2 and fetal breathing is maintained
only if central hydrogen ion concentrations remain in the
physiologic range. That is, central (medullary cerebrospinal
fluid) acidosis stimulates respiratory incidence and depth,
and alkalosis results in apnea. Paradoxically, hypoxemia
markedly decreases breathing activity, possibly as a result of
inhibitory input from centers above the medulla.

Glucose is the principal substrate for oxidative metabolism
in the fetal brain under normal conditions. During low-
voltage electrocortical activity, cerebral blood flow and oxygen
consumption are increased relative to high-voltage values, with
an efflux of lactate. During high voltage, the fetal brain shows a
net uptake of lactate.’9 The fetal cerebral circulation is sensitive
to changes in arterial oxygen content, and despite marked
hypoxia-induced increases in cerebral blood flow, cerebral oxygen
consumption is maintained without widening of the arterial-
venous oxygen content difference across the brain.® Increases in
CO2 also cause cerebral vasodilation. However, the response to
hypercarbia is reduced relative to that of the adult.

SUMMARY

The fetus and placenta depend on unique physiologic
systems to provide an environment that supports fetal
growth and development in preparation for transition to

extrauterine life. Because specific functions of the various
physiologic systems are often gestation specific, differences
between the fetus and adult of one species are often greater
than the differences between systems. Thus the clinician or
investigator concerned with fetal life or neonatal transition
must fully appreciate these aspects of fetal physiology and
their application to their area of study or treatment.

KEY POINTS

¢ Mean amniotic fluid volume increases from 250 to
800 mL between 16 and 32 weeks and decreases to
500 mL at term.

¢ Fetal urine production ranges from 400 to 1200 mL/
day and is the primary source of amniotic fluid.

¢ The fetal umbilical circulation receives approximately
40% of fetal combined ventricular output (300 mL/
mg/min).

¢ Umbilical blood flow is 70 to 130 mL/min after 30
weeks’ gestation.

¢ Fetal cardiac output is constant over a heart rate range
of 120 to 180 beats/min.

¢ The fetus exists in a state of aerobic metabolism, with
arterial PO2 values in the 20 to 25 mm Hg range.

¢ Glucose, amino acids, and lactate are the major sub-
strates for fetal oxidative metabolism.

¢ Approximately 20% of the fetal oxygen consumption of
8 mL/kg/min is required in the acquisition of new
tissue.

¢ Byweek 12 ofgestation, thyrotropin-releasing hormone
is present in the fetal hypothalamus.

& Fetal activity periods in late gestation are often termed
active or reactive and quiet or nonreactive.
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OVERVIEW

Pregnancy is characterized by major adaptations in the maternal
anatomy, physiology, and metabolism that are necessary to
achieve a successful pregnancy. Hormonal changes significantly
alter the maternal physiology and persist throughout both preg-
nancy and the postpartum period. These adaptations are pro-
found and affect nearly every organ system, and complete
understanding of these changes is necessary to differentiate
between physiologic alterations and pathology. This chapter
describes maternal adaptations in pregnancy and gives specific
clinical correlations to describe how these changes may affect
care. A complete understanding of these adaptations will also
facilitate adequate counseling of patients regarding the physiol-
ogy that underlies various “normal” symptoms that they may
experience.

Many changes in routine laboratory values caused by preg-
nancy are described in the following text. For a comprehensive
review of normal reference ranges for common laboratory tests
by trimester, please refer to Appendix A.

GESTATIONAL WEIGHT GAIN

Pregnancy is generally characterized as a period of weight gain.
Studies on the mean gestational weight gain (GWG) of
normal-weight women giving birth to term infants ranged
from 22.0 to 36.8 Ib during pregnancy.l The recommenda-
tions for weight gain during pregnancy have also evolved
over time. In the early twentieth century, doctors frequently
recommended that women gain between 15 and 20 pounds.l
However, since that era, our understanding of the contributors
to GWG have become more sophisticated, and simultaneously,
the body composition of the reproductive-aged population has
significantly changed. Thus we now have more tailored recom-
mendations for GWG that are body mass index (BMI)
specific.1

GWG consists of the maternal contribution and the weight
of the products of conception. The maternal contribution
includes increases in the circulating blood volume, increased
mass of the uterus and breasts, increased extracellular fluid, and
fat mass accretion.1 The majority of the accumulated fat mass
is subcutaneous, but visceral fat also increases.2 The products
of conception—the placenta, fetus, and amniotic fluid—
comprise approximately 35% to 59% ofthe total GWG.3The
pattern of GWG is most commonly described as sigmoidal with
mean weight gains being highest in the second trimester,4 but
the pattern depends on BMI. The Institute of Medicine (IOM)
has issued BMI-specific GWG guidelines based upon these BMI
differences (Table 3-1). However, since the publication of these
guidelines, emerging evidence suggests that among women who
are obese, adverse pregnancy outcomes may be minimized by
limiting GWG even further; future guidelines may even endorse
weight l0ss.56

CARDIOVASCULAR SYSTEM

Heart

Some of the most profound physiologic changes of pregnancy
take place in the cardiovascular system in order to maximize
oxygen delivery to both the mother and fetus. The combination
of displacement of the diaphragm and the effect of pregnancy
on the shape of the rib cage displaces the heart upward and to
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the left. The heart also rotates along its long axis, thereby result-
ing in an increased cardiac silhouette on imaging studies. No
change is evident in the cardiothoracic ratio. Other radiographic
findings include an apparent straightening of the left-sided heart
border and increased prominence of the pulmonary conus. It is
therefore important to confirm the diagnosis of cardiomegaly
with an echocardiogram and not simply to rely on radio-
graphic imaging.

Eccentric cardiac hypertrophy is commonly noted in preg-
nancy. It is thought to result from expanded blood volume in
the first half of pregnancy and progressively increasing afterload
in later gestation. These changes, similar to those found in
response to exercise, enable the pregnant woman’s heart to work
more efficiently. Unlike the heart of an athlete that regresses
rapidly with inactivity, the pregnant woman’s heart decreases in
size less rapidly and takes up to 6 months to return to normal.7

Cardiac Output

One of the most remarkable changes in pregnancy is the
tremendous increase in cardiac output (CO). A review of 33
cross-sectional and 19 longitudinal studies revealed that CO
increased significantly beginning in early pregnancy and peaked
at an average of 30% to 50% above preconceptional values.8 In
a longitudinal study using Doppler echocardiography, CO
increased by 50% at 34 weeks from a prepregnancy value of
4.88 to 7.34 L/min (Fig. 3-1).89 In twin gestations, CO incre-
mentally increases an additional 20% above that of singleton
pregnancies. By 5 weeks’ gestation, CO has already risen by
more than 10%. By 12 weeks, the rise in output is 34% to 39%
above nongravid levels, which accounts for about 75% of the
total increase in CO during pregnancy. Although the literature
is not clear regarding the exact point in gestation at which
CO peaks, most studies point to a range between 25 and 30
weeks.9 The data on whether the CO continues to increase in
the third trimester are very divergent, with equal numbers of
good longitudinal studies showing a mild decrease, a slight
increase, or no change.8 Thus little to no change is likely during
this period. This apparent discrepancy appears to be explained
by the small number of individuals in each study and the
probability that the course of CO during the third trimester is
determined by factors specific to the individual.8 For example,
maternal CO in the third trimester is significantly correlated
with fetal birthweight and maternal height and weight.10

GESTATIONAL WEIGHT GAIN
RECOMMENDATIONS

TABLE 3-1

TOTAL MEAN (RANGE)
WEIGHT IN LB/WK AFTER
GAIN FIRST TRIMESTER
Underweight prepregnancy 28-40 Ib 1(1-1.3)
BMI (<18.5 kg/m2
Normal prepregnancy BMI 25-35 |b 1(0.8-1)
(18.5-24.9 kg/m2
Overweight prepregnancy 15-25 Ib 0.6 (0.5-0.7)
BMI (25.0-29.9 kg/m2
Obese prepregnancy BMI 11-20 Ib 0.5 (0.4-0.6)

(>30 kg/m2

From Rasmussen KM, Yaktine AL, eds. Committee to Reexamine IOM Pregnancy
Weight Guidelines, Institute of Medicine, National Research Council. Weight Gain
During Pregnancy: Reexamining the Guidelines. Washington DC: The National Academies
Press; 2009.

BMI, body mass index.
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FIG 3-1 Increase in cardiac output, stroke volume, and heart rate from
the nonpregnant state throughout pregnancy. PN, postnatal; P-P, pre-
pregnancy. (From Hunter S, Robson S. Adaptation of the maternal
heart in pregnancy. Br Heart J. 1992;68:54-0.)

Most of the increase in cardiac output is directed to the
uterus, placenta, and breasts. In the first trimester, as in
the nongravid state, the uterus receives 2% to 3% of CO and
the breasts 1%. The percentage of CO that goes to the kidneys
(20%), skin (10%), brain (10%), and coronary arteries (5%)
remains at similar nonpregnant percentages, but because of the
overall increase in CO, this results in an increase in absolute
blood flow ofabout 50%. By term, the uterus receives 17% (450
to 650 mL/min) and the breasts 2%, mostly at the expense of
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FIG 3-2 Effect of position change on cardiac output during pregnancy.
*P< .05. K-C, knee-chest; L.LAT, left lateral; R.LAT, right lateral; SIT,
sitting; ST, standing; SUP, supine. (From Clark S, Cotton D, Pivarnik
J, et al. Position change and central hemodynamic profile during
normal third-trimester pregnancy and postpartum. Am J Obstet
Gynecol. 1991 ;164:883.)

a reduction of the fraction of the CO going to the splanchnic
bed and skeletal muscle. The absolute blood flow to the liver is
not changed, but the overall percentage of CO is significantly
decreased.

Cardiac output (CO) is the product of stroke volume
(SV) and heart rate (HR; CO = SV x HR), both of which
increase during pregnancy and contribute to the overall
rise in CO. An initial rise in the HR occurs by 5 weeks’ gesta-
tion and continues until it peaks at 32 weeks’ gestation at 15
to 20 beats above the nongravid rate, an increase of 17%. The
SV begins to rise by 8 weeks of gestation and reaches its
maximum at about 20 weeks at 20% to 30% above nonpreg-
nant values.

Cardiac output in pregnancy depends on maternal position.
In a study in 10 normal gravid women in the third trimester,
using pulmonary artery catheterization, CO was noted to be
highest in the knee-chest and lateral recumbent positions
at 6.9 and 6.6 L/min, respectively. CO decreased by 22% to
5.4 L/min in the standing position (Fig. 3-2). The decrease in
CO in the supine position, compared with the lateral recum-
bent position, is 10% to 30%. In both the standing and the
supine positions, decreased CO results from a fall in SV
secondary to decreased blood return to the heart. In the
supine position, the enlarged uterus compresses the inferior
vena cava (IVC), which reduces venous return; before 24
weeks, this effect is not observed. In late pregnancy, the IVC
is completely occluded in the supine position, and venous
return from the lower extremities occurs through the dilated
paravertebral collateral circulation. It is worth noting that
whereas the original studies of CO were done with invasive
testing, the current accepted practice is to estimate CO in
pregnancy using echocardiography.”

Despite decreased cardiac output, most supine women are not
hypotensive or symptomatic because of the compensated rise in
systemic vascular resistance (SVR). However, 5% to 10% of
gravidas manifest supine hypotension with symptoms of



dizziness, lightheadedness, nausea, and even syncope. The
women who become symptomatic have a greater decrease in CO
and blood pressure (BP) and a greater increase in HR when in
the supine position than do asymptomatic women. Interestingly,
with engagement of the fetal head, less of an effect on CO is
seen. The ability to maintain a normal BP in the supine position
may be lost during epidural or spinal anesthesia because of an
inability to increase SVR. Clinically, the effects of maternal posi-
tion on CO are especially important when the mother is clini-
cally hypotensive or in the setting of a nonreassuring fetal heart
rate tracing. The finding of a decreased CO in the standing
position may give a physiologic basis for the finding of decreased
birthweight in working women who stand for prolonged
periods.22 In twin pregnancies, CO is notably 15% higher than
in singleton pregnancies. This finding is corroborated with find-
ings of increased left atrial diameter in twin pregnancies, indicat-
ing volume overload.

Arterial Blood Pressure and Systemic
Vascular Resistance

Blood pressure is the product of cardiac output and systemic
vascular resistance (BP = CO x SVR). Despite the significant
increase in cardiac output, the maternal BP is decreased
until later in pregnancy as a result of a decrease in SVR that
reaches its nadir at midpregnancy and is followed by a
gradual rise until term. Even at full term, SVR remains 21%
lower than prepregnancy values in pregnancies not affected by
gestational hypertension or preeclampsia.'3 The most obvious
cause for the decreased SVR is progesterone-mediated smooth
muscle relaxation. However, the exact mechanism for the fall in
SVR is poorly understood and likely involves vasorelaxation via
the nitric oxide pathway and blunting of vascular responsive-
ness to vasoconstrictors such as angiotensin 1l and norepineph-
rine. As a result, despite the overall increase in the
renin-angiotensin aldosterone system (RAAS), the normal
gravida is refractory to the vasoconstrictive effects of angio-
tensin Il. Gant and colleaguesl' showed that nulliparous
women who later develop preeclampsia retain their response
to angiotensin Il before the appearance of clinical signs of
preeclampsia.

Decreases in maternal BP parallel the falling SVR, with initial
decreased BP that manifests at 8 weeks' gestation or earlier.
Because BP fluctuates with menstruation and is decreased in the
luteal phase, it seems reasonable that BP drops immediately in
early pregnancy. The diastolic BP and the mean arterial pressure
(MAP, [2 x diastolic BP + systolic BP]/3) decrease more than
the systolic BP, which changes minimally. The overall decrease
in diastolic BP and MAP is 5 to 10 mm Hg (Fig. 3-3).13 The
diastolic BP and the MAP reach their nadir at midpregnancy
and return to prepregnancy levels by term. In most studies,
they rarely exceed prepregnancy or postpartum values;
however, some investigators have reported that at term, the
BP is greater than that in matched nonpregnant controls.
They have also found that in the third trimester, the BP
is higher than prepregnant values. As noted previously,
pregnancy-induced BP changes happen very early, possibly even
before the patient realizes that she is pregnant, and therefore
even early pregnancy BP assessments may not be consistent with
prepregnancy values.’5

The position when the BP is taken and what Korotkoff
sound is used to determine the diastolic BP are important.
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Weeks of pregnancy

FIG 3-3 Blood pressure (BP) trends (sitting and lying) during pregnancy.
Postnatal (PN) measures were performed 6 weeks postpartum. (From
MacGillivray I, Rose G, Rowe B. Blood pressure survey in pregnancy
Clin Sci. 1969;37:395.)

BP is lowest in the lateral recumbent position, and the BP
of the superior arm in this position is 10 to 12 mm Hg
lower than that in the inferior arm. In the ambulatory
setting, BP should be measured in the sitting position, and
the Korotkoff 5 sound should be used. This is the diastolic
BP when the sound disappears, as opposed to the Korotkoff 4,
when a muffling of the sound is apparent. In a study of
250 gravidas, the Korotkoff 4 sound could only be identified
in 48% of patients, whereas the Korotkoff 5 sound could
always be determined. The Korotkoff 4 should only be used
when the Korotkoff 5 occurs at 0 mm Hg.16 Automated BP
monitors have been compared with mercury sphygmomanom-
etry during pregnancy, and although they tended to overesti-
mate the diastolic BP, the overall results were similar in
normotensive women. Of note in patients with suspected pre-
eclampsia, automated monitors appear increasingly inaccurate
at higher BPs.

Venous Pressure

Venous pressure in the upper extremities remains unchanged
in pregnancy but rises progressively in the lower extremities.
Femoral venous pressure increases from values near 10 cm H20
at 10 weeks’ gestation to 25 cm H20 near term. From a clinical
standpoint, this increase in pressure—in addition to the obstruc-
tion of the IVC by the expanding uterus—leads to the develop-
ment of edema, varicose veins, and hemorrhoids and increases
the risk for deep venous thrombosis (DVT).

Central Hemodynamic Assessment

Clark and colleagues studied 10 carefully selected normal women
at 36 to 38 weeks' gestation and again at 11 to 13 weeks’
postpartum with arterial lines and Swan-Ganz catheterization
to characterize the central hemodynamics of term pregnancy
(Table 3-2). Newer, noninvasive methods of central hemody-
namic monitoring are being developed and validated in the
pregnant population. As described earlier, CO, HR, SVR,
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TABLE 3-2 CENTRAL HEMODYNAMIC CHANGES
11-12 WEEKS
POSTPARTUM
Cardiac output (L/min) 43 +0.9
Heart rate (beats/min) 71 +10.0
Systemic vascular resistance (dyne ¢ cm ¢ sec-5) 1530 520
Pulmonary vascular resistance (dyne ¢ cm ¢ sec-5) 119 +£47.0
Colloid oncotic pressure (mm Hg) 20.8 = 1.0
Mean arterial pressure (mm Hg) 86.4 +75
Pulmonary capillary wedge pressure (mm Hg) 3.7+26
Central venous pressure (mm Hg) 3.7+2.6
Left ventricular stroke work index (9/m/m32) 41 +8

36-38 WEEKS' CHANGE FROM

GESTATION NONPREGNANT STATE

6.2 +1.0 +43%*
83 + 10.0 +17%*

1210 +266 -21%*
78 22 -34%*
18 + 15 -14%*

90.3 £5.8 NS
3.6 £25 NS
3625 NS
48 +6 NS

Modified from Clark S, Cotton D, Lee W, et al. Central hemodynamic assessment of normal term pregnancy. AmJ Obstet Gynecol. 1989;161:1439.
Data are presented as mean + standard deviation. Although data on pulmonary artery pressures are not presented, they were not significantly different.

*P< 05.
NS, not significant.

and pulmonary vascular resistance (PVR) change significantly
with pregnancy. In addition, clinically significant decreases
occur in colloidal oncotic pressure (COP) and in the COP-
pulmonary capillary wedge pressure (PCWP) difference,
which explains why gravid women have a greater propensity
for developing pulmonary edema with changes in capillary
permeability or elevations in cardiac preload. The COP can
fall even further after delivery, to 17 mm Hg, and if the
pregnancy is complicated by preeclampsia, it can reach levels
as low as 14 mm Hg.'7 When the PCWP is more than
4 mm Hg above the COP, the risk for pulmonary edema
increases; therefore pregnant women can experience pulmo-
nary edema at PCWPs of 18 to 20 mm Hg, which is signifi-
cantly lower than the typical nonpregnant threshold of
24 mm Hg.

Normal Changes That Mimic Heart Disease
The physiologic adaptations of pregnancy lead to a number
of changes in maternal signs and symptoms that can mimic
cardiac disease and make it difficult to determine whether
true disease is present. Dyspnea is common to both cardiac
disease and pregnancy, but certain distinguishing features should
be considered. First, the onset of pregnancy-related dyspnea
usually occurs before 20 weeks, and 75% of women experience
it by the third trimester. Unlike cardiac dyspnea, pregnancy-
related dyspnea does not worsen significantly with advancing
gestation. Second, physiologic dyspnea is usually mild, does
not stop women from performing normal daily activities,
and does not occur at rest. The mechanism for dyspnea of
pregnancy is not well characterized but is thought to be
secondary to the increased effort of inspiratory muscles.'8
Other normal symptoms that can mimic cardiac disease include
decreased exercise tolerance, fatigue, occasional orthopnea,
syncope, and chest discomfort. Symptoms that should not be
attributed to pregnancy and that need a more thorough
investigation include hemoptysis, syncope or chest pain with
exertion, progressive orthopnea, or paroxysmal nocturnal
dyspnea. Normal physical findings that could be mistaken as
evidence of cardiac disease include peripheral edema, mild
tachycardia, jugular venous distension after midpregnancy, and
lateral displacement of the left ventricular apex.

Pregnancy also alters normal heart sounds. At the end of
the first trimester, both components of the first heart sound
become louder, and exaggerated splitting is apparent. The

second heart sound usually remains normal with only minimal
changes. Up to 80% to 90% of gravidas demonstrate a third
heart sound (S3 after midpregnancy because of rapid diastolic
filling. Rarely, a fourth heart sound may be auscultated, but
typically phonocardiography is needed to detect this. Systolic
ejection murmurs along the left sternal border develop in 96%
of pregnancies, and increased blood flow across the pulmonic
and aortic valves is thought to be the cause. Most commonly,
these are midsystolic and less than grade 3. Diastolic murmurs
have been found in up to 18% of gravidas, but their pres-
ence is uncommon enough to warrant further evaluation. A
continuous murmur in the second to fourth intercostal space
may be heard in the second or third trimester owing to the
so-called mammary souffle caused by increased blood flow in
the breast (Fig. 3-4).

Troponin 1 and creatinine kinase-MB levels are tests used to
assess myocardial injury in acute myocardial infarction. Uterine
contractions can lead to significant increases in the creatinine
kinase-MB level, but troponin levels are not affected by preg-
nancy or labor.11

Effect of Labor and the Immediate Puerperium
The profound anatomic and functional changes in cardiac
function reach a crescendo during the labor process. In addi-
tion to the dramatic rise in cardiac output with normal preg-
nancy, even greater increases in cardiac output occur with
labor and in the immediate puerperium. In a Doppler echo-
cardiography study9of 15 uncomplicated cases without epidural
anesthesia, the CO between contractions increased 12% during
the first stage of labor (Fig. 3-5). This increase in CO is caused
primarily by an increased SV, but HR may also rise. By the end
of the first stage of labor, the CO during contractions is 51%
above baseline term pregnancy values (6.99 to 10.57 L/min).
Increased CO is in part secondary to increased venous return
from the 300- to 500-mL autotransfusion that occurs at the
onset of each contraction as blood is expressed from the uterus.2*
Paralleling increases in CO, the MAP also rises in the first stage
of labor, from 82 to 91 mm Hg in early labor to 102 mm Hg
by the beginning of the second stage. MAP also increases with
uterine contractions.

Much of the increase in CO and MAP is due to pain and
anxiety. With epidural anesthesia, the baseline increase in CO
is reduced, but the rise observed with contractions persists.
Maternal posture also influences hemodynamics during labor.
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FIG 3-4 Summary of the findings on auscultation of the heart in pregnancy. MC, mitral closure; TC, tricuspid closure; A2 and P2, aortic and
pulmonary elements of the second heart sound. (From Cutforth R, MacDonald C. Heart sounds and murmurs in pregnancy. Am Heart J

1966;71:741.)
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FIG 3-5 Changes in cardiac output during normal labor. (From Hunter
S, Robson S. Adaptation of the maternal heart in pregnancy. Br Heart
J 1992:68:540.)

Changing position from supine to lateral recumbent increases
CO. This change is greater than the increase seen before labor
and suggests that during labor, CO may be more dependent
on preload. Therefore it is important to avoid the supine
position in laboring women and to give a sufficient fluid
bolus before an epidural to maintain an adequate preload.

In the immediate postpartum period (10 to 30 min after
delivery), with afurther rise in cardiac output of 10% to 20%,
CO reaches its maximum. This increase is accompanied by a
fall in the maternal HR that is likely secondary to increased SV.
Traditionally, this rise was thought to be the result of uterine
autotransfusion as described earlier with contractions, but the
validity of this concept is uncertain. In both vaginal and elective
cesarean deliveries, the maximal increase in the CO occurs 10
to 30 min after delivery and returns to the prelabor baseline 1
hour after delivery. The increase was 37% with epidural anes-
thesia and 28% with general anesthesia. Over the next 2 to 4
postpartum weeks, the cardiac hemodynamic parameters return
to near-preconceptional levels.2L

Cardiac Rhythm

The effect of pregnancy on cardiac rhythm is limited to an
increase in HR and a significant increase in isolated atrial
and ventricular contractions. In a Holter monitor study,2
110 pregnant women referred for evaluation of symptoms of
palpitations, dizziness, or syncope were compared with 52
healthy pregnant women. Symptomatic women had similar
rates of isolated sinus tachycardia (9%), isolated premature
atrial complexes (56%), and premature ventricular contractions
(PVCs; 49%) but increased rates of frequent PVCs greater than
10/hour (22% vs. 2%, P = .03). A subset of patients with fre-
quent premature atrial complexes or PVCs had comparative
Holter studies performed postpartum that revealed an 85%
decrease in arrhythmia frequency (P < .05). This dramatic de-
cline, with patients acting as their own controls, supports the
arrhythmogenic effect of pregnancy. In a study of 30 healthy
women placed on Holter monitors during labor, a similarly high
incidence of benign arrhythmias was found (93%). Reassuringly,
the prevalence of concerning arrhythmias was no higher than
expected. An unexpected finding was a 35% rate of asymptom-
atic bradycardia, defined as an HR of less than 60 beats/min in
the immediate postpartum period. Other studies have shown
that women with preexisting tachyarrhythmias have an increased
incidence of these rate abnormalities during pregnancy. Wheth-
er labor increases the rate of arrhythmias in women with
cardiac disease has not been thoroughly studied, but multi-
ple case reports suggest labor may increase arrhythmias in
these women.

HEMATOLOGIC CHANGES

Plasma Volume and Red Cell Mass

Maternal blood volume begins to increase at about 6 weeks’
gestation. Thereafter, it rises progressively until 30 to 34
weeks and then plateaus until delivery. The average expan-
sion of blood volume is 40% to 50% (range 20% to 100%).
Women with multiple pregnancies have a larger increase in
blood volume than those with singletons. Likewise, volume
expansion correlates with infant birthweight, but it is not clear
whether this is a cause or an effect. The increase in blood volume
results from a combined expansion of both plasma volume and
red blood cell (RBC) mass. The plasma volume begins to
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increase by 6 weeks and expands at a steady pace until it
plateaus at 30 weeks’ gestation; the overall increase is about
50% (1200 to 1300 mL). The exact etiology of the expansion
of the blood volume is unknown, but the hormonal changes
of gestation and the increase in nitric oxide (NO) play impor-
tant roles.

Erythrocyte mass also begins to expand at about 10 weeks
gestation. Although the initial slope of this increase is slower
than that of the plasma volume, erythrocyte mass continues to
grow progressively until term without plateauing. Without iron
supplementation, RBC mass increases about 18% by term, from
a mean nonpregnant level of 1400 mL up to 1650 mL. Supple-
mental iron increases RBC mass accumulation to 400 to
450 mL, or 30%, and a corresponding improvement is seen
in hemoglobin levels. Because plasma volume increases more
than the RBC mass, maternal hematocrit falls. This so-called
physiologic anemia of pregnancy reaches a nadir at 30 to 34
weeks. Because the RBC mass continues to increase after 30
weeks when the plasma volume expansion has plateaued, the
hematocrit may rise somewhat after 30 weeks (Fig. 3-6). The
mean and fifth-percentile hemoglobin concentrations for normal
iron-supplemented pregnant women are outlined in Table 3-3.
A hemoglobin level that reaches its nadir at 9 to 11 g/dL has

Weeks of pregnancy

FG 3-6 Blood volume changes during pregnancy. RBC, red blood
cell. (From Scott DE. Anemia in pregnancy. Obstet Gynecol Annu.
1972;1:219-244.)

TABLE 3-3 HEMOGLOBIN VALUES IN PREGNANCY
GESTATION  MEAN 5TH PERCENTILE
(WK) HEMOGLOBIN (g/dL) HEMOGLOBIN (g/dL)
12 12.2 11.0

16 118 10.6

20 116 105

24 116 105

28 11.8 10.7

32 121 11.0

36 125 114

40 12.9 119

From U.S. Department of Health and Human Services. Recommendations to prevent
and control iron deficiency in the United States. MMWR Morb Mortal WKIy Rep.
1998;47:1.

been associated with the lowest rate of perinatal mortality,
whereas values below or above this range have been linked to an
increased perinatal mortality."3

In pregnancy, erythropoietin levels increase twofold to three-
fold, starting at 16 weeks, and they may be responsible for the
moderate erythroid hyperplasia found in the bone marrow and
for the mild elevations in the reticulocyte count. The increased
blood volume is protective given the possibility of hemorrhage
during pregnancy or at delivery The larger blood volume also
helps fill the expanded vascular system created by vasodilation
and by the large, low-resistance vascular pool within the utero-
placental unit, thereby preventing hypotension.ls

Vaginal delivery of a singleton infant at term is associated
with a mean blood loss of 500 mL; an uncomplicated cesar-
ean delivery, about 1000 mL; and a cesarean hysterectomy,
1500 mL.21In a normal delivery, almost all of the blood loss
occurs in the first hour. Pritchard and colleaguesZl found that
over the subsequent 72 hours, only 80 mL of blood is lost.
Gravid women respond to blood loss in a different fashion than
in the nonpregnant state. In pregnancy, the blood volume
drops after postpartum bleeding, but no reexpansion to the
prelabor level occurs, and less of a change is seen in the
hematocrit. Indeed, instead of volume redistribution, an
overall diuresis of the expanded water volume occurs post-
partum. After delivery with average blood loss, the hematocrit
drops moderately for 3 to 4 days, followed by an increase. By
days 5 to 7, the postpartum hematocrit is similar to the prelabor
hematocrit. 1f the postpartum hematocrit is lower than the
prelabor hematocrit, either the blood loss was greater than
appreciated, or the hypervolemia of pregnancy was less than
normal, as in preeclampsia.”4

Iron Metabolism

Iron absorption from the duodenum is limited to its ferrous
(divalent) state, the form found in iron supplements. Ferric
(trivalent) iron from vegetable food sources must first be
converted to the divalent state by the enzyme ferric reduc-
tase. If body iron stores are normal, only about 10% of ingested
iron is absorbed, most of which remains in the mucosal cells or
enterocytes until sloughing leads to excretion in the feces (1 mg/
day). Under conditions of increased iron needs, such as during
pregnancy, the fraction of iron absorbed increases. After absorp-
tion, iron is released from the enterocytes into the circulation,
where it is carried bound to transferrin to the liver, spleen,
muscle, and bone marrow. In those sites, iron is freed from
transferrin and is incorporated into hemoglobin (75% of iron)
and myoglobin or is stored as ferritin and hemosiderin. Men-
struating women have about half the iron stores of men, with
total body iron of 2 to 2.5 g and iron stores of only 300 mg.
Before pregnancy, 8% to 10% of women in Western nations
have an iron deficiency.

The iron requirements of gestation are about 1000 mg.
This includes 500 mg used to increase the maternal RBC
mass (1 mL of erythrocytes contains 1.1 mg iron), 300 mg
transported to the fetus, and 200 mg to compensate for the
normal daily iron losses by the mother. Thus the normal
expectant woman needs to absorb an average of 3.5 mg/day of
iron. In actuality, the iron requirements are not constant but
increase remarkably during the pregnancy from 0.8 mg/day in
the first trimester to 6 to 7 mg/day in the third trimester. The
fetus receives its iron through active transport via transferrin
receptors located on the apical surface of the placental
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syncytiotrophoblast. Holotransferrin is then endocytosed, and
the iron is released and follows a similar pattern to reach the
fetal circulation. In the setting of maternal iron deficiency, the
number of placental transferrin receptors increases so that more
iron is taken up by the placenta; however, the capacity of this
compensatory mechanism can be inadequate and can result in
fetal iron deficiency. Maternal iron deficiency anemia has also
been associated with adverse pregnancy outcomes, such as low
birthweight infants and preterm birth.” For a review on the use
of supplemental iron in pregnancy, see Chapter 44.

Platelets

Before the introduction ofautomated analyzers, studies of plate-
let counts during pregnancy reported conflicting results. Even
with the availability of automated cell counters, the data on the
change in platelet count during pregnancy are still somewhat
unclear. Pitkin and colleagues2 measured platelet counts in 23
women every 4 weeks and found that the counts dropped
from 322 £ 75 x 10¥¥mm3in the first trimester to 278 + 75 x
10¥mma3in the third trimester. More recent studies confirm a
decline in the platelet count during gestation possibly caused
by increased destruction or hemodilution. In addition to the
mild decrease in the mean platelet count, Burrows and
Kelton2 demonstrated that in the third trimester, about 8%
of gravidas develop gestational thrombocytopenia with
platelet counts between 70,000 and 150,000/mm3. Gesta-
tional thrombocytopenia is not associated with an increase
in pregnancy complications,2’and platelet counts return to
normal by 1 to 2 weeks postpartum (see Chapter 44). Many
features of gestational thrombocytopenia are similar to those of
mild immune thrombocytopenia, so the etiology may be immu-
nologic.2 Another hypothesis is that gestational thrombocyto-
penia is due to exaggerated platelet consumption, similar to that
seen in normal pregnancy.Z7 Consistent with these findings,
Boehlen and associates® compared platelet counts during the
third trimester of pregnancy with those in nonpregnant controls
and showed a shift to a lower mean platelet count and an overall
shift to the left of the “platelet curve” in the pregnant women

Dlareltet COUnt Sf Preg?ant women in the third trimester (n = 67702 comﬁared with nonpre(gnant womeng@z 287). (From

297)

reshold. Obstet Gynecol. 2000:

the t

(Fig. 3-7). This study found that only 2.5% of nonpregnant
women have platelet counts less than 150,000/mm3, the tradi-
tional value used outside of pregnancy as the cutoff for normal,
versus 11.5% of gravid women. A platelet count of less than
116,000/mm3 occurred in 2.5% of gravid women; therefore
these investigators recommended using this value as the
lower limit for normal in the third trimester. In addition, they
suggested that workups for the etiology of decreased platelet
count were unneeded at values above this level. D

The normal decrease in platelet count is associated with
an increase in platelet aggregability. This is evidenced by
decreased platelet-function analyzer (PFA-100) values, which
signify a decreased time for a platelet plug to occlude an aperture
in a collagen membrane and measures the ability of platelets
to occlude a vascular breach. 1 Thus while the number of
platelets decreases, platelet function increases to maintain
hemostasis.

Leukocytes

The peripheral white blood cell (WBC) count rises progres-
sively during pregnancy. During the first trimester, the mean
WBC count is 8000/mm3with a normal range 0f5110 to 9900/
mm3. During the second and third trimesters, the mean is 8500/
mma3with a range of 5600 to 12,200/mm33L In labor, the count
may rise to 20,000 to 30,000/mm3 and counts are highly cor-
related with labor progression as determined by cervical dilation.
Because of the normal increase of WBCs in labor, the WBC
count should not be used clinically in determining the pres-
ence of infection. The increase in the WBC count is largely due
to increases in circulating segmented neutrophils and granulo-
cytes, whose absolute number is nearly doubled at term. The
reason for the increased leukocytosis is unclear, but it may be
caused by the elevated estrogen and cortisol levels. Leukocyte
levels return to normal within 1 to 2 weeks of delivery.

Coagulation System
Pregnancy places women at a fivefold to sixfold increased risk
for thromboembolic disease (see Chapter 45). This greater risk
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is caused by increased venous stasis, vessel wall injury, and
changes in the coagulation cascade that lead to hypercoagulabil-
ity. The increase in venous stasis in the lower extremities is due
to compression of the 1VC and the pelvic veins by the enlarging
uterus. The hypercoagulability is caused by an increase in
several procoagulants, a decrease in the natural inhibitors of
coagulation, and a reduction in fibrinolytic activity. These
physiologic changes provide defense against peripartum
hemorrhage.

Most of the procoagulant factors from the coagulation cascade
are markedly increased, including factors I, VII, VIII, IX; and
X. Factors I, V, and XII are unchanged or mildly increased, and
levels of factors XI and XIII decline. Plasma fibrinogen (factor
1) levels begin to increase in the first trimester and peak in the
third trimester at levels 50% higher than before pregnancy. The
rise in fibrinogen is associated with an increase in the erythrocyte
sedimentation rate. In addition, pregnancy causes a decrease in
the fibrinolytic system with reduced levels of available circulat-
ing plasminogen activator, a twofold to threefold increase in
plasminogen activator inhibitor 1 (PAI-1), and a 25-fold increase
in PAI-2. The placenta produces PAI-1 and is the primary source
of PAI-2.

Pregnancy has been shown to cause a progressive and
significant decrease in the levels of total and free protein S
from early in pregnancy, but it has no effect on the levels of
protein C and antithrombin I111.2 The activated protein C
(APC)/sensitivity (S) ratio, the ratio of the clotting time in the
presence and the absence of APC, declines during pregnancy.
The APC/S ratio is considered abnormal if it is less than 2.6. In
a study of239 women,the APC/S ratio decreased from a mean
of 3.12 in the first trimester to 2.63 by the third trimester. By
the third trimester, 38% of women were found to have an
acquired APC resistance, with APC/S ratio values below 2.6.
Whether the changes in the protein-S level and the APC/S ratio
are responsible for some of the hypercoagulability of pregnancy
is unknown. If a workup for thrombophilias is performed
during gestation, the clinician should use caution when
attempting to interpret these levels if they are abnormal.
Ideally the clinician should order DNA testing for the
Leiden mutation instead of testing for APC. For protein-S
screening during pregnancy, the free protein-S antigen level
should be tested, with normal levels in the second and third
trimesters being identified as greater than 30% and 24%,
respectively.33

Most coagulation testing is unaffected by pregnancy. The
prothrombin time (PT), activated partial thromboplastin
time (PTT), and thrombin time all fall slightly but remain
within the limits of normal nonpregnant values, whereas the
bleeding time and whole blood clotting times are unchanged.
Testing for von Willebrand disease is affected in pregnancy
because levels of factor VIII, von Willebrand factor activity and
antigen, and ristocetin cofactor all increase.3 Levels of coagula-
tion factors normalize 2 weeks postpartum.

Researchers have found evidence to support the theory that
during pregnancy, a state of low-level intravascular coagulation
occurs. Low concentrations of fibrin degradation products
(markers of fibrinolysis), elevated levels of fibrinopeptide A (a
marker for increased clotting), and increased levels of platelet
factor 4 and (3-thromboglobulin (markers of increased platelet
activity) have been found in maternal blood. The most likely
cause for these findings involves localized physiologic changes
needed for maintenance of the uterine-placental interface.

TABLE 3-4 REFERENCE RANGES FOR
THROMBOELASTOGRAPHY IN PREGNANCY
AVERAGE SD
R 6.19 1.85
K 1.9 0.56
a 69.2 6.55
MA 73.2 4.41
Ly30 0.58 1.83

From Antony K, Mansouri R, Arndt M, et al. Establishing thromboelastography and
platelet-function analyzer reference ranges and other measures in healthy term pregnant
women. AmJ Perinatol. 2015;32: 545-554.

SD, standard deviation.

The complex array of procoagulative changes can be further
illustrated via emerging point-of-care analyses, such as
thromboelastography and rotational thromboelastography.
Briefly, these assays provide a visual and numeric representation
of the rate of clot formation and the stability of the clot, which
allows a detailed analysis of the expected hypercoagulable state
and, if indicated, targets for transfusion.3l Use of these tests in
pregnancy requires caution, however, because physiologic values
vary in pregnancy compared with a nonpregnant state; these
changes reflect a procoagulative state.333 Reference ranges for
pregnancy are shown in Table 3-4.

RESPIRATORY SYSTEM
Upper Respiratory Tract

During pregnancy, the mucosa of the nasopharynx becomes
hyperemic and edematous with hypersecretion of mucus due to
increased estrogen. These changes often lead to marked nasal
stuffiness and decreased nasal patency; 27% of women at 12
weeks’ gestation report nasal congestion and rhinitis, and this
increases to 42% at 36 weeks’ gestation. This decreased patency
can lead to anesthesia complications; in fact, the Mallampati
score is demonstrably increased (see Chapter 16).38 Epistaxis is
also common and may rarely require surgery. Additionally, the
placement of nasogastric tubes may cause excessive bleeding if
adequate lubrication is not used.18 Polyposis of the nose and
nasal sinuses develops in some individuals but regresses postpar-
tum. Because of these changes, many gravid women com-
plain of chronic cold symptoms. However, the temptation to
use nasal decongestants should be avoided because of the risk
for hypertension and rebound congestion.

Mechanical Changes

The configuration of the thoracic cage changes early in preg-
nancy, much earlier than can be accounted for by mechanical
pressure from the enlarging uterus. Relaxation of the ligamen-
tous attachments between the ribs and sternum may be respon-
sible. The subcostal angle increases from 68 to 103 degrees, the
transverse diameter of the chest expands by 2 cm, and the chest
circumference expands by 5 to 7 cm. As gestation progresses,
the level of the diaphragm rises 4 cm; however, diaphragmatic
excursion is not impeded and actually increases 1 to 2 ¢cm. This
increased diaphragmatic excursion is the effect of progesterone,
which acts at the level of the central chemoreceptors to increase
diaphragmatic effort and results in greater negative inspiratory
pressures.’9 Respiratory muscle function is not affected by
pregnancy, and maximal inspiratory and expiratory pressures
are unchanged.



Lung Volume and Pulmonary Function

The described alterations in chest wall configuration and in the
diaphragm lead to changes in static lung volumes. In a review
of studies with at least 15 subjects, compared with nonpregnant
controls, CrapoIB8found significant changes (Fig. 3-8, Table 3-5).
The elevation of the diaphragm decreases the volume of the
lungs in the resting state, thereby reducing total lung capacity
(TLC) and the functional residual capacity (FRC). The FRC can
be subdivided into expiratory reserve volume (ERV) and residual
volume (RV), and both decrease.

Some spirometric measurements to assess bronchial flow are
unchanged in pregnancy, whereas others are altered. Historically,
it has been well accepted that the forced expiratory volume in 1
second (FEV) does not change, which suggests that the airway
function remains stable. However, FEV! may indeed decrease
across pregnancy under certain circumstances, such as high alti-
tude. Different studies have observed varied effects on the peak
expiratory flow. In a longitudinal study of the peak flow in 38
women from the first trimester until 6 weeks postpartum, peak
flows had a statistically significant decrease as gestation pro-
gressed, but the amount of the decrease was of questionable

FIG 3-8 Lung volumes in nonpregnant and pregnant women. ERV,
expiratory reserve; FRC, functional residual capacity; 1C inspiratory
capacity; IRV, inspiratory reserve; RV, residual volume; TLC, total lung
capacity; TV, tidal volume; VC, vital capacity. (From Cruickshank DP,
Wigton TR, Hays PM. Maternal physiology in pregnancy. In Gabbe
SG, Niebyl JR, Simpson JL, eds. Obstetrics: Normal and Problem
Pregnancies, 3rd ed. New York: Churchill Livingstone; 1996, p 94.)
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clinical significance.40 Likewise, a small decline in the peak flow
was found in the supine position versus the standing or sitting
position. In a similar study of 80 women, peak expiratory flow
(PEF) was found to increase progressively after 14 to 16 weeks.1L
Notably, these values were also significantly higher at any time
point during pregnancy in parous compared with nulliparous
women, which may suggest that this change is permanent.4L An
additional finding of this study was that no differences in forced
vital capacity (FVC), FEV,, or PEF were noted based on over-
weight status or excess gestational weight gain. In summary,
both spirometry and peak flowmeters can be used to diag-
nose and manage respiratory illness, but the clinician should
ensure that measurements are performed in the same mater-
nal position.4

Gas Exchange
Increasing progesterone levels drive a state of chronic hyper-
ventilation, as reflected by a 30% to 50% increase in tidal
volume by 8 weeks’ gestation. In turn, increased tidal volume
results in an overall parallel rise in minute ventilation, despite
a stable respiratory rate (minute ventilation = tidal volume x
respiratory rate). The rise in minute ventilation, combined with
a decrease in FRC, leads to a larger than expected increase in
alveolar ventilation (50% to 70%). Chronic mild hyperventila-
tion results in increased alveolar oxygen (PaO2) and decreased
arterial carbon dioxide (PaCO2 from normal levels (Table
3-6). The drop in the PaCO2 is especially critical because it
drives a more favorable CO2 gradient between the fetus and
mother, which facilitates CO?2 transfer. The low maternal
PaCO2results in a chronic respiratory alkalosis. Partial renal
compensation occurs through increased excretion of bicarbon-
ate, which helps maintain the pH between 7.4 and 7.45 and
lowers the serum bicarbonate levels. Early in pregnancy, the
arterial oxygen (PaO2 increases (106 to 108 mm Hg) as the
PaCO2decreases, but by the third trimester, a slight decrease in
the PaO2(101 to 104 mm Hg) occurs as a result ofthe enlarging
uterus. This decrease in the PaO2 late in pregnancy is even more
pronounced in the supine position; one study found a further
drop of 5 to 10 mm Hg and an increase in the alveolar-to-
arterial gradient to 26 mm Hg. Up to 25% of women may
exhibit a PaO2of less than 90 mm Hg. The mean PaOz2is lower
in the supine position than in the sitting position.182

As the minute ventilation increases, a simultaneous but
smaller increase in oxygen uptake and consumption occurs.
Most investigators have found maternal oxygen consumption
to be 20% to 40% above nonpregnant levels. This increase

TABLE 3-5 LUNG VOLUMES AND CAPACITIES IN PREGNANCY
CHANGE IN
MEASUREMENT DEFINITION PREGNANCY
Respiratory rate Number of breaths per minute Unchanged
Vital capacity (VC) Maximal amount of air that can be forcibly expired after maximal inspiration (IC + ERV) Unchanged

Inspiratory capacity (IC)

Tidal volume (TV)

Inspiratory reserve volume (IRV)
Functional residual capacity
Expiratory reserve volume (ERV)
Residual volume (RV)

Total lung capacity

Maximal amount of air that can be inspired from resting expiratory level (TV + IRV)
Amount of air inspired and expired with a normal breath

Maximal amount of air that can be inspired at the end of normal inspiration
Amount of air in lungs at resting expiratory level (ERV + RV)

Maximal amount of air that can be expired from resting expiratory level

Amount of air in lungs after maximal expiration

Total amount of air in lungs at maximal inspiration (VC + RV)

Increased 5%-10%
Increased 30%-40%
Unchanged
Decreased 20%
Decreased 15%-20%
Decreased 20%-25%
Decreased 5%

From Cruickshank DP, Wigton TR, Hays PM. Maternal physiology in pregnancy. In Gabbe SG, Niebyl JR, Simpson JL, eds. Obstetrics: Normal and Problem Pregnancies, 3rd ed.

New York: Churchill Livingstone; 1996.
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TABLE 3-6 BLOOD GAS VALUES IN THE THIRD
TRIMESTER OF PREGNANCY
PREGNANT NONPREGNANT

Pa02 (mm Hg)* 1018+ 1 934 +£2.04

Arterial hemoglobin saturation 98.5 +0.7 98 +0.8
(%r

PaC02 (mm Hg)* 304 +06 40 £25

pH* 7.43 +£0.006 7.43 +£0.02

Serum bicarbonate (HC03 217+ 16 253+ 12
(mmol/L)

Base deficit (mmol/L)* 31 +0.2 1.06 +0.6

Alveolar-arterial gradient 16.1 £0.9 15.7 + 0.6

[P(A-9)Q7 (mm Hg)*

*Data from Templeton A, Kelman G. Maternal blood-gases (PA02Pa032, physiological
shunt and VD/VT in normal pregnancy. BrJ Anaesth 1976;48:1001. Data presented as
mean =+ standard error of the mean.

+Data from McAuliffe F, Kametas N, Krampl E. Blood gases in prepregnancy at sea level
and at high altitude. BrJ Obstet Gynaecol. 2001;108:980. Data presented as mean +
standard deviation.

occurs as a result of the oxygen requirements of the fetus and
placenta and the increased oxygen requirement of maternal
organs. With exercise or during labor, an even greater rise in
both minute ventilation and oxygen consumption takes place.18 8
During a contraction, oxygen consumption can triple. As a
result of the increased oxygen consumption, and because the
FRC is decreased, a lowering of the maternal oxygen reserve
occurs. Therefore the pregnant patient is more susceptible to
the effects of apnea, such as during intubation, when a more
rapid onset of hypoxia, hypercapnia, and respiratory acidosis
is seen. Indeed, the desaturation time after thorough preoxygen-
ation is shortened from 9 minutes in the nonpregnant state to
3 minutes in pregnancy.

Sleep

Pregnancy causes both an increase in sleep disorders and
significant changes in sleep profile and pattern that persist
into the postpartum period.4 Pregnancy causes such signifi-
cant changes that the American Academy of Sleep Medicine has
described a specific pregnancy-associated sleep disorder: diag-
nostic criteria include a complaint of either insomnia or exces-
sive sleepiness with onset during pregnancy. Sleep disturbances
are associated with poor health outcomes in the general popula-
tion, and emerging evidence suggests that abnormal sleep pat-
terns in pregnancy may contribute to certain complications,
such as hypertensive disorders and fetal growth restriction.3l4
It is well known that hormones and physical discomfort affect
sleep (Table 3-7). With the dramatic change in hormone levels
and the significant mechanical effects that make women more
uncomfortable, it is not difficult to understand why sleep is
profoundly affected. Multiple authors have investigated the
changes in sleep during pregnancy using questionnaires, sleep
logs, and polysomnographic studies. From these studies, inves-
tigators have shown that most pregnantwomen (66% to 94%)
report alterations in sleep that lead to the subjective percep-
tion of poor sleep quality. Sleep disturbances begin as early as
the first trimester and worsen as the pregnancy progresses.4l
During the third trimester, multiple discomforts occur that can
impair sleep: urinary frequency, backache, general abdominal
discomfort and contractions, leg cramps, restless legs syndrome
(RLS), heartburn, and fetal movement. Interestingly, no changes

TABLE 3-7 CHARACTERISTICS OF SLEEP
IN PREGNANCY
STAGE OF SUBJECTIVE OBJECTIVE SYMPTOMS
PREGNANCY SYMPTOMS (POLYSOMNOGRAPHY)*
First trimester Increased total Increased total sleep time
sleep time: Decreased stage 3 and 4
increase in non-REM sleep
naps
Increased daytime
sleepiness
Increased
nocturnal
insomnia

Second trimester

Normalization of
total sleep time

Normal total sleep time
Decreased stage 3 and 4

Increased non-REM sleep
awakenings Decreased REM sleep
Third trimester Decreased total Decreased total sleep time
sleep time Increased awakenings after
Increased sleep onset
insomnia Increased stage 1 non-REM
Increased sleep
nocturnal Decreased stage 3 and 4
awakenings non-REM sleep
Increased daytime Decreased REM sleep
sleepiness

Modified from Santiago J, Nolledo M, Kinzler W. Sleep and sleep disorders in pregnancy.
Ann Intern Med. 2001;134:396.

*Rapid eye movement (REM) sleep is important for cognition and makes up 20%-25%
of sleep. Stage 1and 2 non-REM sleep, or light sleep, makes up 55% of sleep. Stage 3
and 4 non-REM sleep, or deep sleep, is important for rest and makes up 20% of sleep.

are seen in melatonin levels, which modulate the body’s circa-
dian pacemaker.

In general, pregnancy is associated with a decrease in rapid
eye movement (REM) sleep and a decrease in stage 3 and 4
non-REM sleep. REM sleep is important for cognitive think-
ing, and stage 3 and 4 non-REM sleep is the so-called deep sleep
that is important for rest. In addition, with advancing gesta-
tional age, a decrease in sleep efficiency and continuity and an
increase in awake time and daytime somnolence is observed.
By 3 months postpartum, the amount of non-REM and REM
sleep recovers, but a persistent decrease in sleeping efficiency
and nocturnal awakenings occurs, presumably because of the
newborn.43 Although pregnancy causes changes in sleep, it is
important for the clinician to consider other primary sleep
disorders that may be unrelated to pregnhancy, such as sleep
apnea. The physiologic changes of pregnancy also increase the
incidence of sleep-disordered breathing, which includes snoring
(in up to 35% of women), upper airway obstruction,38 and
potentially obstructive sleep apnea (OSA). The prevalence of
sleep apnea in pregnancy is unknown and has been difficult to
determine; the screening questionnaires appear to perform
poorly in pregnancy, likely due to the frequency of daytime
sleepiness and snoring in pregnancy in the absence of OSA.46
When it is diagnosed or highly suspected based upon symptoms,
OSA appears to increase the risk for intrauterine growth restric-
tion (IUGR) and gestational hypertension via endothelial dys-
function.4 Women with excessive daytime sleepiness, loud
excessive snoring, and witnessed apneas should be evaluated
for OSA with overnight polysomnography. In addition, indi-
viduals with known sleep apnea may need repeat sleep studies



to determine whether changes in treatment are necessary to
prevent intermittent hypoxia.l

Although the majority of gravidas have sleep problems, most
do not complain to their providers or ask for treatment. Treat-
ment options include improving sleep habits by avoiding
fluids after dinner, establishing regular sleep hours, avoiding
naps and caffeine, minimizing bedroom noises, and using
pillow support. Other options include relaxation techniques,
managing back pain, and use of sleep medications such as
diphenhydramine (Benadryl) and zolpidem (Ambien).

Another potential cause of sleep disturbances in pregnancy is
the development of restless legs syndrome (RLS) and periodic
leg movements during sleep. RLS is a neurosensory disorder that
typically begins in the evening and can prevent women from
falling asleep. Pregnancy can be a cause of this syndrome, and
in one study, up to 34% of gravidas reported symptoms of RLS,
although the true prevalence of this disorder during pregnancy
is unknown.-BI1f treatment is needed, options include improving
sleep habits, use of an electric vibrator to the calves, and use of
a dopaminergic agent such as levodopa or carbidopa.

URINARY SYSTEM

Anatomic Changes

The kidneys enlarge during pregnancy, with the length as mea-
sured by intravenous pyelography increasing about 1 cm. This
growth in size and weight is due to increased renal vasculature,
interstitial volume, and urinary dead space. The increase in
urinary dead space is attributed to dilation of the renal
pelvis, calyces, and ureters. Pelvicalyceal dilation by term
averages 15 mm (range, 5 to 25 mm) on the right and 5 mm
(range, 3 to 8 mm) on the left.®

The well-known dilation of the ureters and renal pelvis
begins by the second month of pregnancy and is maximal by
the middle of the second trimester, when ureteric diameter
may be as much as 2 cm. The right ureter is almost invariably
dilated more than the left, and the dilation usually cannot be
demonstrated below the pelvic brim. These findings have led
some investigators to argue that the dilation is caused entirely
by mechanical compression of the ureters by the enlarging uterus
and ovarian venous plexus. However, the early onset of ureteral
dilation suggests that smooth muscle relaxation caused by
progesterone plays an additional role. Also supporting the role
of progesterone is the finding of ureteral dilation in women with
a renal transplant and pelvic kidney. By 6 weeks postpartum,
ureteral dilation resolves.4 A clinical consequence of ureteroc-
alyceal dilation is an increased incidence of pyelonephritis
among gravidas with asymptomatic bacteriuria.® In addition,
the ureterocalyceal dilation makes interpretation of urinary
radiographs more difficult when evaluating possible urinary
tract obstruction or nephrolithiasis.

Anatomic changes are also observed in the bladder. From
midpregnancy on, an elevation in the bladder trigone occurs,
with increased vascular tortuosity throughout the bladder. This
can cause an increased incidence of microhematuria. Three
percent of gravidas have idiopathic hematuria, defined as
greater than 1+ on a urine dipstick, and up to 16% have
microscopic hematuria. Because of the increasing size of the
uterus, a decrease in bladder capacity develops as pregnancy
progresses, accompanied by an increase in urinary frequency,
urgency, and incontinence.
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Renal Hemodynamics

Renal plasma flow (RPF) increases markedly from early in gesta-
tion and may begin to increase during the luteal phase before
implantation.5l Dunlop showed convincingly that the effective
RPF rises 75% over nonpregnant levels by 16 weeks’ gesta-
tion (Table 3-8). The increase is maintained until 34 weeks’
gestation, when a decline in RPF of about 25% occurs. The fall
in RPF has been demonstrated in subjects studied serially in
sitting and left lateral recumbent positions. Like RPF, glomeru-
lar filtration rate (GFR), as measured by inulin clearance,
increases by 5 to 7 weeks. By the end of the first trimester,
GFR is 50% higher than in the nonpregnant state, and this
is maintained until the end of pregnancy. Three months post-
partum, GFR values have declined to normal levels. This renal
hyperfiltration seen in pregnancy is a result of the increase
in the RPF. Because the RPF increases more than the GFR early
in pregnancy, the filtration fraction falls from nonpregnant levels
until the late third trimester. At this time, because of the decline
in RPF, the filtration fraction returns to preconceptional values.

Clinically, GFR is not determined by measuring the clearance
of infused inulin (inulin is filtered by the glomerulus and is
unaffected by the tubules), but rather by measuring endogenous
creatinine clearance. This test gives a less precise measure of GFR
because creatinine is secreted by the tubules to a variable extent.
Therefore endogenous creatinine clearance is usually higher than
the actual GFR. The creatinine clearance in pregnancy is
greatly increased to values of 150 to 200 mL/min (normal,
120 mL/min). As with GFR, the increase in creatinine clear-
ance occurs by 5 to 7 weeks’ gestation and normally is main-
tained until the third trimester. GFR is best estimated in
pregnancy using a 24-hour urine collection for creatinine
clearance. Formulas used in patients with renal disease that
estimate the GFR using serum collections and clinical param-
eters (which avoid a 24-hour urine collection) are inaccurate
in pregnancy and underestimate the GFR.

The increase in the RPF and GFR precede the increase in
blood volume and may be induced by a reduction in the pre-
glomerular and postglomerular arteriolar resistance. Impor-
tantly, the increase in hyperfiltration occurs without an
increase in glomerular pressure, which if it occurred could
have the potential for injury to the kidney with long-term
consequences.l Recently, the mechanisms that underlie the
marked increase in RPF and GFR have been carefully studied.
Although numerous factors are involved in this process, nitric
oxide (NO) has been demonstrated to play a critical role in the
decrease in renal resistance and the subsequent renal hyperemia.
During pregnancy, the activation and expression of the NO
synthase is enhanced in the kidneys, and inhibition of NO
synthase isoforms has been shown to attenuate the hemody-
namic changes within the gravid kidney. Finally, the hormone
relaxin appears to be important by initiating or activating some
of the effects of NO on the kidney. Failure of this crucial adapta-
tion is associated with adverse outcomes such as preeclampsia
and fetal growth restriction (FGR).2

The clinical consequence of glomerular hyperfiltration is
a reduction in maternal plasma levels of creatinine, blood
urea nitrogen (BUN), and uric acid. Serum creatinine
decreases from a nonpregnant level of 0.8 to 0.5 mg/dL by
term. Likewise, BUN falls from nonpregnant levels of 13 to
9 mg/dL by term. Serum uric acid declines in early pregnancy
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TABLE 3-8 SERIAL CHANGES IN RENAL HEMODYNAMICS
LEFT LATERAL
RECUMBENT

SEATED POSITION @ = 25)* POSITION (A/= 17)f
NONPREGNANT 16 WK 26 WK 36 WK 29 WK 37 WK
Effective renal plasma flow (mL/min) 480 £ 72 840 + 145 891 +279 771 + 175 748 + 85 677 + 82
Glomerular filtration rate (mL/min) 99 + 18 149 + 17 152 + 18 150132 145 + 19 138 + 22

Filtration fraction 0.21 0.18 0.18 0.20 0.19 0.21

*Data from Dunlop W. Serial changes in renal haemodynamics during normal pregnancy. BrJ Obstet Gynaecol. 1981;88:1.
+Data from Ezimokhai M, Davison J, Philips P, et al. Nonpostural serial changes in renal function during the third trimester of normal human pregnancy. BrJ Obstet Gynaecol

1981,88:465.

because of the rise in GFR and reaches a nadir by 24 weeks with
levels of 2 to 3 mg/dL. After 24 weeks, the uric acid level begins
to rise, and by the end of pregnancy, the levels in most women
are essentially the same as before conception. The rise in uric
acid levels is caused by increased renal tubular absorption of
urate and increased fetal uric acid production. Patients with
preeclampsia have elevated uric acid level concentrations;
however, because uric acid levels normally rise during the
third trimester, overreliance on this test should be avoided in
the diagnosis and management of preeclampsia.

During pregnancy, urine volume is increased, and nocturia
is more common. In the standing position, sodium and water
are retained; therefore during the daytime, gravidas tend to
retain an increased amount of water. At night, while in the
lateral recumbent position, this added water is excreted, which
results in nocturia. Later in gestation, renal function is affected
by position, and the GFR and renal hemodynamics are decreased
with changes from lateral recumbency to supine or standing
positions.

Renal Tubular Function and Excretion

of Nutrients

Despite high levels of aldosterone, which would be expected to
result in enhanced urinary excretion of potassium, gravid
women retain about 300 mmol of potassium.l' Most of the
excess potassium is stored in the fetus and placenta.5 The mean
potassium concentrations in maternal blood are just slightly
below nonpregnant levels. The ability of the kidney to conserve
potassium has been attributed to increased progesterone levels.13
For information on the changes in sodium, see the next section,
“Body Water Metabolism.”

Glucose excretion increases in almost all pregnant women,
and glycosuria is common. Nonpregnant urinary excretion of
glucose is less than 100 mg/day, but 90% of gravidas with
normal blood glucose levels excrete 1 to 10 g of glucose per day.
This glycosuria is intermittent and not necessarily related to
blood glucose levels or the stage of gestation. Glucose is freely
filtered by the glomerulus, and with the 50% increase in GFR,
a greater load of glucose is presented to the proximal tubules. A
change may occur in the reabsorptive capability of the proximal
tubules themselves, but the old concept of pregnancy leading to
an overwhelming of the maximal tubular reabsorptive capacity
for glucose is misleading and oversimplified. The exact mecha-
nisms that underlie the altered handling of glucose by the proxi-
mal tubules appears to be a reduced threshold for glucose
resorption via reduced renal glucose transporter expression com-
bined with increased renal blood flow. Aberrations in this mech-
anism may play a pathophysiologic role in the development of

TABLE 3-9 COMPARISON OF 24-HOUR URINARY
PROTEIN AND ALBUMIN EXCRETION
<20 WEEKS  >20 WEEKS
<= 95) (A/= 175) P VALUE
Protein (mg/24 hr) 98.1 £62.3 121.8 +71 .007
Albumin (mg/24 hr) 9.7 +6.2 122 £85 .012

From Higby K, Suiter C, PhelpsJ, et al. Normal values of urinary albumin and total
protein excretion during pregnancy. AmJ Obstet Gynecol. 1994;171:984.
Values are mean = standard deviation.

gestational diabetes mellitus, and higher thresholds for glucose
resorption have been associated with gestational diabetes
mellitus.% Even though glycosuria is common, gravidas with
repetitive glycosuria should be screened for diabetes mellitus
if they have not already been tested.

Urinary protein and albumin excretion increase during
pregnancy, with an upper limit of 300 mg of proteinuria and
30 mg of albuminuria in a 24-hour period.31Higby and as-
sociates¥3found that the amount of proteinuria and albuminuria
increases both when compared with nonpregnant levels and as
the pregnancy advances. They collected 24-hour urine samples
from 270 women over the course of pregnancy and determined
the amount of proteinuria and albuminuria; they found that
the amount of protein and albumin excreted in urine did not
increase significantly by trimester but did increase significantly
when compared between the first and second half of pregnancy
(Table 3-9). Similarly, the protein/creatinine ratio increases
across pregnancy. In women who did not have preeclampsia,
underlying renal disease, or urinary tract infections, the
mean 24-hour urine protein across pregnancy was 116.9 mg,
with a 95% upper confidence limit of 260 mg.5* These re-
searchers also noted that patients do not normally have mi-
croalbuminuria. In women with preexisting proteinuria, the
amount of proteinuria increases in both the second and third
trimesters and potentially in the first trimester. In a study of
women with diabetic nephropathy, the amount of proteinuria
increased from a mean of 1,749 + 1.33 g per 24 hours in the
first trimester to a mean of 4.82 = 4.7 g per 24 hours in the
third trimester, even in the absence of preeclampsia.% The in-
crease in the renal excretion of proteins is due to a physiologic
impairment of the proximal tubular function within the kidney
and the increase in the GFR.%

Other changes in tubular function include an increase in
the excretion of amino acids in the urine and an increase in
calcium excretion (see Chapter 39). Also, the kidney responds
to the respiratory alkalosis of pregnancy by enhanced excretion



of bicarbonate; however, renal handling of acid excretion is
unchanged.

BODY WATER METABOLISM

The increase in total body water of 6.5 to 8.5 L by the end
of gestation represents one of the most significant adapta-
tions of pregnancy. The water content of the fetus, placenta,
and amniotic fluid at term totals about 3.5 L. Additional water
is accounted for by expansion of the maternal blood volume
by 1500 to 1600 mL, plasma volume by 1200 to 1300 mL,
and red blood cells by 300 to 400 mL. The remainder is attrib-
uted to extravascular fluid, intracellular fluid in the uterus and
breasts, and expanded adipose tissue. As a result, pregnancy is
a condition of chronic volume overload with active sodium
and water retention secondary to changes in osmoregulation
and the renin-angiotensin system. Increase in body water
content contributes to maternal weight gain, hemodilution,
physiologic anemia of pregnancy, and the elevation in maternal
cardiac output. Inadequate plasma volume expansion has been
associated with increased risks for preeclampsia and fetal growth
restriction.

Osmoregulation
Expansion in plasma volume begins shortly after conception,
partially mediated by a change in maternal osmoregulation
through altered secretion of arginine vasopressin (AVP) by the
posterior pituitary. Water retention exceeds sodium retention;
even though an additional 900 mEq of sodium is retained
during pregnancy, serum levels of sodium decrease by 3 to
4 mmol/L. This is mirrored by decreases in overall plasma
osmolality of 8 to 10 mOsm/kg, a change that is in place by 10
weeks’ gestation and that continues through 1 to 2 weeks post-
partum (Fig. 3-9).2 Similarly, the threshold for thirst and vaso-
pressin release changes early in pregnancy; during gestational
weeks 5 to 8, an increase in water intake occurs and results in a
transient increase in urinary volume but a net increase in total
body water. Initial changes in AVP regulation may be due to
placental signals that involve NO and the hormone relaxin. After
8 weeks of gestation, the new steady state for osmolality has been
established with little subsequent change in water turnover,
resulting in decreased polyuria. Pregnant women perceive fluid
challenges or dehydration normally with changes in thirst and
AVP secretion, but this occurs at a new, lower “osmostat.”
Plasma levels of AVP remain relatively unchanged despite
heightened production, owing to a threefold to fourfold increase
in metabolic clearance. Increased clearance results from a cir-
culating vasopressinase synthesized by the placenta that
rapidly inactivates both AVP and oxytocin. This enzyme
increases about 300-fold to 1000-fold over the course of gesta-
tion proportional to fetal weight, with the highest concentra-
tions occurring in multiple gestations. Increased AVP clearance
can unmask subclinical forms of diabetes insipidus, presum-
ably because of an insufficient pituitary AVP reserve, and it
causes transient diabetes insipidus with an incidence of 2 to
6 per 1000. Typically presenting with both polydipsia and
polyuria, hyperosmolality is usually mild unless the thirst mech-
anism is abnormal or access to water is limited (see Chapter 43).

Salt Metabolism
Sodium metabolism is delicately balanced and facilitates a
net accumulation of about 900 mEqg. Sixty percent of the
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Weeks of pregnancy

FAG 39 Plasma osmolality (Pam) and plasma sodium (PNy during
human gestation (n = 9; mean values * standard deviation). LMP, last
menstrual period; MP, menstrual period. (From Davison JM, Vallotton
MB, Lindheimer MD. Plasma osmolality and urinary concentration and
dilution during and after pregnancy: evidence that lateral recumbency
inhibits maximal urinary concentrating ability. Br J Obstet Gynaecol.
1981;88:472.)

additional sodium is contained within the fetoplacental unit,
including amniotic fluid, and is lost at birth. By 2 months post-
partum, the serum sodium returns to preconceptional levels.
Pregnancy increases the preference for sodium intake, but the
primary mechanism is enhanced tubular sodium reabsorp-
tion. Increased glomerular filtration raises the total filtered
sodium load from 20,000 to about 30,000 mmol/day; sodium
reabsorption must increase to prevent sodium loss. However, the
adaptive rise in tubular reabsorption surpasses the increase in
filtered load, which results in an additional 2 to 6 mEq of
sodium reabsorption per day. Alterations in sodium handling
represent the largest renal adjustment that occurs in gesta-
tion. Hormonal control of sodium balance is under the oppos-
ing actions of the renin-angiotensin-aldosterone system (RAAS)
and the natriuretic peptides, and both are modified during
pregnancy.

Renin-Angiotensin-Aldosterone System
Normal pregnancy is characterized by a marked increase in
all components of the RAAS system. In early pregnancy,
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reduced systemic vascular tone attributed to gestational hor-
mones and increased NO production results in decreased mean
arterial pressure (MAP). In turn, decreased MAP activates
adaptations to preserve intravascular volume through sodium
retention.17 Plasma renin activity, renin substrate (angiotensino-
gen), and angiotensin levels are all increased a minimum of
fourfold to fivefold over nonpregnant levels. Activation of these
components of RAAS leads to doubling of aldosterone levels by
the third trimester, which increases sodium reabsorption and
prevents sodium loss. Despite the elevated aldosterone levels in
late pregnancy, normal homeostatic responses still occur to
changes in salt balance, fluid loss, and postural stimuli. In addi-
tion to aldosterone, other hormones that may contribute to
increased tubular sodium retention include deoxycorticosterone
and estrogen.

Importantly, whereas pregnant women are responsive to the
sodium-retaining effects of mineralocorticoids, they are fairly
refractive to their kaliuretic properties. Erhlich and Lindheimer
hypothesized that progesterone strongly contributed to potas-
sium homeostasis in pregnancy, and they found that renal potas-
sium excretion was not increased in pregnant women exposed
to exogenous mineralocorticoid administration and attributed
this to the effects of progesterone.

Atrial and Brain Natriuretic Peptide

The myocardium releases neuropeptides that serve to maintain
circulatory homeostasis. Atrial natriuretic peptide (ANP) is
secreted primarily by the atrial myocytes in response to dilation;
in response to end-diastolic pressure and volume, the ventricles
secrete brain natriuretic peptide (BNP). Both peptides have
similar physiologic actions, acting as diuretics, natriuretics, vaso-
relaxants, and overall antagonists to the RAAS. Elevated levels
of ANP and BNP are found in both physiologic and patho-
logic conditions of volume overload and can be used to
screen for congestive heart failure outside of pregnancy in
symptomatic patients. Because pregnant women frequently
present with dyspnea, and many of the physiologic effects
of conception mimic heart disease, whether pregnancy affects
the levels of these hormones is clinically important. Although
ANP levels in pregnancy are variably reported, a meta-analysis5:
showed that ANP levels were 40% higher during gestation and
150% higher during the first postpartum week.

The circulating concentration of BNP is 20% less than that
of ANP in normal individuals and has been found to be more
useful in the diagnosis of congestive heart failure. Levels of BNP
are reported to increase significantly in the third trimester of
pregnancy compared with first-trimester levels (21.5 £ 8 pg/mL
vs. 15.2 £ 5 pg/mL) and are highest in pregnancies complicated
by preeclampsia (37.1 £+ 10 pg/mL). In pregnancies with pre-
eclampsia, higher levels of BNP are associated with echocardio-
graphic evidence of left ventricular enlargement. Whereas the
BNP levels are increased during pregnancy, in preeclampsia,
the mean values are still lower than the levels used to screen
for cardiac dysfunction (>75 to 100 pg/mL). Therefore BNP
can be used to screen for congestive heart failure in preg-
nancy (see Chapter 37).38

Clinical Implications of Pregnancy-Related
Renal and Urologic Changes

The normal pregnancy-related changes in the kidneys and
urinary tract can have profound clinical implications. From 2%

to 8% of pregnancies are complicated by asymptomatic bac-
teriuria, and risk is increased among multiparous women;
those of a low socioeconomic class; and women with diabe-
tes, sickle cell disease, and history of previous urinary tract
infections. Although this prevalence is approximately equiv-
alent to that in the nonpregnant population, in pregnancy,
30% of these progress to pyelonephritis. This rate is three to
four times higher in pregnancy compared with that of nonpreg-
nant controls; overall, 1% to 2% of all pregnancies are compli-
cated by urinary tract infections.® For this reason, many
providers screen pregnant women for bacteriuria at every clinical
encounter. Asymptomatic bacteriuria and symptomatic urinary
tract infections are treated to prevent subsequent progression to
pyelonephritis and the accompanying maternal and fetal mor-
bidity (see Chapter 54).

Many pregnant women report urinary frequency and noctur-
nal voiding that start as early as the first trimester, and 60%
describe urinary urgency, 10% to 19% develop urge inconti-
nence, and 30% to 60% develop stress incontinence. In a lon-
gitudinal cohort study of 241 women, the onset of stress urinary
incontinence during the first pregnancy was found to carry an
increased risk of long-term symptoms. The rate of urinary incon-
tinence at the 12-year mark was ultimately lower in women who
had resolution of their symptoms postpartum (57%) compared
with those who did not (91%).60

ALIMENTARY TRACT
Appetite

In the absence of nausea or “morning sickness,” women who eat
according to appetite will increase food intake by about 200 kcal/
day by the end of the first trimester. The recommended dietary
allowance calls for an additional 300 kcal/day, although in
reality, most women make up for this with decreased activity.
Energy requirements vary depending on the population studied,
teenage status, and level of physical activity. The sense of taste
may be blunted in some women, which can lead to an increased
desire for highly seasoned food. Pica, a bizarre craving for
strange foods, is relatively common among gravidas, and a
history of pica should be sought in those with poor weight gain
or refractory anemia. Examples of pica include the consumption
of clay, starch, toothpaste, and ice.

Mouth

The pH and the production of saliva are probably unchanged
during pregnancy. Ptyalism, an unusual complication of preg-
nancy, most often occurs in women suffering from nausea
and may be associated with the loss of 1 to 2 L of saliva per
day. Most authorities believe ptyalism actually represents
inability of the nauseated woman to swallow normal amounts
of saliva rather than a true increase in the production of
saliva. A decrease in the ingestion of starchy foods may help
decrease the amount of saliva. No evidence suggests that preg-
nancy causes or accelerates the course of dental caries;
however, the gums swell and may bleed after tooth brushing,
giving rise to the so-called gingivitis of pregnancy. At times, a
tumorous gingivitis may occur that presents as a violaceous
pedunculated lesion at the gum line that may bleed profusely.
Called epulis gravidarum, or pyogenic granulomas, these lesions
consist of granulation tissue and an inflammatory infiltrate
(see Chapter 51).



Importantly, up to 40% ofpregnant women have periodontal
disease. Although it has been linked to preterm birth, more
recent data and a report by the American College of Obstetri-
cians and Gynecologists (ACOG)6L suggest evidence is insuffi-
cient to show an association between periodontal infection and
preterm birth and that no evidence supports improvement
in outcomes following dental treatment during pregnancy.
However, for general health and well-being, counseling on good
oral habits in pregnancy is recommended.

Stomach

In pregnancy, the tone and motility of the stomach and gastro-
esophageal (GE) sphincter are decreased, probably because of
the smooth muscle-relaxing effects of progesterone and estro-
gen. Nevertheless, scientific evidence in regard to delayed gastric
emptying is inconclusive. Although gastric emptying does not
appear to be delayed in pregnancy, compared with nonpreg-
nant controls, an increased delay is seen in labor with the
etiology ascribed to the pain and stress of labor.

Pregnancy reduces the risk for peptic ulcer disease, but it
increases GE reflux disease and dyspepsia in 30% to 50% of
individuals.& This apparent paradox can be partially explained
by physiologic changes in the stomach and lower esophagus. The
increase in GE reflux disease is multifactorial and is attributed
to esophageal dysmotility caused by gestational hormones,
gastric compression from the enlarged uterus, and a decrease in
the pressure of the GE sphincter. Estrogen may also lead to
increased reflux of stomach acids into the esophagus and may
be the predominant cause of reflux symptoms. Theories pro-
posed to explain the decreased incidence of peptic ulcer disease
include increased placental histaminase synthesis with lower
maternal histamine levels; increased gastric mucin production,
which protects the gastric mucosa; reduced gastric acid secretion;
and enhanced immunologic tolerance of Helicobacter pylori, the
infectious agent that causes peptic ulcer disease (see Chapter 48).

Intestines
Perturbations in the motility of the small intestines and
colon are common in pregnancy and result in an increased
incidence of constipation in some and diarrhea in others. Up
to 34% ofwomen in one study noted an increased frequency of
bowel movements, perhaps related to increased prostaglandin
synthesis. The prevalence of constipation appears to be higher
in early pregnancy: 35% to 39% of women report constipation
in the first and second trimesters, but only 21% report it in the
last trimester. The motility of the small intestines is reduced in
pregnancy, with increased oral-cecal transit times. No studies on
the colonic transit time have been performed, but limited infor-
mation suggests reduced colonic motility. Although progester-
one has been thought to be the primary cause of the decrease in
gastrointestinal (GI) motility, newer studies show that estrogen-
induced nitric oxide released from nerves that innervate the
Gl tract results in relaxation of the GI tract musculature.&
Absorption of nutrients from the small bowel is unchanged, with
the exception of increased iron and calcium absorption, but
the increased transit time due to decreased motility allows for
more efficient absorption. In addition, both water and sodium
absorption in the colon are increased.

The enlarging uterus displaces the intestines and, most impor-
tantly, moves the position of the appendix. Thus the presenta-
tion, physical signs, and type of surgical incision are affected in
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the management of appendicitis. Portal venous pressure is
increased in pregnancy, which leads to dilation wherever there
is portosystemic venous anastomosis; this includes not only the
GE junction but also the hemorrhoidal veins, the dilation of
which results in the common complaint of hemorrhoids.

With the prevalence of obesity in today’s society, it is becom-
ing more common to care for women with a history of bariatric
surgery. Such surgeries are performed in women with a body
mass index (BMI) of 40 kg/m2 or greater or 35 kg/m2 with
comorbidities. It is important to be aware of the nutritional
deficiencies that can accompany such surgery. These include
protein, iron, vitamins B,, and D, and calcium.6 Additionally,
practitioners should exercise caution when prescribing nonste-
roidal antinflammatory drugs (NSAIDs) to patients with
smaller gastric pouches because the risk of gastric ulceration
increases because of the reduced absorptive surface in these
patients.

Gallbladder

Because of progesterone, the rate at which the gallbladder
empties is much slower. After the first trimester, the fasting and
residual volumes of the gallbladder are twice as great. In addi-
tion, the biliary cholesterol saturation is increased, and the che-
nodeoxycholic acid level is decreased.64 This change in the
composition of the bile fluid favors the formation of cholesterol
crystals, and with incomplete emptying of the gallbladder, the
crystals are retained and gallstone formation is enhanced. Fur-
thermore, the progesterone acts to inhibit smooth muscle con-
traction of the gallbladder, thereby predisposing to formation of
sludge or gallstones. By the time they deliver, up to 10% of
women have gallstones on ultrasonographic examination;
however, only 1in 6000 to 1in 10,000 pregnancies ultimately
require cholecystectomy.tb

Liver

The size and histology of the liver are unchanged in pregnancy.
However, many clinical and laboratory signs usually associated
with liver disease are present. Spider angiomas and palmar ery-
thema caused by elevated estrogen levels are normal and disap-
pear soon after delivery. Although total body protein increases,
serum albumin and total protein levels fall progressively
during gestation as a result of hemodilution. By term,
albumin levels are 25% lower than nonpregnant levels. In
addition, serum alkaline phosphatase activity rises during
the third trimester to levels two to four times those of non-
gravid women. Most of this increase is caused by placental
production of the heat-stable isoenzyme and not from the liver.
The serum concentrations of many proteins produced by the
liver increase. These include elevations in fibrinogen, ceruloplas-
min, transferrin, and the binding proteins for corticosteroids,
sex steroids, and thyroid hormones.

With the exception of alkaline phosphatase, the other
liver function tests are unaffected by pregnancy, includ-
ing serum levels of bilirubin, aspartate aminotransferase
(AST), alanine aminotransferase (ALT), y-glutamyl transfer-
ase (GGT), 5/nucleotidase, creatinine phosphokinase, and
lactate dehydrogenase. In some studies, the mean levels of
ALT and AST are mildly elevated but still fall within normal
values. Levels of creatinine phosphokinase and lactate dehydro-
genase can increase with labor, and pregnancy may be associated
with mild subclinical cholestasis that results from the high
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concentrations of estrogen. Reports on serum bile acid concen-
trations are conflicting: some studies show an increase, whereas
others show no change. The fasting levels are unchanged, and
the measurement of a fasting level appears to be the best test
for diagnosing cholestasis of pregnancy. Cholestasis results
from elevated levels of bile acids and is associated with signifi-
cant pruritus, usually mild increases of ALT and AST, and an
increased risk for poor fetal outcomes (see Chapter 47).

Nausea and Vomiting of Pregnancy

Nausea and vomiting, or so-called morning sickness, compli-
cates up to 70% of pregnancies. Typical onset is between 4
and 8 weeks’ gestation with improvement before 16 weeks;
however, 10% to 25% of women still experience symptoms
at 20 to 22 weeks’ gestation, and some women will have
symptoms throughout the gestation.6 Although the symp-
toms are often distressing, simple morning sickness seldom leads
to significant weight loss, ketonemia, or electrolyte disturbances.
The cause is not well understood, although relaxation of the
smooth muscle of the stomach probably plays a role. Elevated
levels of human chorionic gonadotropin (hCG) may be involved.
However, a good correlation between maternal hCG concentra-
tions and the degree of nausea and vomiting has not been
observed. Similarly, minimal data exist to show the etiology is
associated with higher levels of estrogen or progesterone. Inter-
estingly, pregnancies complicated by nausea and vomiting gener-
ally have a more favorable outcome than those without such
symptoms.67 Treatment is largely supportive and consists of reas-
surance, avoidance of foods found to trigger nausea, and fre-
quent small meals. Eating dry toast or crackers before getting
out of bed may be beneficia. ACOG states that the use of
either vitamin B6alone or in combination with doxylamine
(Unisom) is safe and effective and should be considered a first
line of medical treatment.

A recent review of alternative therapies to antiemetic drugs
found that acupressure, wristbands, or treatment with ginger
root may be helpful. For details on hyperemesis gravidarum,
please see Chapter 6.

ENDOCRINE CHANGES
Thyroid

Thyroid diseases are common in women of childbearing age
(see Chapter 42). However, normal pregnhancy symptoms
mirror those of thyroid disease, which makes it difficult to
know when screening for thyroid disease is appropriate. In
addition, the physiologic effects of pregnancy frequently
make the interpretation of thyroid tests difficult. Therefore
it is important for the obstetrician to be familiar with the
normal changes in thyroid function that occur. Recent data have
shown that the correct and timely diagnosis and treatment of
thyroid disease is important to prevent both maternal and fetal
complications.

Despite alterations in thyroid morphology, histology, and
laboratory indices, pregnant women remain euthyroid. The
thyroid gland does increase in size but not as much as was com-
monly believed. If adequate iodine intake is maintained, the
size of the thyroid gland remains unchanged or undergoes a
small increase that can be detected only by ultrasound. The
World Health Organization (WHO) recommends that iodine
intake be increased in pregnancy from 100 mg/day to 150 to
200 mg/day. In an iodine-deficient state, the thyroid gland is up

to 25% larger, and goiters occur in 10% ofwomen.6" Histologi-
cally, an increase in thyroid vascularity occurs during pregnancy
with evidence of follicular hyperplasia. The development of a
clinically apparent goiter during pregnancy is abnormal and
should be evaluated.

During pregnancy, serum iodide levels fall because of increased
renal loss. In addition, in the latter half of pregnancy, iodine is
also transferred to the fetus, which further decreases maternal
levels; these alterations cause the thyroid to synthesize and
secrete thyroid hormone actively.®8 However, at least one inves-
tigator has reported that in iodine-sufficient regions, the con-
centration of iodide does not decrease. Although increased
uptake of iodine by the thyroid occurs in pregnancy, pregnant
women remain euthyroid by laboratory evaluation.

Total thyroxine (TT4) and total triiodothyronine (TT3)
levels begin to increase in the first trimester and peak at
midgestation as a result ofincreased production ofthyroxine-
binding globulin (TBG). The increase in TBG is seen in the
first trimester and plateaus at 12 to 14 weeks gestation. The
concentration of T T4 increases by a factor of about 1.5 in paral-
lel with the TBG from a normal range of 5 to 12 mg/dL in
nonpregnant women to 9 to 16 mg/dL during pregnancy. Only
a small amount of TT4 and TT3 is unbound, but these free
fractions—normally about 0.04% for T4 and 0.5% for T3
are the major determinants of whether an individual is
euthyroid. The extent of change in free T4 and T3 levels during
pregnancy has been controversial, and the discrepancies in past
studies have been attributed to the techniques used to measure
the free hormone levels. The current best evidence is that the
free T4 levels rise slightly in the first trimester and then
decrease so that by delivery, the free T4 levels are 10% to 15%
lower than in nonpregnant women; however, these changes
are small, and in most gravidas, free T4 concentrations
remain within the normal nonpregnant range (Fig. 3-10). 8
In clinical practice, the free T4 level can be measured using
either the free thyroxine index (FTI) or estimates of free T4.

Week of pregnancy

FIG 3-10 Relative changes in maternal thyroid function during
pregnancy. hCG, human chorionic gonadotropin; T4 thyroxine; TBG,
thyroxine-binding globulin; TSH, thyroid-stimulating hormone. (From
Burrow G, Fisher D, Larsen P. Maternal and fetal thyroid function.
N EnglJ Med 1994:331:1072.)



These tests use immunoassays that do not measure the free T4
directly and may be less accurate in pregnancy because they are
IBG dependent. The FTI is a more accurate method for
measuring free T4, and the currently used estimates for free
T4 may incorrectly diagnose women as hypothyroid in the
second and third trimesters; however, other authors have
shown that these free T4 estimates are accurate.® Free T3
levels follow a similar pattern as free T4 levels.

Thyroid-stimulating hormone (TSH) concentrations
decrease transiently in the first trimester and then rise to
prepregnant levels by the end of this trimester. TSH levels
then remain stable throughout the remainder of gestation.®
The transient decrease in TSH coincides with the first-
trimester increase in free T4 levels, and both appear to be
caused by the thyrotropic effects of hCG. Women with higher
peak hCG levels have more TSH suppression. TSH and hCG
are structurally very similar, and they share a common a-subunit
and have a similar (3-unit. It has been estimated that a 10,000-
IU/L increment in circulating hCG corresponds to a mean
free T4 increment of 0.6 pmol/L (0.1 ng/dL) and in turn
lowers TSH by 0.1 mIU/L.63 0 These investigators measured
TSH levels during successive trimesters of pregnancy in a
large group of women and found that TSH was suppressed
below normal in 18% in the first trimester, 5% during the
second trimester, and 2% in the third trimester. In the first
two trimesters, the mean hCG level was higher in women with
suppressed TSH levels. 11t appears that hCG has some thyro-
tropic activity, but conflicting data on the exact role of hCG in
maternal thyroid function remain/” In some women, the thy-
rotropic effects of hCG can cause a transient form of hyper-
thyroidism called transient gestational thyrotoxicosis (see
Chapter 42).

The influence of maternal thyroid physiology on the fetus
appears much more complex than previously thought. Whereas
the maternal thyroid does not directly control fetal thyroid func-
tion, the systems interact through the placenta, which regulates
the transfer of iodine and a small but important amount of
thyroxine to the fetus. It was previously thought that little if any
transplacental passage of T4 and T3 occurred. It is now recog-
nized that T4 crosses the placenta, and in early pregnancy,
the fetus is critically dependent on the maternal T4 supply
for normal neurologic development. 2 However, as a result of
the deiodinase activity of the placenta, a large percentage ofT4
is broken down before transfer to the fetus. The human fetus
cannot synthesize thyroid hormones until after 12 weeks’
gestation, and any fetal requirement before this time is totally
dependent on maternal transfer. Even after the fetal thyroid is
functional, the fetus continues to rely to some extent on a
maternal supply of thyroxine. Like T4, thyrotropin-releasing
hormone crosses the placenta; TSH does not.

Neonates with thyroid agenesis or a total defect in thyroid
hormone synthesis have umbilical cord thyroxine levels between
20% and 50% of those in normal infants, which demonstrates
that the placenta is not impermeable to T4. In women who live
in iodine-deficient areas, maternal hypothyroidism is associated
with neonatal hypothyroidism and defects in long-term neuro-
logic function and mental retardation termed endemic cretinism.
These abnormalities can be prevented if maternal iodine intake
is initiated at the beginning of the second trimester. Haddow
and coworkers have found that maternal hypothyroidism
during pregnancy results in slightly lower intelligence quo-
tient (1Q) scores in children tested at ages 7 to 9 years. These
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findings have resulted in controversy over whether all preg-
nantwomen should be screened for subclinical hypothyroid-
ism, which has an incidence 0f2% to 5%. Position statements
from various organizations are currently contradictory. The
Endocrine Society recommends universal screening, whereas
ACOG does not support this position (Committee Opinion
No. 381). The Maternal-Fetal Medicine Unit Network is cur-
rently conducting a randomized trial to investigate the long-
term downstream effects (children’s intellectual development at
5 years of age) of subclinical hypothyroidism in pregnancy.

Because iodine is actively transported across the placenta
and the concentration of iodide in the fetal blood is 75% that
ofthe maternal blood, the fetus is susceptible to iodine-induced
goiters when the mother is given pharmacologic amounts of
iodine. Similarly, radioactive iodine crosses the placenta, and
if given after 12 weeks’ gestation when the fetal thyroid is
able to concentrate iodine, profound adverse effects can
occur. These include fetal hypothyroidism, mental retardation,
attention-deficit disorder, and a 1% to 2% increase in the life-
time cancer risk.

The American Academy of Pediatrics (AAP) recently released
a policy statement urging all pregnant and breastfeeding women
to take a supplement with adequate levels of iodine in order to
optimize fetal neurocognitive development and to decrease vul-
nerability to certain environmental pollutants. Even mild iodine
deficiency in pregnancy is associated with decreased 1Q scores.
The National Academy of Sciences and American Thyroid Asso-
ciation recommend 290 |ig of daily iodine intake.7 In order to
achieve this, most women require supplementation with 150 |ig
of iodine daily. Currently, only 15% to 20% of pregnant and
breastfeeding mothers take supplemental iodine.

Adrenals

Increased steroid production is essential in pregnancy to meet
the need for an increase in maternal production of estrogen and
cortisol and the fetal need for reproductive and somatic growth
development. Pregnancy is associated with marked changes
in adrenocortical function with increased serum levels
of aldosterone, deoxycorticosterone, corticosteroid-binding
globulin (CBG), adrenocorticotropic hormone (ACTH), cor-
tisol, and free cortisol, causing a state of physiologic hyper-
cortisolism (see Chapter 43 and Appendix A).% Although the
combined weight of the adrenal glands does not increase signifi-
cantly, expansion of the zona fasciculata, which primarily pro-
duces glucocorticoids, is observed. The plasma concentration of
CBG doubles because of hepatic stimulation by estrogen by the
end of the sixth month of gestation, compared with nonpreg-
nant values; this results in elevated levels of total plasma cortisol.
The levels of total cortisol rise after the first trimester, and
by the end of pregnancy, they are nearly three times higher
than nonpregnant values and reach levels in the range seen
in Cushing syndrome. The diurnal variations in cortisol levels
may be partly blunted but are maintained, and the highest values
occur in the morning.

Only free cortisol, the fraction of cortisol not bound to CBG,
is metabolically active; however, direct measurements are diffi-
cult to perform. Urinary free cortisol concentrations, the free
cortisol index, and salivary cortisol concentrations—all ofwhich
reflect active free cortisol levels—are elevated after the first tri-
mester. In a study of 21 uncomplicated pregnancies, urinary free
cortisol concentration doubled from the first to the third trimes-
ter. Although the increase in total cortisol concentrations can be
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explained by the increase in CBG, this does not explain the
higher free cortisol levels. The elevation in free cortisol levels
seems to be caused in part by a marked increase in corticotropin-
releasing hormone (CRH) during pregnancy, which in turn
stimulates the production of ACTH in the pituitary and from
the placenta. Outside of pregnancy, CRH is mainly secreted
from the hypothalamus. During pregnancy, CRH is also pro-
duced by the placenta and fetal membranes and is secreted
into the maternal circulation. First-trimester values of CRH
are similar to prepregnant levels, followed by an exponential rise
in CRH during the third trimester predominantly as a result of
the placental production. CRH and ACTH concentrations con-
tinue to rise in the third trimester despite the increased levels
of total and free cortisol levels, which supports the theory
that an increase in CRH drives the increased levels of cortisol
seen in pregnancy. Furthermore, significant correlation is
observed between the rise in CRH levels and maternal ACTH
and urinary free cortisol concentrations. Other possible causes
for the hypercortisolism include delayed plasma clearance of
cortisol as a result of changes in renal clearance, pituitary desen-
sitization to cortisol feedback, or enhanced pituitary responses
to corticotropin-releasing factors such as vasopressin and CRH.

Although the levels of cortisol are increased to concentrations
observed in Cushing syndrome, little clinical evidence is present
for hypercortisolism during pregnancy with the exception of
weight gain, striae, hyperglycemia, and tiredness. The diagnosis
of Cushing syndrome during pregnancy is difficult because
of these changes; this is discussed further in Chapter 43.

Like aldosterone, deoxycorticosterone (DOC) is a potent
mineralocorticoid. Marked elevations in the maternal concen-
trations of DOC are present by midgestation and reach peak
levels in the third trimester. In contrast to the nonpregnant state,
plasma DOC levels in the third trimester do not respond to
ACTH stimulation, dexamethasone suppression, or salt intake.
These findings suggest that an autonomous source of DOC,
specifically the fetoplacental unit, may be responsible for
the increased levels. Dehydroepiandrosterone sulfate levels are
decreased in gestation because ofa marked rise in the metabolic
clearance of this adrenal androgenic steroid. Maternal concen-
trations of testosterone and androstenedione are slightly higher;
testosterone is increased because ofan elevation in sex hormone-
binding protein, and androstenedione rises because ofan increase
in its synthesis.

Pituitary
The pituitary gland enlarges by approximately one third in preg-
nancy, principally because of proliferation of prolactin-producing
cells in the anterior pituitary (see Chapter 43). The enlargement
of the pituitary gland and subsequent increased intrasellar
pressure make it more susceptible to alterations in blood
supply and hypotension and increases the risk for postpar-
tum infarction (Sheehan syndrome) should a large maternal
blood loss occur. ®

Anterior pituitary hormone levels are significantly affected
by pregnancy. Serum prolactin levels begin to rise at 5 to 8
weeks’ gestation and by term are 10 times higher. Consistent
with this, the number of lactotroph (prolactin-producing)
cells increases dramatically within the anterior lobe of the pitu-
itary from 20% of the cells in nongravid women to 60% in the
third trimester. In the second and third trimesters, the decidua
is a source of much of the increased prolactin production.
Despite the increase, prolactin levels remain suppressible by

bromocriptine therapy. The principal function of prolactin
in pregnancy is to prepare the breasts for lactation (see
Chapter 24). In nonlactating women, the prolactin levels return
to normal by 3 months postpartum. In lactating women, the
return to baseline levels takes several months, with intermittent
episodes of hyperprolactinemia in conjunction with nursing.
Maternal follicle-stimulating hormone (FSH) and luteiniz-
ing hormone (LH) are decreased to undetectable levels as a
result offeedback inhibition from the elevated levels ofestro-
gen, progesterone, and inhibin. Maternal pituitary growth
hormone production is also suppressed because of the action of
the placental growth hormone variant on the hypothalamus and
pituitary; however, the serum levels of growth hormone increase
as a result of the production of growth hormone from the
placenta.

The hormones produced by the posterior pituitary are also
altered, and the changes in arginine vasopressin (AVP) were
discussed earlier in this chapter under “Osmoregulation.” Oxy-
tocin levels increase throughout pregnancy, and they rise dra-
matically and peak in the second stage of labor.

PANCREAS AND FUEL METABOLISM

Glucose

Pregnancy is associated with significant physiologic changes in
carbohydrate metabolism. This allows for the continuous trans-
port of energy, in the form of glucose, from the gravid woman
to the developing fetus and placenta. Pregnancy taxes maternal
insulin and carbohydrate physiology, and in all pregnancies,
some deterioration in glucose tolerance occurs. In most women,
only mild changes take place. In others, pregnancy is sufficiently
diabetogenic to result in gestational diabetes mellitus. Overall,
pregnancy results in fasting hypoglycemia, postprandial
hyperglycemia, and hyperinsulinemia. s To accommodate
the increased demand for insulin, hypertrophy and hyperplasia
of the insulin-producing P-cells occur within the islets of
Langerhans in the maternal pancreas. For a complete review
of the physiologic changes in glucose metabolism, please see
Chapter 40.

Proteins and Lipids

Amino acids are actively transported across the placenta for
the fetus to use for protein synthesis and as an energy source.
In late pregnancy, the fetoplacental unit contains about 500 mg
ofprotein.6@ During pregnancy, fat stores are preferentially used
as a substrate for fuel metabolism, and thus protein catabolism
is decreased. Dietary protein is used efficiently in pregnancy as
has been shown by measuring nitrogen balance at multiple
points throughout gestation and finding an increased nitrogen
balance toward the end of pregnancy.

Plasma lipids and lipoproteins increase in pregnancy. A
gradual twofold to threefold rise in triglyceride levels occurs
by term, and levels of 200 to 300 mg/dL are normal. Total
cholesterol and low-density lipoprotein levels are also higher
such that by term, a 50% to 60% increase is observed. High-
density lipoprotein (HDL) levels initially rise in the first half of
pregnancy and then fall in the second half. By term, HDL con-
centrations are 15% higher than nonpregnant levels. Triglyceride
concentrations return to normal by 8 weeks postpartum even
with lactation, but cholesterol and low-density lipoprotein
(LDL) levels remain elevated (Fig. 3-11). Women with preexist-
ing hyperlipidemia can have a transient worsening of their lipid
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FIG 3-11 Triglycerides (upper paneD and cholesterol (lower panel) in
plasma and in lipoprotein fractions before, during, and after preg-
nancy. HDL, high-density lipoprotein; LDL, low-density lipoprotein;
VLDL, very-low-density lipoprotein. (From Salameh W, Mastrogiannis
D. Maternal hyperlipidemia in pregnancy. Clin Obstet Gynecol.
1994:37:66.)

profiles accentuated by the necessity for discontinuing medica-
tions such as HMG-CoA reductase inhibitors (statins).

The mechanisms for the pregnancy-induced changes in lipids
are not completely understood but appear to be partly caused
by the elevated levels of estrogen, progesterone, and human
placental lactogen. The rise in LDL is associated with placental
steroidogenesis, and the pattern of LDL variation in pregnancy
can be used to predict long-term predisposition to atherogene-
sis.® In a study of parity and carotid atherosclerosis in 1005
women over a 6-year period, a significant relationship was found
between the progression of carotid atherosclerosis and parity,
even after controlling for traditional risk factors. This suggests
that pregnancy itself may present an increased risk of subsequent
development of atherosclerosis.

SKELETON

Calcium Metabolism

Pregnancy was initially thought to be a state of “physiologic
hyperparathyroidism” with maternal skeletal calcium loss needed
to supply the fetus with calcium. However, most fetal calcium
needs are met through a series of physiologic changes in
calcium metabolism without long-term consequences to the
maternal skeleton.s" This allows the fetus to accumulate 21 g

Chapter 3 Maternal Physiology 57

2.7-i
ra o
° E
m E,
0
I-
21 -1
1.6
0o
-0 E
FE
091
501
B \
0.0
300
I:?O
'HE
T- CL
0.0 =

1st 2nd 3rd
Trimesters of pregnancy

FIG 3-12 The longitudinal changes in calcium and calcitropic hormone
levels that occur during human pregnancy. Normal adult ranges are
indicated by the shaded areas. 1,25-D, 1,25-dihydroxyvitamin D; PTH,
parathyroid hormone. (From Kovacs CS, Kronenberg HM. Maternal-
fetal calcium and bone metabolism during pregnancy, puerperium,
and lactation. Endocr Rev. 1997;18:832.)

(range of 13 to 33 g) of calcium—80% of this during the third
trimester, when fetal skeletal mineralization is at its peak.
Calcium is actively transported across the placenta. Surprisingly,
calcium is excreted in greater amounts by the maternal kidneys
so that by term, calciuria is doubled.

Maternal total calcium levels decline throughout preg-
nancy. The fall in total calcium is caused by the reduced
serum albumin levels that result in a decrease in the albumin-
bound fraction of calcium. However, the physiologically
important fraction, serum ionized calcium, is unchanged
and constant (Fig. 3-12).8 Therefore the actual maternal
serum calcium levels are maintained, and the fetal calcium
needs are met mainly through increased intestinal calcium
absorption. Calcium is absorbed through the small intestines,
and its absorption is doubled by 12 weeks’ gestation, with
maximal absorption in the third trimester.8 The early increase
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in absorption may allow the maternal skeleton to store calcium
in advance of the peak third-trimester fetal demands. Although
most fetal calcium needs are met by increased absorption of
calcium, accumulating data confirm that at least some calcium
resorption from maternal bone occurs to help meet the increased
fetal demands in the third trimester. These data are compatible
with the hypothesis that physiologic mechanisms exist to ensure
an adequate supply of calcium for fetal growth and milk produc-
tion without sole reliance on the maternal diet. Maternal serum
phosphate levels are similarly unchanged.®

Older studies showed an increase in maternal parathyroid
hormone (PTH) levels. In more recent prospective studies, all
using newer assays, maternal levels of PTH were not elevated
and actually remained in the low-normal range throughout
gestation.8 Therefore pregnancy is not associated with relative
hyperparathyroidism (see Chapter 42).

Vitamin D is a prohormone derived from cholesterol, and it
occurs in two main nutritional forms: D3 (cholecalciferol),
which is generated in the skin, and D2 (ergocalciferol), which
is derived from plants and is absorbed in the gut. Serum levels
of 25-hydroxyvitamin D (25[OH]D) increase in proportion
to vitamin D synthesis and intake. Levels of 25[OH]D rep-
resent the best indicator of vitamin D status.8 25[OH]D is
furthered metabolized to 1,25-dihydroxyvitamin D or active
vitamin D. Levels of 1,25-dihydroxyvitamin D increase overall
in pregnancy, and prepregnancy levels double in the first trimes-
ter and peak in the third trimester. Levels of 25[OH]D do not
change in pregnancy unless vitamin D intake or synthesis is
changed. The increase in 1,25-dihydroxyvitamin D is secondary
to increased production by the maternal kidneys and potentially
the fetoplacental unit and is independent of PTH control, and
this increase is directly responsible for most of the increase in
intestinal calcium absorption. See Chapter 42 for further infor-
mation on calcium homeostasis.

The estimated prevalence ofvitamin D deficiency in preg-
nancy in the United States may be as high as 50%. Contro-
versy exists over recommendations to institute universal
screening during pregnancy by measuring serum levels of
25[OH]D. Levels less than 32 ng/mL indicate vitamin D
deficiency, with recommendations to increase vitamin D
supplementation if such a deficiency is diagnosed.8& Results
from a cohort study found that maternal vitamin D deficiency
was associated with impaired lung development, neurocognitive
difficulties, increased risk of eating disorders, and lower peak
bone mass. Calcitonin levels also rise by 20% and may help
protect the maternal skeleton from excess bone 10ss.8

Skeletal and Postural Changes

The effect of pregnancy on bone metabolism is complex, and
evidence of maternal bone loss during pregnancy has been
inconsistent, with various studies reporting bone loss, no change,
and even gain. Whether pregnancy causes bone loss is not the
primary question; instead, the critical question is whether preg-
nancy and lactation have a long-term risk for causing osteopo-
rosis later in life. Pregnancy is a period of high bone turnover
and remodeling.2 Both pregnancy and lactation cause revers-
ible bone loss, and this loss is increased in women who
breastfeed for longer intervals. Studies do not support an
association between parity and osteoporosis later in life.
Additionally, in a comparison of female twins discordant for
parity, pregnancy and lactation were found to have no detrimen-
tal effect on long-term bone loss.

Bone turnover appears to be low in the first half of gestation;
it increases in the third trimester, which corresponds to the peak
rate of fetal calcium needs, and it may represent turnover of
previously stored skeletal calcium.8 Markers of both bone
resorption (hydroxyproline and tartrate-resistant acid phospha-
tase) and bone formation (alkaline phosphatase and procollagen
peptides) are increased during gestation. A change in the micro-
architectural pattern of bone with no change in overall bone
mass has been described, and this pattern seems to result in a
framework more resistant to the bending forces and biomechani-
cal stresses needed to carry a growing fetus. Multiple studies that
measure bone density during pregnancy have shown that bone
loss occurs only in the trabecular bone and not cortical bone.
Older reports indicate that the cortical bone thickness of long
bones may even increase with pregnancy.

Although bone loss occurs in pregnancy, the occurrence of
osteoporosis during or soon after pregnancy is rare. Whether
additional calcium intake during pregnancy and lactation
prevents bone loss is controversial. Most current studies indi-
cate that calcium supplementation does not decrease the
amount of bone loss, although maternal intake of2 g per day
or greater is modestly protective. This is greater than the
recommended dietary allowance of 1000 to 1300 mg/day
during pregnancy and lactation. Additionally, women on
medications known to be associated with bone loss, such as
heparin or steroids, may require increased doses of calcium.8

Pregnancy results in a progressively increasing anterior
convexity of the lumbar spine (lordosis). This compensatory
mechanism keeps the woman’s center of gravity over her legs and
prevents the enlarging uterus from shifting the center of gravity
anteriorly. The unfortunate side effect of this necessary alteration
is low back pain in two thirds ofwomen, with the pain described
as severe in one third. Because the ligaments of the pubic sym-
physis and sacroiliac joints loosen, some have hypothesized that
this increase in joint laxity is secondary to increased relaxin,
whereas others have found no correlation throughout gestation.
Marked widening of the pubic symphysis occurs by 28 to 32
weeks’ gestation, with the width increasing from 3 to 4 mm
to 7.7 to 7.9 mm. This commonly results in pain near the
symphysis that is referred down the inner thigh with standing
and may result in a maternal sensation ofsnapping or movement
of the bones with walking.

SKIN

During pregnancy, physiologic alterations take place in the skin,
nails, and hair (see Chapter 51). Increased cutaneous blood
flow allows heat to dissipate and is responsible for the “glow”
of pregnancy. Hyperpigmentation is also observed in about
90% ofwomen, likely due to increased melanocyte-stimulating
hormone and estrogen. This hyperpigmentation accentuates the
areola, genital skin, and linea alba in addition to scars and freck-
les, and it results in melasma, also known as the mask ofpreg-
nancy. Many women also notice hirsuitism and thickening of
scalp hair during pregnancy, which commonly sheds about 1 to
5 months postpartum and is the result of a prolonged anagen
phase followed by a large proportion of follicles entering the
telogen phase simultaneously.8 During pregnancy, the nails can
develop brittleness, leukonychia, transverse grooving, subungual
hyperkeratosis, and distal onycholysis.84 The high estrogen state
of pregnancy also enhances the appearance of telangectasias
and palmar erythema.&



CENTRAL NERVOUS SYSTEM

Whereas central nervous system complaints such as headache
and problems with attention are common in pregnancy, few
intrinsic changes occur in the central nervous system. Volu-
metric magnetic resonance imaging (MRI) has demonstrated
decreased brain size in healthy women over the course of preg-
nancy, with a return to baseline by 6 months postpartum; the
etiology and significance of these changes are unclear. Volumet-
ric assessment of the pituitary gland, however, reveals that it
increases in size and volume, as discussed earlier in this chapter.
Changes in vessel-wall integrity predispose to aneurysm rupture;
increased relaxin, for example, upregulates collagenase and col-
lagen remodeling.& In addition, the risk of subarachnoid hemor-
rhage is increased fivefold in pregnancy.

EYES

Pregnancy is associated with ocular changes, most of which
are transient. The two most significant of these are increased
thickness of the cornea and decreased intraocular pressure.&
Corneal thickening is apparent by 10 weeks’ gestation and
may cause problems with contact lenses. Corneal changes
persist for several weeks postpartum, and patients should be
advised to wait before obtaining a new eyeglass or contact
prescription. Concomitant visual changes are also frequent with
a reported incidence of 25% to 89%.84 The majority of these
women had changes in their visual acuity and refractive error,
as well as a myopic shift (i.e., they became more far-sighted),
from pregravid levels with a return to baseline vision post-
partum. 1 Because of these transient alterations in the eye,
pregnancy is considered by most to be a contraindication to
photorefractive keratectomy, and it has been recommended
that pregnancy be avoided for 1 year after such surgery. Intra-
ocular pressure falls by about 10%, and individuals with preex-
isting glaucoma typically improve.8 Pregnancy either does not
change or minimally decreases visual fields. Iherefore any com-
plaints of visual field changes are atypical and need evaluation.
Similarly, visual changes such as a loss of vision or “dark floaters”
are also atypical and may signify retinal detachment or posterior
reversible encephalopathy syndrome, and such changes require
evaluation.

BREASTS

Pregnancy-related breast changes begin in the first trimester and
continue throughout pregnancy. For a complete review on
normal development and physiologic changes of the breast in
pregnancy, please see Chapter 24.

LOWER REPRODUCTIVE TRACT

Vagina

Nearly every organ system changes during pregnancy to promote
pregnancy maintenance or to prepare for parturition. In the
vagina, increased vascularity and hyperemia develop in the skin
of the vulva and the mucosa of the vagina, which may cause a
bluish discoloration of the vulva, cervix, and vagina as described
by Chadwick in 1887 and Jacquemin in 1836.8 Progesterone
increases venous distensibility which, combined with the
mechanical effects of the uterus and the increased circulating
blood volume, may result in the appearance or worsening of
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varicose veins in the vulva. The connective tissue underlying the
vaginal epithelium also relaxes, and the muscle fibers thicken.&
The vaginal mucosa itself increases in thickness, and the epithe-
lial cells acquire a characteristic oval form. Estradiol rises across
gestation, which leads to increased glycogen levels, namely in
the epithelial cells. This glycogen is metabolized into lactic acid,
which causes the vaginal pH to decrease. This lactic acid appears
to primarily be a byproduct of lactobacilli,®which dominate the
vaginal flora in pregnancy,71891 as will be discussed in the
microbiome section of this chapter. Thus it is a combination
of hormonal and microbiotic changes that contribute to
alterations in the vagina.

Cervix

During pregnancy, the cervix undergoes a reversible transforma-
tion from a closed, rigid, nondistensible structure charged with
maintaining a pregnancy to a soft, distensible, nearly indistin-
guishable ring of tissue capable of stretching to permit the
passage of a term fetus. Unlike the body of the uterus, cervical
tissue comprises little smooth muscle; the major component
is connective tissue, which consists of collagen, elastin, pro-
teoglycans, and a cellular portion.®2 Changes in the collagen
structure and glycosaminoglycans, which are under hormonal
control, contribute to the successful softening and dilation of
the cervix.2 Following delivery, this tissue is repaired to allow
subsequent pregnancies.

During pregnancy, the cervix also produces copious amounts
of mucus that is thicker and more acidic during pregnancy
owing to the effects of progesterone. This mucus is rich in matrix
metalloproteinases, which change in composition as pregnancy
progresses as their role shifts from cervical remodeling to senti-
nels against ascending infection.® Levels of immunoglobulin G
(lgG)—and, to a lesser extent, IgJA—increase during pregnancy.
1gG levels are highest in the first trimester and subsequently
decrease in the second and third trimesters, whereas IgA levels
remain relatively constant. Because peak levels of IgG and IgA
during all trimesters of pregnancy significantly exceed levels in
all phases of the menstrual cycle, it has been postulated that this
enhancement may result from increased estrogen and progestin
levels. Expression of particular interleukins correlates with
immunoglobulin levels but also appears to be influenced by the
vaginal microbial composition with decreased Lactobacillus
species associated with increased cervical interleukin 8 (IL-8), a
proinflammatory cytokine.

MICROBIOME

The human microbiome encompasses the totality of the
microbes living on and within our bodies. The microbes and
their human hosts have co-evolved as a physiologic commu-
nity comprised of unique, body-site specific niches, meaning
that the composition of microbes present at any body site
is distinct from other body sites. These microbes generally
form a symbiotic relationship with their human hosts, although
exceptions do exist. The microbiome of healthy nonpregnant
women was described in 2012.%4% More recent work has dem-
onstrated that the microbiome of specific body sites change
during pregnancy.71919} The body site-specific changes in the
microbiome during pregnancy may serve to maintain preg-
nancy, prepare the body for parturition, or establish the
neonatal microbiome at the time of parturition. This emerg-
ing field poses exciting questions for the mechanisms ofnot only
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FG 3-13 This principal coordinate analysis (PCoA) plot demonstrates
the degree to which each woman's vaginal microbiome differs from
the microbiome of other women's vaginas. Here, nonpregnant
women are shown in blue, and pregnant women are shown in green
with different vaginal sites indicated by the shades of blue or green.
Visually apparent clustering is seen based upon pregnancy status
(pregnant vs. nonpregnant), whereas the vaginal site contributed less
to cluster formation. (From Aagaard K, Riehle K, Ma J, et al. A metage-
nomic approach to characterization of the vaginal microbiome signa-
ture in pregnancy. PLoS One. 2012;7[6]:e36466.)

preterm birth but also the nature of the interaction between
microbes and their human hosts in general.

Vaginal Microbiome

As discussed previously in this chapter, the estrogen-induced
increase in glycogen is metabolized into lactic acid by L actobacil-
lus, which decreases the pH of the vagina and fosters further
L actobacillus growth. The presence of lactobacilli has long been
noted to increase as gestational age advances, but since the
advent of metagenomics (detailed microbiome analysis), more
specific compositional changes have been noted.

The microbiome of the vagina in pregnancy has decreased
diversity (alpha diversity) and decreased richness (less different
species present).7L As recently demonstrated, the composition of
the microbiome is also different (Fig. 3-13). Whereas the
number of genera and species present decreased, a subse-
guent dominance by several genera was apparent, notably
Lactobacillus. The particular species enriched—L. jensenii,
L. johnsonii, or L. crispatus—is of probable biologic signifi-
cance. 1For example, L. jensenii anaerobically metabolizes gly-
cogen, which is increased with the rising estrogen levels and
thereby contributes to the acidic vaginal environment. Addition-
ally, L.jensenii may have surface-associated proteins that inhibit
sexually transmitted infections, including infection by Neisseria
gonorrhoeas, thereby L. jensenii may help prevent preterm birth.
Both L. jensenii and L. crispatus are strong hydrogen peroxide
producers and have been hypothesized to protect against bacte-
rial vaginosis, which has been posited as a risk factor for preterm
birth and human immunodeficiency virus (HIV) infection.9798

One of the predominant species in the Gl tract of neonates,
L. johnsonii, is also enriched in the vaginal microbiome during
pregnancy. It is able to survive passage through the acidic
stomach and can colonize the lower GI tract; it secretes antimi-
crobial bacteriocins, which can kill Enterococcus species%; and it
is associated with increased mucus thickness in the stomach.10
Thus it may be important for establishing the neonatal Gl
microbiome.

Gut Microbiome

Pregnancy is also characterized by changes in the gut microbiota.
Over the course of gestation, the bacterial load of the intestines
is reported to increase, and the composition also changes. One
study found that the diversity within an individual (alpha diver-
sity) decreased with advancing gestation, but diversity between
individuals (beta diversity) increased. These changes occurred in
parallel with an overall increase in Proteobacteria and a decrease
in Faecalibacterium. An abundance of Proteobacteria is often
associated with inflammatory conditions, and Faecalibacterium
has antiinflammatory effects; taken together, the stool in the
third trimester of pregnancy resembles stool from inflamma-
tory disease states. One study innoculated mice with the stool
of women in their first and third trimesters of pregnancy and
found that stool from the third trimester induced higher levels
of inflammation, adiposity, and glucose intolerance in the mice
than stool from the first trimester of pregnancy. Thus pregnancy
is associated with changes in the gut microbiome that resem-
ble proinflammatory and prodiabetogenic states. However,
these changes may promote energy storage and fetal growth.

Placental Microbiome

Contrary to the commonly held belief that the upper reproduc-
tive tract and placenta are sterile, evidence has been mounting
that microbiota are present even in the absence of clinically
evident intraamniotic infection.9%101' 18 One recent study that
utilized detailed metagenomic analytic methods not only identi-
fied bacteria in healthy term deliveries, it found that the com-
position of the microbiome was different among women
with term versus preterm birth and was also different among
women with or without a remote antenatal infection, such
as pyelonephritis.% This study also found that the particular
composition of the bacteria present in the placenta most closely
resembled the oral microbiome and did not resemble the vaginal
or skin microbiome. This implies that the bulk of the bacteria
isolated were neither contaminants nor ascending infections but
may have arrived in the placenta via hematogenous spread from
the oral cavity.% Together these findings may explain the pro-
posed link between periodontal disease and preterm birth.

SUMMARY

In conclusion, the physiologic changes of pregnancy overall
serve to support and maintain the pregnancy in a manner
that encompasses almost every organ system from head to
toe. Some of these shifts lead to symptoms that can be
worrisome to patients, and the role of the practitioner is
to discern whether symptoms reflect normal physiologic
changes or more concerning pathology. Lastly, the role of
microbes in maintaining, or perhaps disrupting, the preg-
nancy is an emerging field; within a few years, the depth
and breadth of the relationship between humans and their
microbiomes will likely be further elucidated.

KEY POINTS

¢ The “healthy” amount of weight to gain during preg-
nancy is BMI specific.

¢ Maternal cardiac output increases 30% to 50% during
pregnancy. Supine positioning and standing are both



associated with a fall in cardiac output, which is highest
during labor and in the immediate postpartum period.
As a result of the marked fall in systemic vascular resis-
tance and pulmonary vascular resistance, PCWP does
not rise despite an increase in blood volume.

Maternal BP decreases early in pregnancy. The diastolic
BP and the mean arterial pressure reach a nadir at mid-
pregnancy (16 to 20 weeks) and return to prepregnancy
levels by term.

Maternal plasma volume increases 50% during preg-
nancy. Red blood cell volume increases about 18% to
30%, and the hematocrit normally decreases during
gestation but not below 30%.

Pregnancy is a hypercoagulable state that is accompa-
nied by increases in the levels of most of the procoagu-
lant factors and decreases in the fibrinolytic system and
in some of the natural inhibitors of coagulation.

Pa02 and PaCO2 fall during pregnancy because of
increased minute ventilation. This facilitates transfer of
CO2from the fetus to the mother and results in a mild
respiratory alkalosis.

BUN and creatinine normally decrease during preg-
nancy as a result of the increased glomerular filtration
rate.

Plasma osmolality decreases during pregnancy as a result
of a reduction in the serum concentration of sodium
and associated anions. The osmolality set points for AVP
release and thirst are also decreased.

Despite alterations in thyroid morphology, histology,
and laboratory indices, the normal pregnant woman is
euthyroid, with levels of free T4 within nonpregnant
norms.

Pregnancy is associated with a peripheral resistance to
insulin, primarily mediated by tumor necrosis factor
alpha and human placental lactogen. Insulin resistance
increases as pregnancy advances; this results in hyper-
glycemia, hyperinsulinemia, and hyperlipidemia in
response to feeding, especially in the third trimester.
Physiologic changes in the vagina interact with the
vaginal microbiome to protect against infection and
promote pregnancy maintenance.
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