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“The position of woman in any civilization is an index of the
advancement of that civilization; the position of woman is
gauged best by the care given her at the birth of her child.” So
wrote Haggard' in 1929. If his thesis is true, Western civiliza-
tion made a giant leap on January 19, 1847, when James Young
Simpson used diethyl ether to anesthetize a woman with a
deformed pelvis for delivery. This first use of a modern anes-
thetic for childbirth occurred a scant 3 months after Morton’s
historic demonstration of the anesthetic properties of ether
at the Massachusetts General Hospital in Boston. Strangely
enough, Simpson’s innovation evoked strong criticism from
contemporary obstetricians, who questioned its safety, and
from many segments of the lay public, who questioned its
wisdom. The debate over these issues lasted more than 5 years
and influenced the future of obstetric anesthesia.”

JAMES YOUNG SIMPSON

Few people were better equipped than Simpson to deal with
controversy. Just 36 years of age, Simpson already had 7 years’
tenure as Professor of Midwifery at the University of Edin-
burgh, one of the most prestigious medical schools of its day
(Fig. 1.1). By that time, he had established a reputation as one
of the foremost obstetricians in Great Britain, if not the world.
On the day he first used ether for childbirth, he also received
a letter of appointment as Queen’s Physician in Scotland.
Etherization for childbirth was only one of Simpson’s contri-
butions. He also designed obstetric forceps (which still bear
his name), discovered the anesthetic properties of chloroform,
made important innovations in hospital architecture, and
wrote a textbook on the practice of witchcraft in Scotland
that was used by several generations of anthropologists.’

2

An imposing man, Simpson had a large head, a massive
mane of hair, and the pudgy body of an adolescent. Contem-
poraries described his voice as “commanding,” with a wide
range of volume and intonation. Clearly Simpson had “pres-
ence” and “charisma.” These attributes were indispensable to
someone in his profession, because in the mid-nineteenth
century, the role of science in the development of medical
theory and practice was minimal; rhetoric resolved more
issues than facts. The medical climate in Edinburgh was par-
ticularly contentious and vituperative. In this milieu, Simpson
had trained, competed for advancement and recognition, and
succeeded. The rigor of this preparation served him well.
Initially, virtually every prominent obstetrician, including
Montgomery of Dublin, Ramsbotham of London, Dubois of
Paris, and Meigs of Philadelphia, opposed etherization for
childbirth. Simpson called on all of his professional and per-
sonal finesse to sway opinion in the ensuing controversy.

MEDICAL OBJECTIONS TO THE USE
OF ETHER FOR CHILDBIRTH

Shortly after Simpson administered the first obstetric anes-
thetic, he wrote, “It will be necessary to ascertain anesthesia’s
precise effect, both upon the action of the uterus and on
the assistant abdominal muscles; its influence, if any, upon
the child; whether it has a tendency to hemorrhage or other
complications.”* With this statement, he identified the issues
that would most concern obstetricians who succeeded him
and thus shaped the subsequent development of the specialty.

Simpson’s most articulate, persistent, and persuasive critic
was Charles D. Meigs, Professor of Midwifery at Jefferson
Medical College in Philadelphia (Fig. 1.2). In character and
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Fig. 1.1 James Young Simpson, the obstetrician who first adminis-
tered a modern anesthetic for childbirth. He also discovered the
anesthetic properties of chloroform. Many believe that he was the
most prominent and influential physician of his day. (Courtesy of Yale
Medical History Library.)

stature, Meigs equaled Simpson. Born to a prominent New
England family, Meigs’ forebears included heroes of the
American Revolutionary War, the first governor of the state
of Ohio, and the founder of the University of Georgia. His
descendants included a prominent pediatrician, an obstetri-
cian, and one son who served the Union Army as Quarter-
master General during the Civil War.’

At the heart of the dispute between Meigs and Simpson
was a difference in their interpretation of the nature of labor
and the significance of labor pain. Simpson maintained that
all pain, labor pain included, is without physiologic value. He
said that pain only degrades and destroys those who experi-
ence it. In contrast, Meigs argued that labor pain has purpose,
that uterine pain is inseparable from contractions, and that
any drug that abolishes pain will alter contractions. Meigs
also believed that pregnancy and labor are normal processes
that usually end quite well. He said that physicians should
therefore not intervene with powerful, potentially disruptive
drugs (Fig. 1.3). We must accept the statements of both men
as expressions of natural philosophy, because neither had
facts to buttress his position. Indeed, in 1847, physicians had
little information of any sort about uterine function, pain,
or the relationship between them. Studies of the anatomy
and physiology of pain had just begun. It was only during
the preceding 20 years that investigators had recognized that
specific nerves and areas of the brain have different func-
tions and that specialized peripheral receptors for painful
stimuli exist.”

Fig. 1.2 Charles D. Meigs, the American obstetrician who opposed
the use of anesthesia for obstetrics. He questioned the safety of
anesthesia and said that there was no demonstrated need for it
during a normal delivery. (Courtesy of Wood-Library Museum.)

In 1850, more physicians expressed support for Meigs’s
views than for Simpson’s. For example, Baron Paul Dubois®
of the Faculty of Paris wondered whether ether, “after having
exerted a stupefying action over the cerebrospinal nerves,
could not induce paralysis of the muscular element of the
uterus?” Similarly, Ramsbotham’ of London Hospital said
that he believed the “treatment of rendering a patient in labor
completely insensible through the agency of anesthetic rem-
edies ... is fraught with extreme danger.” These physicians’
fears gained credence from the report by a special committee
of the Royal Medical and Chirurgical Society documenting
123 deaths that “could be positively assigned to the inhalation
of chloroform.”® Although none involved obstetric patients,
safety was on the minds of obstetricians.

The reaction to the delivery of Queen Victoria’s eighth
child in 1853 illustrated the aversion of the medical com-
munity to obstetric anesthesia. According to private records,
John Snow anesthetized the Queen for the delivery of Prince
Leopold at the request of her personal physicians. Although
no one made a formal announcement of this fact, rumors sur-
faced and provoked strong public criticism. Thomas Wakley,
the irascible founding editor of The Lancet, was particularly
incensed. He “could not imagine that anyone had incurred
the awful responsibility of advising the administration of
chloroform to her Majesty during a perfectly natural labour
with a seventh child”” (It was her eighth child, but Wakley
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Fig. 1.3 Frontispiece from Meigs's textbook of obstetrics.

had apparently lost count—a forgivable error considering the
propensity of the Queen to bear children.) Court physicians
did not defend their decision to use ether. Perhaps not wanting
a public confrontation, they simply denied that the Queen
had received an anesthetic. In fact, they first acknowledged
a royal anesthetic 4 years later when the Queen delivered her
ninth and last child, Princess Beatrice. By that time, however,
the issue was no longer controversial.’

PUBLIC REACTION TO ETHERIZATION
FOR CHILDBIRTH

The controversy surrounding obstetric anesthesia was not
resolved by the medical community. Physicians remained
skeptical, but public opinion changed. Women lost their res-
ervations, decided they wanted anesthesia, and virtually
forced physicians to offer it to them. The change in the pub-
lic’s attitude in favor of obstetric anesthesia marked the cul-
mination of a more general change in social attitudes that had
been developing over several centuries.

Before the nineteenth century, pain meant something
quite different from what it does today. Since antiquity, people
had believed that all manner of calamities—disease, drought,
poverty, and pain—signified divine retribution inflicted as
punishment for sin. According to Scripture, childbirth pain

originated when God punished Eve and her descendants for
Eve’s disobedience in the Garden of Eden. Many believed that
it was wrong to avoid the pain of divine punishment. This
belief was sufficiently prevalent and strong to retard accep-
tance of even the idea of anesthesia, especially for obstetric
patients. Only when this tradition weakened did people
seek ways to free themselves from disease and pain. In most
Western countries, the transition occurred during the nine-
teenth century. Disease and pain lost their theologic connota-
tions for many people and became biologic processes subject
to study and control by new methods of science and technol-
ogy. This evolution of thought facilitated the development
of modern medicine and stimulated public acceptance of
obstetric anesthesia."

The reluctance that physicians felt about the administra-
tion of anesthesia for childbirth pain stands in stark contrast
to the enthusiasm expressed by early obstetric patients. In
1847, Fanny Longfellow, wife of the American poet Henry
Wadsworth Longfellow and the first woman in the United
States anesthetized for childbirth, wrote:

Lam very sorry you all thought me so rash and naughty in
trying the ether. Henry’s faith gave me courage, and I had
heard such a thing had succeeded abroad, where the sur-
geons extend this great blessing more boldly and univer-
sally than our timid doctors. ... This is certainly the
greatest blessing of this age."

Queen Victoria, responding to news of the birth of her first
grandchild in 1860 and perhaps remembering her own recent
confinement, wrote, “What a blessing she [Victoria, her oldest
daughter] had chloroform. Perhaps without it her strength
would have suffered very much.”” The new understanding of
pain as a controllable biologic process left no room for Meigs’s
idea that pain might have physiologic value. The eminent
nineteenth-century social philosopher John Stuart Mill stated
that the “hurtful agencies of nature” promote good only by
“inciting rational creatures to rise up and struggle against
them.”"”

Simpson prophesied the role of public opinion in the
acceptance of obstetric anesthesia, a fact not lost on his
adversaries. Early in the controversy he predicted, “Medical
men may oppose for a time the superinduction of anaesthesia
in parturition but they will oppose it in vain; for certainly our
patients themselves will force use of it upon the profession.
The whole question is, even now, one merely of time.”"” By
1860, Simpson’s prophecy came true; anesthesia for child-
birth became part of medical practice by public acclaim, in
large part in response to the demands of women.

OPIOIDS AND OBSTETRICS

The next major innovation in obstetric anesthesia came
approximately 50 years later. Diammerschlaff, which means
“twilight sleep,” was a technique developed by von Stein-
biichel* of Graz and popularized by Gauss" of Freiberg. It
combined opioids with scopolamine to make women amnes-
tic and somewhat comfortable during labor (Fig. 1.4). Until
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Vorlaufige Mittheilung iiber die Anwendung von
Skopolamin-Morphium-Injektionen in der Geburtshilfe,
Von

Dr. v. Steinbiichel,
Docent fur Geburtshilfe und Gynikologie an der Universitat Graz.

(Aus der Frauenklinik in Basel.)

II. Uber Medullarnarkose bei Gebirenden.

Von
Oskar Kreis,
Assistenzarst der geburtshilflichen Abtheilung.

Fig. 1.4 Title pages from two important papers published in the first
years of the twentieth century. The paper by von Steinblchel intro-
duced twilight sleep. The paper by Kreis described the first use of
spinal anesthesia for obstetrics.

that time, opioids had been used sparingly for obstetrics.
Although opium had been part of the medical armamen-
tarium since the Roman Empire, it was not used extensively,
in part because of the difficulty of obtaining consistent results
with the crude extracts available at that time. Therapeutics
made a substantial advance in 1809 when Sertiirner, a German
pharmacologist, isolated codeine and morphine from a crude
extract of the poppy seed. Methods for administering the
drugs remained unsophisticated. Physicians gave morphine
orally or by a method resembling vaccination, in which they
placed a drop of solution on the skin and then made multiple
small puncture holes with a sharp instrument to facilitate
absorption. In 1853, the year Queen Victoria delivered her
eighth child, the syringe and hollow metal needle were devel-
oped. This technical advance simplified the administration
of opioids and facilitated the development of twilight sleep
approximately 50 years later.'®

Although reports of labor pain relief with hypodermic
morphine appeared as early as 1868, few physicians favored
its use. For example, in an article published in Transactions of
the Obstetrical Society of London, Sansom'” listed the following
four agents for relief of labor pain: (1) carbon tetrachloride,
the use of which he favored; (2) bichloride of methylene,
which was under evaluation; (3) nitrous oxide, which had been
introduced recently by Klikgowich of Russia; and (4) chloro-
form. He did not mention opioids, but neither did he mention
diethyl ether, which many physicians still favored. Similarly,
Gusserow,'® a prominent German obstetrician, described using
salicylic acid but not morphine for labor pain. (Von Baeyer
did not introduce acetylsalicylic acid to medical practice until
1899.) In retrospect, von Steinbiichel’s and Gauss’s descrip-
tions of twilight sleep in the first decade of the century may
have been important more for popularizing morphine than for
suggesting that scopolamine be given with morphine.

Physicians reacted to twilight sleep as they had reacted to
diethyl ether several years earlier. They resisted it, questioning
whether the benefits justified the risks. Patients also reacted
as they had before. Not aware of, or perhaps not concerned
with, the technical considerations that confronted physicians,

patients harbored few doubts and persuaded physicians to
use it, sometimes against the physicians’ better judgment.
The confrontation between physicians and patients was par-
ticularly strident in the United States. Champions of twilight
sleep lectured throughout the country and published articles
in popular magazines. Public enthusiasm for the therapy
subsided slightly after 1920, when a prominent advocate of
the method died during childbirth. She was given twilight
sleep, but her physicians said that her death was unrelated to
any complication from its use. Whatever anxiety this incident
may have created in the minds of patients, it did not seriously
diminish their resolve. Confronted by such firm insistence,
physicians acquiesced and used twilight sleep with increasing
frequency."”

Although the reaction of physicians to twilight sleep
resembled their reaction to etherization, the medical milieu
in which the debate over twilight sleep developed was quite
different from that in which etherization was deliberated.
Between 1850 and 1900, medicine had changed, particularly
in Europe. Physiology, chemistry, anatomy, and bacteriology
became part of medical theory and practice. Bright students
from America traveled to leading clinics in Germany, England,
and France. They returned with new facts and methods that
they used to examine problems and critique ideas. These
developments became the basis for the revolution in Ameri-
can medical education and practice launched by the Flexner
report published in 1914.”

Obstetrics also changed. During the years preceding World
War [, it had earned a reputation as one of the most exciting
and scientifically advanced specialties. Obstetricians experi-
mented with new drugs and techniques. They recognized that
change entails risk, and they examined each innovation more
critically. In addition, they turned to science for information
and methods to help them solve problems of medical man-
agement. Developments in obstetric anesthesia reflected this
change in strategy. New methods introduced during this time
stimulated physicians to reexamine two important but unre-
solved issues, the effects of drugs on the child, and the rela-
tionship between pain and labor.

THE EFFECTS OF ANESTHESIA ON
THE NEWBORN

Many physicians, Simpson included, worried that anesthetic
drugs might cross the placenta and harm the newborn. Avail-
able information justified their concern. The idea that gases
cross the placenta appeared long before the discovery of
oxygen and carbon dioxide. In the sixteenth century, English
physiologist John Mayow™* suggested that “nitro-aerial” par-
ticles from the mother nourish the fetus. By 1847, physiolo-
gists had corroborative evidence. Clinical experience gave
more support. John Snow” observed depressed neonatal
breathing and motor activity and smelled ether on the breath
of neonates delivered from mothers who had been given
ether. In an early paper, he surmised that anesthetic gases
cross the placenta. Regardless, some advocates of obstetric
anesthesia discounted the possibility. For example, Harvard
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Fig. 1.5 Paul Zweifel, the Swiss-born obstetrician who performed
the first experiments that chemically demonstrated the presence of
chloroform in the umbilical blood and urine of infants delivered by
women who had been anesthetized during labor. (Courtesy of J.F.
Bergmann-Verlag, Miinchen, Germany.)

professor Walter Channing denied that ether crossed the pla-
centa because he could not detect its odor in the cut ends of
the umbilical cord. Oddly enough, he did not attempt to smell
ether on the child’s exhalations as John Snow had done.*

In 1874, Swiss obstetrician Paul Zweifel” published an
account of work that finally resolved the debate about the
placental transfer of drugs (Fig. 1.5). He used a chemical reac-
tion to demonstrate the presence of chloroform in the umbili-
cal blood of neonates. In a separate paper, Zweifel”® used a
light-absorption technique to demonstrate a difference in
oxygen content between umbilical arterial and venous blood,
thereby establishing the placental transfer of oxygen. Although
clinicians recognized the importance of these data, they
accepted the implications slowly. Some clinicians pointed to
several decades of clinical use “without problems.” For
example, Otto Spiegelberg,” Professor of Obstetrics at the
University of Breslau, wrote in 1887, “as far as the fetus is
concerned no unimpeachable clinical observation has yet
been published in which a fetus was injured by chloroform
administered to its mother.” Experience lulled them into
complacency, which may explain their failure to appreciate
the threat posed by twilight sleep.

Dangers from twilight sleep probably developed insidi-
ously. The originators of the method, von Steinbterial and
Gauss, recommended conservative doses of drugs. They sug-
gested that 0.3 mg of scopolamine be given every 2 to 3 hours
to induce amnesia and that no more than 10 mg of morphine
be administered subcutaneously for the whole labor. Gauss,
who was especially meticulous, even advised physicians to

administer a “memory test” to women in labor to evaluate the
need for additional scopolamine. However, as other physi-
cians used the technique, they changed it. Some gave larger
doses of opioid—as much as 40 or 50 mg of morphine during
labor. Others gave additional drugs (e.g., as much as 600 mg
of pentobarbital during labor and inhalation agents for deliv-
ery). Despite administering these large doses to their patients,
some physicians said they had seen no adverse effects on the
infants.”® They probably spoke the truth, but this probability
says more about their powers of observation than the safety
of the method.

Two situations eventually made physicians confront
problems associated with placental transmission of anesthetic
drugs. The first was the changing use of morphine.” In the
latter part of the nineteenth century (before the enactment
of laws governing the use of addictive drugs), morphine was
a popular ingredient of patent medicines and a drug fre-
quently prescribed by physicians. As addiction became more
common, obstetricians saw many pregnant women who were
taking large amounts of morphine daily. When they tried
to decrease their patients’ opioid use, several obstetricians
noted unexpected problems (e.g., violent fetal movements,
sudden fetal death), which they correctly identified as signs
of withdrawal. Second, physiologists and anatomists began
extensive studies of placental structure and function. By the
turn of the century, they had identified many of the physical
and chemical factors that affect rates of drug transfer. Thus,
even before twilight sleep became popular, physicians had
clinical and laboratory evidence to justify caution. As early as
1877, Gillette™ described 15 instances of neonatal depression
that he attributed to morphine given during labor. Similarly,
in a review article published in 1914, Knipe’' identified still-
births and neonatal oligopnea and asphyxia as complications
of twilight sleep and gave the incidence of each problem as
reported by other writers.

When the studies of obstetric anesthesia published
between 1880 and 1950 are considered, four characteristics
stand out. First, few of them described effects of anesthesia
on the newborn. Second, those that did report newborn
apnea, oligopnea, or asphyxia seldom defined these words.
Third, few used controls or compared one mode of treat-
ment with another. Finally, few writers used their data to
evaluate the safety of the practice that they described. In
other words, by today’s standards, even the best of these
papers lacked substance. They did, however, demonstrate
a growing concern among physicians about the effects of
anesthetic drugs on neonates. Perhaps even more important,
their work prepared clinicians for the work of Virginia Apgar
(Fig. 1.6).

Apgar became an anesthesiologist when the chairman of
the Department of Surgery at the Columbia University
College of Physicians and Surgeons dissuaded her from
becoming a surgeon. After training in anesthesia with Ralph
Waters at the University of Wisconsin and with E.A. Roven-
stine at Bellevue Hospital, she returned to Columbia Presby-
terian Hospital as Director of the Division of Anesthesia. In
1949, she was appointed professor, the first woman to attain
that rank at Columbia University.”
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Fig. 1.6 Virginia Apgar, whose scoring system revolutionized the
practice of obstetrics and anesthesia. Her work made the well-being
of the infant the major criterion for the evaluation of medical manage-
ment of pregnant women. (Courtesy of Wood-Library Museum.)

Current Researches in Anesthesia and Analgesia—July-August, 1953

A Proposal for a New Method of Evaluation of the
Newborn Infant.*
Virginia Apgar, M.D., New York, N. Y.

Department of Anesthesiology, Columbia University, College of Physicians and
Surgeons and the Anesthesia Service, The Presbyterian Hospital

Fig. 1.7 Title page from the paper in which Virginia Apgar described
her new scoring system for evaluating the well-being of a newborn.

In 1953, Apgar’ described a simple, reliable system for
evaluating newborns and showed that it was sufficiently sen-
sitive to detect differences among neonates whose mothers
had been anesthetized for cesarean delivery by different
techniques (Fig. 1.7). Infants delivered of women with spinal
anesthesia had higher scores than those delivered with general
anesthesia. The Apgar score had three important effects. First,
it replaced simple observation of neonates with a reproduc-
ible measurement—that is, it substituted a numerical score
for the ambiguities of words such as oligopnea and asphyxia.
Thus it established the possibility of the systematic com-
parison of different treatments. Second, it provided objective
criteria for the initiation of neonatal resuscitation. Third, and
most important, it helped change the focus of obstetric care.
Until that time, the primary criterion for success or failure
had been the survival and well-being of the mother, a natural
goal considering the maternal risks of childbirth until that
time. After 1900, as maternal risks diminished, the well-being
of the mother no longer served as a sensitive measure of
outcome. The Apgar score called attention to the child and
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Fig. 1.8 Frontispiece from Walter Channing’s book on the use of
etherization for childbirth. Channing favored the use of etherization,
and he persuaded others to use it, although evidence ensuring its
safety was scant.

made its condition the new standard for evaluating obstetric
management.

THE EFFECTS OF ANESTHESIA ON LABOR

The effects of anesthesia on labor also worried physicians.
Again, their fears were well-founded. Diethyl ether and chlo-
roform depress uterine contractions. If given in sufficient
amounts, they also abolish reflex pushing with the abdominal
muscles during the second stage of labor. These effects are not
difficult to detect, even with moderate doses of either inhala-
tion agent.

Simpson’s method of obstetric anesthesia used significant
amounts of drugs. He started the anesthetic early, and some-
times he rendered patients unconscious during the first stage
of labor. In addition, he increased the depth of anesthesia for
the delivery.” As many people copied his technique, they
presumably had ample opportunity to observe uterine atony
and postpartum hemorrhage.

Some physicians noticed the effects of anesthetics on
uterine function. For example, Meigs” said unequivocally
that etherization suppressed uterine function, and he
described occasions in which he had had to suspend
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etherization to allow labor to resume. Other physicians
waffled, however. For example, Walter Channing,” Professor
of Midwifery and Medical Jurisprudence at Harvard (seem-
ingly a strange combination of disciplines, but at that time
neither of the two was thought sufficiently important to
warrant a separate chair), published a book about the use of
ether for obstetrics (Fig. 1.8). He endorsed etherization and
influenced many others to use it. However, his book contained
blatant contradictions. On different pages Channing con-
tended that ether had no effect, that it increased uterine con-
tractility, and that it suspended contractions entirely. Then, in
a pronouncement smacking more of panache than reason,
Channing swept aside his inconsistencies and said that what-
ever effect ether may have on the uterus he “welcomes it.”
Noting similar contradictions among other writers, W.E.H.
Montgomery,” Professor of Midwifery at the King and
Queen’s College of Physicians in Ireland, wrote, “By one
writer we are told that, if uterine action is excessive, chloro-
form will abate it; by another that if feeble, it will strengthen
it and add new vigor to each parturient effort.”

John Snow™ gave a more balanced review of the effects of
anesthesia on labor. Originally a surgeon, Snow became the
first physician to restrict his practice to anesthesia. He experi-
mented with ether and chloroform and wrote many insightful
papers and books describing his work (Fig. 1.9). Snow’s
technique differed from Simpson’s. Snow withheld anesthesia
until the second stage of labor, limited administration to brief
periods during contractions, and attempted to keep his

Fig. 1.9 John Snow, a London surgeon who gave up his surgical
practice to become the first physician to devote all his time to anes-
thesia. He wrote many monographs and papers, some of which
accurately describe the effects of anesthesia on the infant and
mother. (Courtesy of Wood-Library Museum.)

patients comfortable but responsive. To achieve better control
of the depth of anesthesia, he recommended using the vapor-
izing apparatus that he had developed for surgical cases.
Snow™ spoke disparagingly of Simpson’s technique and the
tendency of people to use it simply because of Simpson’s
reputation:

The high position of Dr. Simpson and his previous services
in this department, more particularly in being the first to
administer ether in labour, gave his recommendations
very great influence; the consequence of which is that the
practice of anesthesia is presently probably in a much less
satisfactory state than it would have been if chloroform
had never been introduced.

Snow’s method, which was the same one he had used to
anesthetize Queen Victoria, eventually prevailed over Simp-
son’s. Physicians became more cautious with anesthesia,
reserving it for special problems such as cephalic version, the
application of forceps, abnormal presentation, and eclampsia.
They also became more conservative with dosage, often
giving anesthesia only during the second stage of labor.
Snow’s methods were applied to each new inhalation agent—
including nitrous oxide, ethylene, cyclopropane, trichloroeth-
ylene, and methoxyflurane—as it was introduced to obstetric
anesthesia.

Early physicians modified their use of anesthesia from
experience, not from study of normal labor or from learning
more about the pharmacology of the drugs. Moreover, they
had not yet defined the relationship between uterine pain and
contractions. As physicians turned more to science during the
latter part of the century, however, their strategies began to
change. For example, in 1893 the English physiologist Henry
Head” published his classic studies of the innervation of
abdominal viscera. His work stimulated others to investigate
the role of the nervous system in the control of labor. Sub-
sequently, clinical and laboratory studies of pregnancy after
spinal cord transection established the independence of labor
from nervous control.”” When regional anesthesia appeared
during the first decades of the twentieth century, physicians
therefore had a conceptual basis from which to explore its
effects on labor.

Carl Koller® introduced regional anesthesia when he used
cocaine for eye surgery in 1884. Recognizing the potential of
Koller’s innovation, surgeons developed techniques for other
procedures. Obstetricians quickly adopted many of these
techniques for their own use. The first papers describing
obstetric applications of spinal, lumbar epidural, caudal,
paravertebral, parasacral, and pudendal nerve blocks
appeared between 1900 and 1930 (see Fig. 1.4).** Recogni-
tion of the potential effects of regional anesthesia on labor
developed more slowly, primarily because obstetricians
seldom used it. They continued to rely on inhalation agents
and opioids, partly because few drugs and materials were
available for regional anesthesia at that time, but also because
obstetricians did not appreciate the chief advantage of
regional over general anesthesia—the relative absence of drug
effects on the infant. Moreover, they rarely used regional
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anesthesia except for delivery, and then they often used elec-
tive forceps anyway. This set of circumstances limited their
opportunity and motivation to study the effects of regional
anesthesia on labor.

Among early papers dealing with regional anesthesia, one
written by Cleland* stands out. He described his experience
with paravertebral anesthesia, but he also wrote a thought-
ful analysis of the nerve pathways mediating labor pain, an
analysis he based on information he had gleaned from clinical
and laboratory studies. Few investigators were as meticulous
or insightful as Cleland. Most of those who studied the
effects of anesthesia simply timed the length of the first and
second stages of labor. Some timed the duration of individual
contractions or estimated changes in the strength of contrac-
tions by palpation. None of the investigators measured the
intrauterine pressures, even though a German physician had
described such a method in 1898 and had used it to evalu-
ate the effects of morphine and ether on the contractions of
laboring women.*

More detailed and accurate studies of the effects of
anesthesia started to appear after 1944. Part of the stimulus
was a method for continuous caudal anesthesia introduced
by Hingson and Edwards,” in which a malleable needle
remained in the sacral canal throughout labor. Small, flexible
plastic catheters eventually replaced malleable needles and
made continuous epidural anesthesia even more popular.
With the help of these innovations, obstetricians began
using anesthesia earlier in labor. Ensuing problems, real
and imagined, stimulated more studies. Although good
studies were scarce, the strong interest in the problem rep-
resented a marked change from the early days of obstetric
anesthesia.

Ironically, “natural childbirth” appeared just as regional
anesthesia started to become popular and as clinicians began
to understand how to use it without disrupting labor. Dick-
Read,” the originator of the natural method, recognized “no
physiological function in the body which gives rise to pain
in the normal course of health.” He attributed pain in an
otherwise uncomplicated labor to an “activation of the sym-
pathetic nervous system by the emotion of fear.” He argued
that fear made the uterus contract and become ischemic and
therefore painful. He said that women could avoid the pain if
they simply learned to abolish their fear of labor. Dick-Read
never explained why uterine ischemia that results from fear
causes pain, whereas ischemia that results from a normal con-
traction does not. In other words, Dick-Read, like Simpson a
century earlier, claimed no necessary or physiologic relation-
ship between labor pain and contractions. Dick-Read’s book,
written more for the public than for the medical profession,
represented a regression of almost a century in medical
thought and practice. It is important to note that contem-
porary methods of childbirth preparation do not maintain
that fear alone causes labor pain. However, they do attempt
to reduce fear by education and to help patients manage
pain by teaching techniques of self-control. This represents
a significant difference from and an important advance over
Dick-Read’s original theory.

SOME LESSONS

History is important in proportion to the lessons it teaches.
With respect to obstetric anesthesia, four lessons stand out.
First, every new drug and method entails risks. Physicians who
first used obstetric anesthesia seemed reluctant to accept this
fact, perhaps because of their inexperience with potent drugs
(pharmacology was in its infancy) or because they acceded
too quickly to patients, who wanted relief from pain and had
little understanding of the technical issues confronting physi-
cians. Whatever the reason, this period of denial lasted almost
half a century, until 1900. Almost another half-century passed
before obstetricians learned to modify their practice to limit
the effects of anesthetics on the child and the labor process.

Second, new drugs or therapies often cause problems in
completely unexpected ways. For example, in 1900, physi-
cians noted a rising rate of puerperal fever.”* The timing
was odd. Several decades had passed since Robert Koch had
suggested the germ theory of disease and since Semmelweis
had recognized that physicians often transmit infection from
one woman to the next with their unclean hands. With the
adoption of aseptic methods, deaths from puerperal fever
had diminished dramatically. During the waning years of
the nineteenth century, however, they increased again. Some
physicians attributed this resurgence of puerperal fever to
anesthesia. In a presidential address to the Obstetrical Society
of Edinburgh in 1900, Murray*’ stated the following:

I feel sure that an explanation of much of the increase of
maternal mortality from 1847 onwards will be found in,
first the misuse of anaesthesia and second in the ridicu-
lous parody which, in many hands, stands for the use of
antiseptics. ... Before the days of anaesthesia, interference
was limited and obstetric operations were at a minimum
because interference of all kinds increased the conscious
suffering of the patient. ... When anaesthesia became
possible, and interference became more frequent because
it involved no additional suffering, operations were
undertaken when really unnecessary ... and so complica-
tions arose and the dangers of the labor increased.

Although it was not a direct complication of the use of
anesthesia in obstetric practice, puerperal fever appeared to
be an indirect consequence of it.

Changes in obstetric practice also had unexpected effects
on anesthetic complications. During the first decades of the
twentieth century, when cesarean deliveries were rare and
obstetricians used only inhalation analgesia for delivery, few
women were exposed to the risk of aspiration during deep
anesthesia. As obstetric practice changed and cesarean deliv-
eries became more common, this risk rose. The syndrome of
aspiration was not identified and labeled until 1946, when
obstetrician Curtis Mendelson™ described and named it.
The pathophysiology of the syndrome had already been
described by Winternitz etal.,” who instilled hydrochloric
acid into the lungs of dogs to simulate the lesions found in
veterans poisoned by gas during the trench warfare of World
War 1. Unfortunately, the reports of these studies, although
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excellent, did not initiate any change in practice. Change
occurred only after several deaths of obstetric patients were
highly publicized in lay, legal, and medical publications. Of
course, rapid-sequence induction, currently recommended to
reduce the risk for aspiration, creates another set of risks—
those associated with a failed intubation.

The third lesson offered by the history of obstetric anes-
thesia concerns the role of basic science. Modern medicine
developed during the nineteenth century after physicians
learned to apply principles of anatomy, physiology, and
chemistry to the study and treatment of disease. Obstetric
anesthesia underwent a similar pattern of development.
Studies of placental structure and function called physicians’
attention to the transmission of drugs and the potential
effects of drugs on the infant. Similarly, studies of the physi-
ology and anatomy of the uterus helped elucidate potential
effects of anesthesia on labor. In each instance, lessons from
basic science helped improve patient care.

The fourth and perhaps the most important lesson is
the role that patients have played in the use of anesthesia
for obstetrics. During the nineteenth century, it was women
who pressured cautious physicians to incorporate routine
use of anesthesia into their obstetric practice. A century
later, it was women again who altered patterns of practice,
this time questioning the overuse of anesthesia for routine
deliveries. In both instances, the pressure on physicians

" KEY POINTS

emanated from prevailing social values regarding pain.
In 1900, the public believed that pain, and in particular
obstetric pain, was destructive and something that should be
avoided. Half a century later, with the advent of the natural
childbirth movement, many people began to suggest that
the experience of pain during childbirth, perhaps even in
other situations, might have some physiologic if not social
value. Physicians must recognize and acknowledge the extent
to which social values may shape medical “science” and
practice.”>”

During the past 75 years, scientists have accumulated
a wealth of information about many processes integral to
normal labor: the processes that initiate and control lacta-
tion; neuroendocrine events that initiate and maintain labor;
the biochemical maturation of the fetal lung and liver; the
metabolic requirements of the normal fetus and the protec-
tive mechanisms that it may invoke in times of stress; and the
normal mechanisms that regulate the amount and distribu-
tion of blood flow to the uterus and placenta. At this point,
we have only the most rudimentary understanding of the
interaction of anesthesia with any of these processes. Only a
fraction of the information available from basic science has
been used to improve obstetric anesthesia care. Realizing the
rewards from the clinical use of such information may be the
most important lesson from the past and the greatest chal-
lenge for the future of obstetric anesthesia.

+ Physicians have debated the safety of obstetric anesthesia
since 1847, when James Young Simpson first administered
anesthesia for delivery. Two issues have dominated the
debate: the effects of anesthesia on labor and the effects of
anesthesia on the newborn.

+ Despite controversy, physicians quickly incorporated
anesthesia into clinical practice, largely because of their
patients’ desire to avoid childbirth pain.

+  Only after obstetric anesthesia was in use for many years
did problems become apparent.

+ Important milestones in obstetric anesthesia are the intro-
duction of inhalation agents in 1847, the expanded use of

opioids in the early decades of the twentieth century, and
the refinement of regional anesthesia starting in the mid-
twentieth century.

+ Outstanding conceptual developments are (1) Zweifel’s
idea that drugs given to the mother cross the placenta and
affect the fetus and (2) Apgar’s idea that the condition of
the newborn is the most sensitive assay of the quality of
anesthetic care of the mother.

+ The history of obstetric anesthesia suggests that the major
improvements in patient care have followed the applica-
tion of principles of basic science.
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Marked anatomic and physiologic changes occur during
pregnancy that allow the woman to adapt to the developing
fetus and its metabolic demands. The enlarging gravid uterus
places mechanical strain on the woman’s body. Greater hor-
monal production by the ovaries and the placenta further
alters maternal physiology. The hallmark of successful anes-
thetic management of the pregnant woman is recognition of
these changes and appropriate adaptation of anesthetic tech-
niques to account for them. The physiologic alterations of
normal pregnancy and their anesthetic implications are
reviewed in this chapter.

BODY WEIGHT AND COMPOSITION

The mean maternal weight increase during pregnancy is 17%
of the prepregnancy weight, or approximately 12 kg.' It results
from an increase in the size of the uterus and its contents
(uterus, 1 kg; amniotic fluid, 1 kg; fetus and placenta, 4 kg),

increases in blood volume and interstitial fluid (approxi-
mately 1kg each), and deposition of new fat and protein
(approximately 4 kg). The weight gain during pregnancy
recommended by the Institute of Medicine is tiered based on
prepregnancy body mass index (BMI; Table 2.1) and reflects
the increasing incidence of obesity.” The expected weight
increase during the first trimester in a nonobese individual
is 1 to 2 kg, and there is a 5- to 6-kg increase in each of the
last two trimesters. The recommended gain is less in obese
individuals. Excessive weight gain during pregnancy is a risk
factor for a long-term increase in BML.’

CARDIOVASCULAR CHANGES

Physical Examination and Cardiac Studies

Pregnancy causes the heart to increase in size, a result of both
greater blood volume and increased stretch and force of con-
traction.* These changes, coupled with the elevation of the

13



PART Il Maternal and Fetal Physiology

TABLE 2.1

Recommended Weight Gain
during Pregnancy

Rate of Weight
Prepregnancy Gain during Second
Body Mass Total Weight and Third Trimester
Index (kg/m?)  Gain in kg (lb) in kg/wk (Ib/wk)
<185 12.7-18.2 (28-40) 0.45 (1)
18.56-24.9 11.4-15.9 (25-35) 0.45 (1)
25.0-29.9 6.8-11.4 (15-25) 0.27 (0.6)
> 30 5.0-9.1 (11-20) 0.23 (0.5)

Modified from Rasmussen KM, Yaktine AL, eds. Weight Gain
During Pregnancy: Reexamining the Guidelines. Washington, DC:
National Academies Press; 2009.

BOX 2.1 Changes in the Cardiac

Examination in the Pregnant Patient

e Accentuation of first heart sound (S1) and exaggerated
splitting of the mitral and tricuspid components

e Typical systolic ejection murmur

e Possible presence of third heart sound (S3) and fourth
heart sound (S4); no clinical significance

e | eftward displacement of point of maximal cardiac impulse

diaphragm from the expanding uterus, cause several changes
in the physical examination and in cardiac studies.

Changes in heart sounds include accentuation of the first
heart sound with exaggerated splitting of the mitral and
tricuspid components (Box 2.1).” The second heart sound
changes little, although the aortic-pulmonic interval tends
to vary less with respiration during the third trimester, a
finding without clinical significance. A fourth heart sound
may be heard in 16% of pregnant women, although typically
it disappears at term. A grade II systolic ejection murmur is
commonly heard at the left sternal border’; the murmur is
considered a benign flow murmur, attributable to cardiac
enlargement from increased intravascular volume, which
causes dilation of the tricuspid annulus and mild tricuspid
regurgitation. Elevation of the diaphragm by the growing
uterus shifts the heart anteriorly and to the left. The point of
maximal cardiac impulse is displaced cephalad to the fourth
intercostal space and left to at least the midclavicular line.

Echocardiography demonstrates left ventricular (LV)
hypertrophy by 12 weeks’ gestation with a 23% increase in LV
mass from the first to the third trimester’ and an overall 50%
increase in mass at term.® This eccentric hypertrophy results
from an increase in the size of the preexisting cardiomyocytes,
resembling the changes that occur from repeated, strenuous
exercise.' The annular diameters of the mitral, tricuspid, and
pulmonic valves increase; 94% of term pregnant women
exhibit tricuspid and pulmonic regurgitation, and 27%
exhibit mitral regurgitation.” The aortic annulus does not
dilate from normal pregnancy-induced physiologic changes.

The electrocardiogram typically changes, especially during
the third trimester. Heart rate steadily increases during the
first and second trimesters, and both the PR interval and the
uncorrected QT interval are shortened. This has clinical

implications for women with long QT syndrome (see Chapter
41). The QRS axis shifts to the right during the first trimester
but may shift to the left during the third trimester.'” Depressed
ST segments and isoelectric low-voltage T waves in the left-
sided precordial and limb leads are common."'

Central Hemodynamics

To accurately determine central hemodynamic values and/
or changes during pregnancy, measurements should be made
with the patient in a resting position with left uterine displace-
ment to minimize vena caval compression. Comparisons must
be made with an appropriate control, such as prepregnancy
values or a matched group of nonpregnant women. If control
measurements are made postpartum, a sufficient interval
must elapse for parameters to have returned to prepregnancy
values; this may take 24 weeks or more."” There is significant
heterogeneity in cardiac output measurement using different
noninvasive devices; these differences should be taken into
account when caring for individual patients."

Cardiac output begins to increase by five weeks” gestation
and is 35% to 40% above baseline by the end of the first tri-
mester.>'* It continues increasing throughout the second tri-
mester to approximately 50% greater than nonpregnant
values (Figs. 2.1 and 2.2).>">'>'® Cardiac output does not
change further during the third trimester.” Some studies
have reported a decrease in cardiac output during the third
trimester; however, typically this is with measurements made
in the supine position and thus likely reflects vena caval com-
pression rather than a true gestational decline.

The initial increase in cardiac output results from an
increase in heart rate.® The heart rate increases 15% to 25%
above baseline by the end of the first trimester and remains
relatively stable for the remainder of the pregnancy.®'>"*'*'*
Cardiac output continues to increase through the second tri-
mester owing to an increase in stroke volume. Stroke volume
increases by approximately 20% during the first trimester and
by 25% to 30% above baseline during the second trimes-
ter.*'*'*'® The increased stroke volume correlates with
increasing estrogen levels." Stroke volume index decreases
over the course of pregnancy, while cardiac index remains
slightly increased from prepregnancy values."’

Left ventricular end-diastolic volume increases during
pregnancy, whereas end-systolic volume remains unchanged,
resulting in a larger ejection fraction.*'>'*">'* Central venous,
pulmonary artery diastolic, and pulmonary capillary wedge
pressures are within the normal nonpregnant range.'® The
apparent discrepancy between left ventricular filling pressure
and end-diastolic volume is explained by both hypertrophy
and dilation, with the dilated ventricle accommodating a
greater volume without an increase in pressure.

Myocardial contractility increases, as demonstrated
by higher velocity of left ventricular circumferential fiber
shortening (Fig. 2.3).>">'® Tissue Doppler imaging, which
is relatively independent of preload, has been used to assess
diastolic function.” A mild degree of diastolic dysfunction
may be seen during the third trimester compared with earlier
in pregnancy and nonpregnant controls."”
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CO SV HR LVEDV LVESV EF

LVSWI PCWP PADP CVP SVR

Fig. 2.1 Central Hemodynamic Changes at Term
Gestation. Changes are relative to the nonpregnant
state. CO, cardiac output; SV, stroke volume; HR,
heart rate; LVEDV, left ventricular end-diastolic
volume; LVESV, left ventricular end-systolic volume;
EF, ejection fraction; LVSWI, left ventricular stroke
work index; PCWP, pulmonary capillary wedge pres-
sure; PADP, pulmonary artery diastolic pressure;
CVP, central venous pressure; SVR, systemic vas-
cular resistance; NC, no change. (Data from Conklin
KA. Maternal physiological adaptations during gesta-
tion, labor, and puerperium. Semin Anesth. 1991;10:

Trimester Labor

Postpartum

Fig. 2.2 Cardiac Output during Pregnancy, Labor, and the Puer-
perium. Values during pregnancy are measured at the end of the
first, second, and third trimesters. Values during labor are measured
between contractions. For each measurement, the relative contribu-
tions of heart rate (HR) and stroke volume (SV) to the change in
cardiac output are illustrated.

The increase in cardiac output during pregnancy results
in increased perfusion to the uterus, kidneys, and extremi-
ties. Uterine blood flow increases to meet the demands of
the developing fetus from a baseline value of approximately
50 mL/min (prepregnancy) to a level at term of 700 to
900 mL/min.”>** During the second half of pregnancy, the
proportion of cardiac output distributed to the uterine
circulation increases from 5% to 12%.” Approximately 90%
of this flow perfuses the intervillous space, with the balance
perfusing the myometrium.”' At term, skin blood flow is
approximately three to four times the nonpregnant level,
resulting in higher skin temperature.” Renal plasma flow is
increased by 80% at 16 to 26 weeks’ gestation but is only 50%
above the prepregnancy baseline at term.”

The U.S. Department of Health and Human Services
recommends that pregnant women have at least 150 minutes
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Fig. 2.3 Left ventricular function in late phase of third-trimester nor-
motensive pregnant patients. LVSWI, left ventricular stroke work
index; PCWP, pulmonary capillary wedge pressure. (Modified from
Clark SL, Cotton DB, Lee W, et al. Central hemodynamic assessment
of cardiac function. Am J Obstet Gynecol. 1989;161:439-442.)

of moderate-intensity aerobic activity every week,”* and the
American College of Obstetricians and Gynecologists recom-
mends 20 to 30 minutes per day”’; however, most women do
not achieve this goal. Pregnant women are less active, with
only half as many meeting guidelines for vigorous activity
compared with nonpregnant women.** For every two women
who exercise before pregnancy, one will not do so during
pregnancy. Failure to exercise increases risk for greater gesta-
tional weight gain.”’ Exercise is safe for the fetus™”’; in a study
of 45 women, exercise on a treadmill of moderate intensity
(40% to 59% of heart rate reserve) did not affect fetal heart
or umbilical artery Doppler indices.”

During exercise, maximal oxygen consumption is greater
in pregnancy,’ especially during cardiovascular exercise. The
rate of increase in minute ventilation is greater with exercise
during pregnancy.”” Cardiac output is also greater, primarily
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from increased stroke volume™ and oxygen delivery to the
fetus.

Blood Pressure and Systemic

Vascular Resistance

Positioning, gestational age, and parity affect blood pressure
measurements. Brachial sphygmomanometry vyields the
highest measurements in the supine position and the lowest
measurements in the lateral position, especially with the cuff
on the upper arm.” Blood pressure increases with maternal
age, and for a given age, nulliparous women have a higher
mean pressure than parous women.” Systolic, diastolic, and
mean blood pressure decrease during mid-pregnancy and
return toward baseline as the pregnancy approaches term.”
Diastolic blood pressure decreases more than systolic blood
pressure, with early- to mid-gestational decreases of approxi-
mately 20%.”

The changes in blood pressure are consistent with changes
in systemic vascular resistance, which decreases during early
gestation, reaches its nadir (35% decline) at 20 weeks’ gesta-
tion, and increases toward prepregnancy baseline during
late gestation. Unlike blood pressure, however, systemic
vascular resistance remains approximately 20% below the
nonpregnant level at term.'”'® A postulated explanation
for the decreased systemic vascular resistance is the low-
resistance uteroplacental vascular bed as well as systemic
maternal vasodilation caused by prostacyclin, estrogen, and
progesterone. The lower blood pressure often persists beyond
pregnancy. A longitudinal study of 2304 initially normoten-
sive women over 20 years showed that nulliparous women
who subsequently delivered one or more infants maintained
a blood pressure that was 1 to 2 mm Hg lower than women
who did not have children.” This finding demonstrates
that pregnancy may create long-lasting vascular changes.
Advanced maternal age has been associated with higher
median systemic vascular resistance during pregnancy, and
pregnant women who smoke have demonstrated a lower
systemic vascular resistance compared with nonsmoking
parturients.”

Aortocaval Compression

The extent of compression of the aorta and inferior vena
cava by the gravid uterus depends on positioning and ges-
tational age. At term, partial vena caval compression occurs
when the woman is in the lateral position, as documented
by angiography.”” This finding is consistent with the 75%
elevation above baseline of femoral venous and lower
inferior vena cava pressures.”’ Despite caval compression,
collateral circulation maintains venous return, as reflected
by the right ventricular filling pressure, which is unaltered
in the lateral position.' Intra-abdominal pressure is often
elevated in term pregnant patients regardless of BMI,
but is significantly lower in the lateral position compared
with supine.*!

In the supine position, significant and sometimes com-
plete compression of the inferior vena cava is evident at
term.*** Blood returns from the lower extremities through

the intraosseous, vertebral, paravertebral, and epidural
veins.** However, this collateral venous return is less than
would occur through the inferior vena cava, resulting in a
decrease in right atrial pressure.” Compression of the inferior
vena cava occurs as early as 13 to 16 weeks’ gestation and is
evident from the 50% increase in femoral venous pressure
observed when these women assume the supine position
(Fig. 2.4).* By term, femoral venous and lower inferior vena
caval pressures are approximately 2.5 times the nonpregnant
measurements in the supine position.**" Vena cava volume at
term is significantly higher with a 30-degree lateral tilt com-
pared with the supine position, whereas there is no difference
between women in the supine position and those tilted
15 degrees.”

In the supine position, the aorta may be compressed by the
term gravid uterus. This compression could account for lower
pressure in the femoral versus the brachial artery in the supine
position.””** Angiographic studies in supine pregnant women
showed partial obstruction of the aorta at the level of the
lumbar lordosis and enhanced compression during periods
of maternal hypotension.”” Conversely, a comparison of
magnetic resonance images of healthy women at term in the
supine position compared with nonpregnant women showed
no difference in aortic volume at the level of the mid- to
upper lumbar vertebra.*

At term, the left lateral decubitus position is associated
with less enhancement of cardiac sympathetic nervous system
activity and less suppression of cardiac vagal activity than the
supine or right lateral decubitus position.” Women who
assume the supine position at term gestation experience a
10% to 20% decline in stroke volume and cardiac output,”*
consistent with the decrease in right atrial filling pressure.
Blood flow in the upper extremities is normal, whereas
uterine blood flow decreases by 20% and lower extremity
blood flow decreases by 50%.>* Perfusion of the uterus is less
affected than that of the lower extremities because compres-
sion of the vena cava does not obstruct venous outflow via the
ovarian veins.”* The adverse hemodynamic effects of aortoca-
val compression are reduced once the fetal head is engaged.”**
The sitting position has also been shown to result in aortoca-
val compression, with a decrease in cardiac output of 10%.”
Flexing the legs rotates the uterus to compress against the
vena cava. Short intervals in the sitting position, such as
occurs during epidural catheter placement, have no impact
on uteroplacental blood flow.

Some term pregnant women exhibit an increase in brach-
ial artery blood pressure when they assume the supine posi-
tion, which is caused by higher systemic vascular resistance
from compression of the aorta. Up to 15% of women at term
experience bradycardia and a substantial decrease in blood
pressure when supine, the so-called supine hypotension
syndrome.” It may take several minutes for the brady-
cardia and hypotension to develop, and the bradycardia is
usually preceded by a period of tachycardia. The syndrome
results from a profound decrease in venous return and
preload for which the cardiovascular system is not able
to compensate.
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Hemodynamic Changes during Labor and

the Puerperium

Cardiac output during labor (but between uterine contrac-
tions) increases from prelabor values by approximately 10%
in the early first stage, by 25% in the late first stage, and by
40% in the second stage of labor.” > In the immediate post-
partum period, cardiac output may be as much as 75% above
predelivery measurements and 150% above prepregnancy
baseline.”® These changes result from an increase in stroke
volume caused by greater venous return and alterations in
sympathetic nervous system activity. During labor, uterine
contractions displace 300 to 500 mL of blood from the inter-
villous space through the ovarian venous outflow system into
the central circulation (“autotransfusion”).”** The postpar-
tum increase in cardiac output results from relief of vena
caval compression, diminished lower extremity venous pres-
sure, sustained myometrial contraction, and loss of the low-
resistance placental circulation.” Cardiac output decreases to
just below prelabor values at 24 hours postpartum® and
returns to prepregnancy levels between 12 and 24 weeks
postpartum'” (see Fig. 2.2). Heart rate decreases rapidly after
delivery, reaches prepregnancy levels by 2 weeks postpartum,
and is slightly below the prepregnancy rate for the next several
months.'”” Other anatomic and functional changes of the
heart are also fully reversible.”*

THE RESPIRATORY SYSTEM

Despite the multiple anatomic and physiologic changes that
occur during pregnancy, it is remarkable that pregnancy has a
relatively minor impact on lung function.

Anatomy

The thorax undergoes both mechanical and hormonal
changes during pregnancy. Relaxin (the hormone responsible
for relaxation of the pelvic ligaments) causes relaxation of the
ligamentous attachments to the lower ribs.” The subcostal
angle progressively widens from approximately 69 to 104
degrees. The anteroposterior and transverse diameters of the
chest wall each increase by 2 cm, resulting in an increase of 5
to 7 cm in the circumference of the lower rib cage. These
changes peak at 37 weeks gestation. The subcostal angle
remains about 20% wider than the baseline value after deliv-
ery.” The vertical measurement of the chest cavity decreases
by as much as 4 cm as a result of the elevated position of the
diaphragm.

Capillary engorgement of the larynx and the nasal and
oropharyngeal mucosa begins early in the first trimester and
increases progressively throughout pregnancy.” The effect of
estrogen on the nasal mucosa may cause symptoms of rhinitis
and epistaxis. Nasal breathing commonly becomes difficult,
and nasal congestion may contribute to the perceived short-
ness of breath of pregnancy.”

Airflow Mechanics

Inspiration in the term pregnant woman is almost totally
attributable to diaphragmatic excursion® because of greater
descent of the diaphragm from its elevated resting position
and limitation of thoracic cage expansion because of its
expanded resting position (Table 2.2). Both large- and small-
airway function are minimally altered during pregnancy. The
shape of flow-volume loops, the absolute flow rates at normal
lung volumes,* forced expiratory volume in 1 second (FEV),
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TABLE 2.2 Effects of Pregnancy on
Respiratory Mechanics

Parameter Change®
Diaphragm excursion Increased
Chest wall excursion Decreased

Pulmonary resistance Decreased 50%

FEV, No change
FEV,/FVC No change
Flow-volume loop No change
Closing capacity No change

FEV;, Forced expiratory volume in 1 second; FVC, forced vital
capacity.

*Relative to nonpregnant state.

Modified from Conklin KA. Maternal physiological adaptations during
gestation, labor, and the puerperium. Semin Anesth. 1991;10:221-
234.

the ratio of FEV, to forced vital capacity (FVC), and closing
capacity are unchanged during pregnancy.”” There is no sig-
nificant change in respiratory muscle strength during preg-
nancy despite the cephalad displacement of the diaphragm.
Furthermore, despite the upward displacement of the dia-
phragm by the gravid uterus, diaphragm excursion actually
increases by 2 cm.”!

The peak expiratory flow (PEF) rate achieved with a
maximal effort after a maximal inspiration is often considered
a surrogate for the FEV, and can be used to monitor asthma
therapy. Studies of changes in PEF rate during pregnancy
show conflicting results, likely reflecting differences in mea-
surement devices and patient position. Harirah et al.” found
that peak expiratory flow rate declined throughout gestation
in all positions and that flow rates in the supine position were
lower than those during standing and sitting. The mean rate
of decline was 0.65 L/min per week, and PEF rate remained
below normal at 6 weeks postpartum. By contrast, Grindheim
etal.” reported that PEF rate increased throughout preg-
nancy starting at an average of 6.7 L/s in the early second tri-
mester and peaking at 7.2 L/s at term (Fig. 2.5). These authors
also reported that the FVC increased by 100 mL after 14 to 16
weeks’ gestation, with the change being greater in parous than
in primigravid women.”

Lung Volumes and Capacities

Lung volumes can be measured using body plethysmography
or by inert gas techniques with slightly differing results.”
By term, total lung capacity is slightly reduced,” whereas
tidal volume increases by 45%, with approximately half the
change occurring during the first trimester (Table 2.3 and
Fig. 2.6). The early change in tidal volume is associated with
a transient reduction in inspiratory reserve volume. Residual
volume tends to decrease slightly, a change that maintains
vital capacity. Inspiratory capacity increases by 15% during
the third trimester because of increases in tidal volume and
inspiratory reserve volume.”””” There is a corresponding
decrease in expiratory reserve volume.”””” The functional

Percentage of predicted
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Fig. 2.5 Changes in airflow mechanics during pregnancy. The magni-
tude of the increase in flow rates is small. The forced expiratory
volume in one second (FEV;) is within the normal range of predictive
values for nonpregnant individuals. FVC, forced vital capacity; PEF,
peak expiratory flow. (Based on data from Grindheim G, Toska K,
Estensen ME, Rosseland LA. Changes in pulmonary function during
pregnancy: a longitudinal study. BJOG. 2012;119:94-101.)

TABLE 2.3 Changes in Respiratory

Physiology at Term Gestation

Parameter Change®
Lung Volumes

Inspiratory reserve volume +5%
Tidal volume +45%
Expiratory reserve volume -25%
Residual volume -15%
Lung Capacities

Inspiratory capacity +15%
Functional residual capacity —-20%
Vital capacity No change
Total lung capacity -5%
Ventilation

Minute ventilation +45%
Alveolar ventilation +45%

“Relative to nonpregnant state.

From Conklin KA. Maternal physiological adaptations during
gestation, labor and the puerperium. Semin Anesth. 1991;10:221-
234.

residual capacity (FRC) begins to decrease by the fifth month
of pregnancy with uterine enlargement and diaphragm
elevation, and is decreased by 400 to 700 mL to 80% of the
prepregnancy value at term.””” The overall reduction is
caused by a 25% reduction in expiratory reserve volume (200
to 300 mL) and a 15% reduction in residual volume (200
to 400 mL). Assumption of the supine position causes the
FRC to decrease further to 70% of the prepregnancy value.
The supine FRC can be increased by 10% (approximately
188 mL) by placing the patient in a 30-degree head-up
position.”

Ventilation and Blood Gases

During pregnancy, respiratory patterns remain relatively
unchanged. Minute ventilation increases via an increase in
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Fig. 2.6 Lung volumes and capacities during preg-
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TABLE 2.4 Blood Gas Parameters during Pregnancy

TRIMESTER
Parameter Nonpregnant First Second Third
Paco, in mm Hg (kPa) 40 (5.3) 30 (4.0) 30 (4.0) 30 (4.0)
Pao, in mm Hg (kPa) 100 (13.3) 107 (14.3) 105 (14.0) 103 (13.7)
pH 7.40 7.44 7.44 7.44
Bicarbonate (mEg/L) 24 21 20 20

tidal volume from 450 to 600 mL and a small increase in
respiratory rate of 1 to 2 breaths/min.”” This occurs primar-
ily during the first 12 weeks of gestation with a minimal
increase thereafter. The ratio of total dead space to tidal
volume remains constant during pregnancy, resulting in an
increase in alveolar ventilation of 30% to 50% above baseline.
The increase in minute ventilation results from hormonal
changes and from an increase in CO, production at rest by
approximately 30% to 300 mL/min. The former is closely
related to the blood level of progesterone,” which acts as
a direct respiratory stimulant. The progesterone-induced
increase in chemosensitivity also results in a steeper slope and
a leftward shift of the CO,-ventilatory response curve. This
change occurs early in pregnancy and remains constant until
delivery.”

Dyspnea is a common complaint during pregnancy,
affecting up to 75% of women." Contributing factors include
increased respiratory drive, decreased Paco,, increased
oxygen consumption from the enlarging uterus and fetus,
larger pulmonary blood volume, anemia, and nasal conges-
tion. Dyspnea typically begins in the first or second trimester
but improves as the pregnancy progresses. In a study in which
35 women were observed closely during pregnancy and
postpartum, dyspnea was not caused by alterations in central
ventilatory control or respiratory mechanical factors but
rather to the awareness of the increased ventilation.” Exercise
has no effect on pregnancy-induced changes in ventilation
or alveolar gas exchange.”” The hypoxic ventilatory response
is increased during pregnancy to twice the normal level,

secondary to elevations in estrogen and progesterone levels.*
This increase occurs despite blood and cerebrospinal fluid
(CSF) alkalosis.

During pregnancy, Pao, increases to 100 to 105 mm Hg
(13.3 to 14.0kPa) as a result of greater alveolar ventila-
tion and a decline in Paco, (Table 2.4).*% As pregnancy
progresses, oxygen consumption continues to increase,
and cardiac output increases to a lesser extent, resulting
in a reduced mixed venous oxygen content and increased
arteriovenous oxygen difference. After mid-gestation, preg-
nant women in the supine position frequently have a Pao,
less than 100 mm Hg (13.3 kPa). This occurs because the FRC
may be less than closing capacity, resulting in closure of small
airways during normal tidal volume ventilation.” Moving a
pregnant woman from the supine to the erect or lateral decu-
bitus position improves arterial oxygenation and reduces the
alveolar-to-arterial oxygen gradient. The increased oxygen
tension facilitates the transfer of oxygen across the placenta
to the fetus.

Paco, declines to approximately 30 mm Hg (4.0 kPa)
by 12 weeks’ gestation but does not change further during
the remainder of the pregnancy. Although a gradient exists
between the end-tidal CO, tension and Paco, in nonpreg-
nant women, the two measurements are equivalent during
early pregnancy,” at term gestation,” and in the postpartum
period.” This is attributable to a reduction in alveolar
dead space, which results from an increase in cardiac
output and increased basilar atelectasis during pregnancy.
The mixed venous Pco, is 6 to 8 mm Hg (0.8 to 1.1 kPa)
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TABLE 2.5 Changes in Gastrointestinal Physiology during Pregnancy

TRIMESTER

Parameter First Second Third Labor Postpartum (18 h)
Barrier pressure® Decreased Decreased Decreased Decreased ?
Gastric emptying No change No change No change Delayed No change
Gastric acid secretion No change No change No change ? ?
Proportion of women with No change No change No change Increased No change

gastric volume > 25 mL
Proportion of women with No change No change No change No change No change

gastric pH < 2.5

*Relative to nonpregnant state.

°Difference between intragastric pressure and tone of the lower esophageal high-pressure zone.

below the nonpregnant level from late in the first trimester
until term.'

The respiratory alkalosis of pregnancy causes a compensa-
tory increase in renal bicarbonate excretion and a reduction
in serum bicarbonate concentration to approximately
20 mEq/L, the base excess by 2 to 3 mEq/L, and the total
buffer base by approximately 5 mEq/L.” This compensation
is incomplete, as demonstrated by the elevation of venous,”
capillary,” and arterial®” blood pH by 0.02 to 0.06 units (see
Table 2.4). The decrease in serum bicarbonate affects the
pregnant woman’s ability to buffer an acid load. The slight
respiratory alkalosis would normally shift the oxyhemoglobin
saturation curve to the left, however a concurrent increase in
2,3-bisphosphoglycerate (2,3-BPG) causes the curve to shift
slightly to the right.

Metabolism and Respiration during Labor and

the Puerperium

Minute ventilation in the unmedicated parturient increases
by 70% to 140% in the first stage of labor and by 120%
to 200% in the second stage of labor compared with
prepregnancy values.” Pain, anxiety, and coached breath-
ing techniques all increase minute ventilation. Paco, may
decrease to as low as 10 to 15mm Hg (1.3 to 2.0 kPa).
Oxygen consumption increases above the prelabor value
by 40% in the first stage and by 75% in the second stage,
secondary to the increased metabolic demands of hyperven-
tilation, uterine activity, and maternal expulsive efforts.”*”
The maternal aerobic requirement for oxygen exceeds
oxygen consumption during labor, as is evident from the
progressive elevation of blood lactate concentration, an
index of anaerobic metabolism.”” Effective neuraxial
analgesia prevents these changes during the first stage of
labor and mitigates the changes during the second stage
of labor.””

FRC increases after delivery but remains below the pre-
pregnancy volume for 1 to 2 weeks. Although minute ventila-
tion decreases halfway toward nonpregnant values by 72
hours, oxygen consumption, tidal volume, and minute venti-
lation remain elevated until at least 6 to 8 weeks after delivery.
The alveolar and mixed venous Pco, values increase slowly
after delivery and are still slightly below prepregnancy levels
at 6 to 8 weeks postpartum.’

THE GASTROINTESTINAL SYSTEM

Anatomy, Barrier Pressure, and
Gastroesophageal Reflux

The stomach is displaced upward toward the left side of the
diaphragm during pregnancy, and its axis is rotated approxi-
mately 45 degrees to the right from its normal vertical posi-
tion. This altered position displaces the intra-abdominal
segment of the esophagus into the thorax in most women,
causing a reduction in tone of the lower esophageal high-
pressure zone (LEHPZ), which normally prevents the reflux
of gastric contents. Progestins also may contribute to relax-
ation of the LEHPZ.”

Approximately 30% to 50% of women experience gas-
troesophageal reflux disease (GERD) during pregnancy.'”
The prevalence of GERD is approximately 10% in the first
trimester, 40% in the second trimester, and 55% in the third
trimester. In the first trimester of pregnancy, basal LEHPZ
pressure may not change, but the sphincter is less responsive
to physiologic stimuli that usually increase pressure.””’ In
the second and third trimesters, LEHPZ pressure gradually
decreases to approximately 50% of basal values, reaching a
nadir at 36 weeks’ gestation and returning to prepregnancy
values at 1 to 4 weeks postpartum (Table 2.5). Risk factors
for GERD in pregnancy include gestational age, heartburn
antecedent to pregnancy, and multiparity. Gravidity, pre-
pregnancy BMI, and weight gain during pregnancy do not
correlate with the occurrence of reflux, whereas maternal age
has an inverse correlation.'””

Gastrointestinal Motility

Gastric emptying is not altered during pregnancy. This has
been demonstrated by studies that measured the absorption
of orally administered acetaminophen'”'” and by studies
that assessed the emptying of a test beverage or meal by
radiographic,'” ultrasonographic,'”'”” dye dilution,'” epi-
gastric impedance,'” and applied potential tomographic'"’
techniques. In a study of morbidly obese women at term, no
difference was noted between gastric emptying of 300 mL
and 50 mL of water, suggesting that fasting guidelines should
not differ for obese versus lean parturients.'"

Esophageal peristalsis and intestinal transit are slowed
during pregnancy,'”'"” which has been attributed to the
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inhibition of gastrointestinal contractile activity by proges-
terone. However, this inhibition may be an indirect action
that results from a negative effect of progesterone on the
plasma concentration of motilin, which declines during
pregnancy.'” Up to 40% of women suffer from constipation
at some time during their pregnancy.'” The prevalence of
constipation is greatest in the first two trimesters of gestation
and declines in the third trimester.

Gastric Acid Secretion

Early work suggested that both basal and maximal gastric
acid secretion decline in mid-gestation, reaching a nadir at 20
to 30 weeks’ gestation.'"* Van Thiel et al.'"> demonstrated no
difference in basal or peak gastric acid secretion in four preg-
nant women studied in each trimester and at 1 to 4 weeks
postpartum, although a plasma gastrin level significantly
lower than postpartum levels was observed during the first
trimester. Levels of gastric pH and serum gastrin concentra-
tion were compared in 100 women scheduled for elective
cesarean delivery and in 100 nonpregnant women undergo-
ing gynecologic surgery.'"® The mean pH was lower in the
pregnant group (2.4 versus 3.0), but serum gastrin levels were
not different despite the fact that gastrin is secreted by the
placenta from 15 weeks’ gestation onward. This may reflect a
dilutional effect of increased plasma volume. Other studies
have shown that approximately 80% of both pregnant and
nonpregnant women have a gastric pH of 2.5 or less, approxi-
mately 50% have gastric volumes of 25 mL or greater, and
40% to 50% exhibit both low pH and gastric volume greater
than 25 mL.""”

Nausea and Vomiting

Approximately 80% of pregnant women will experience
nausea and vomiting during pregnancy.'® The symptoms
typically start between 4 to 9 weeks’ gestation and may last
until 12 to 16 weeks’ gestation.'”” Of these women, 1% to 5%
will develop symptoms that persist throughout the pregnancy,
known as hyperemesis gravidarum (see Chapter 16).

Gastric Function during Labor and the Puerperium

Gastric emptying is slowed during labor, as shown by ultra-
sonographic imaging, emptying of a test meal, and the rate of
absorption of oral acetaminophen.'””'*' Direct measurements
show that the mean gastric volume increases.'”” However,
in one study, postpartum gastric volume was found to be
no different in parturients who consumed water in labor
compared with those who consumed an isotonic sports
drink composed of mixed carbohydrates and electrolytes.'*
Gastric acid secretion may decrease during labor because
only 25% of parturients who are in labor have a gastric pH
of 2.5 or lower."”* Gastric emptying is also delayed during
the early postpartum period but returns to prepregnancy
levels by 18 hours postpartum.'” Fasting gastric volume
and pH values are similar to nonpregnant patients at 18
hours postpartum.'**'** The effects of opioids and neuraxial
analgesia on gastric emptying are discussed in Chapters 23
and 28.

THE LIVER AND GALLBLADDER

Liver size, morphology, and blood flow do not change during
pregnancy, although the liver is displaced upward, posterior,
and to the right during late pregnancy.

Serum levels of bilirubin, alanine aminotransferase, aspar-
tate aminotransferase, and lactate dehydrogenase increase to
the upper limits of the normal range during pregnancy.'” The
total alkaline phosphatase activity increases twofold to four-
fold, mostly from production by the placenta. Excretion of
sulfobromophthalein into bile decreases, whereas the hepatic
extraction and retention of this compound increases."”

Biliary stasis and greater secretion of bile with cholesterol
increase the risk for gallbladder disease during pregnancy."”'
The incidence of gallstones is 5% to 12% in pregnant
women."”” One in 1600 to 1 in 10,000 women undergo
cholecystectomy during pregnancy. Progesterone inhibits the
contractility of gastrointestinal smooth muscle, leading to
gallbladder hypomotility.'” The size of the total bile acid pool
increases by about 50% during pregnancy, and the relative
proportions of the various bile acids change."”* The changes
in the composition of bile revert rapidly after delivery, even in
patients with gallstones.

THE KIDNEYS

Owing to an increase in total intravascular volume, both renal
vascular and interstitial volume increase during pregnancy.
These increases are reflected in enlarged kidneys, with renal
volume increased by as much as 30%.'” Vasodilation of the
kidneys contributes to the overall decline in systemic vascular
resistance during the first trimester. The collecting system,
including the renal calyces, pelvis, and ureters, dilates. Hydro-
nephrosis may occur in 80% of women by mid-pregnancy.'”®

Both the glomerular filtration rate (GFR) and the renal
plasma flow increase markedly during pregnancy secondary
to reduced renal vascular resistance.” The renal blood flow is
75% greater than nonpregnant values by 16 weeks’ gestation
and is maintained until 34 weeks, when a slight decline occurs.
By the end of the first trimester, the GFR is 50% greater than
baseline, and this rate is maintained until the end of preg-
nancy. The GFR does not return to prepregnancy levels until
3 months postpartum. Because the GFR does not increase as
rapidly or as much as the renal blood flow, the filtration frac-
tion decreases from nonpregnant levels until the third trimes-
ter."”” The role of nitric oxide in the renal vasodilation was
tested and confirmed in a rat model."”® Renin and aldosterone
also both increase during pregnancy.'”’

Creatinine clearance is increased to 150 to 200 mL/min
from the normal baseline values of 120 mL/min."*" The
increase occurs early in pregnancy, reaches a maximum by the
end of the first trimester, decreases slightly near term, and
returns to the prepregnancy level by 8 to 12 weeks postpar-
tum."” These renal hemodynamic alterations are among the
earliest and most dramatic maternal adaptations to preg-
nancy. The increased GFR results in reduced blood concen-
trations of nitrogenous metabolites. The blood urea nitrogen




PART Il Maternal and Fetal Physiology

concentration decreases to 8 to 9 mg/dL by the end of the first
trimester and remains at that level until term."*’ Serum creati-
nine concentration is a reflection of skeletal muscle produc-
tion and urinary excretion. In pregnancy, skeletal muscle
production of creatinine remains relatively constant, but the
GFR is increased, resulting in reduced serum creatinine con-
centration. The serum creatinine concentration decreases
progressively to 0.5 to 0.6 mg/dL by the end of pregnancy.
The serum uric acid level declines in early pregnancy because
of the rise in GFR, to 2.0 to 3.0 mg/dL by 24 weeks’ gesta-
tion."*! Subsequently, the uric acid level begins to increase,
reaching the prepregnancy level by the end of pregnancy.
Tubular reabsorption of urate accounts for this restored uric
acid level during the third trimester.

Total protein excretion and urinary albumin excretion are
higher than nonpregnant levels. Average 24-hour total protein
and albumin excretion are 200 mg and 12 mg, respectively
(upper limits are 300 mg and 20 mg, respectively)."**'* Pro-
teinuria (> 300 mg/24 h) has been described without the
diagnosis of preeclampsia.'** However, women with isolated
proteinuria are more likely to progress to preeclampsia than
women with isolated hypertension. The protein-to-creatinine
(P:C) ratio in a random urine sample correlates well with a
24-hour urine protein measurement, and a value of greater
than 0.3 has been defined as the threshold for diagnosing
preeclampsia.'” The degree of proteinuria in normal preg-
nancy correlates with gestation. Baba et al.'* suggested that in
normotensive patients, a P:C ratio of > 0.75 may be the
“rule-in” threshold for significant proteinuria.** Women
with twin pregnancies have greater protein excretion com-
pared with those with singleton pregnancies.'*’

Glucose s filtered and almost completely absorbed in the
proximal tubule. In the nonpregnant state, a small amount of
glucose is excreted. Pregnancy imposes a change in the glucose
resorptive capacity of the proximal tubules, so all pregnant
women exhibit an elevation of glucose excretion. Of pregnant
women who have normal glucose tolerance to an oral load
and normal glucose excretion when not pregnant, approxi-
mately half will exhibit a doubling of glucose excretion. Most
of the remainder have increases of 3 to 10 times the nonpreg-
nant amount, and a small proportion (< 10%) excrete as
much as 20 times the nonpregnant amount.'*® Overall, the
amount of glucose excreted in the third trimester is several
times greater than that in the nonpregnant state. The normal
nonpregnant pattern of glucose excretion is reestablished
within 1 week after delivery.

HEMATOLOGY

Blood Volume

Maternal plasma volume expansion begins as early as 6 weeks’
gestation and continues until it reaches a net increase of
approximately 50% by 34 weeks™ gestation (Table 2.6, Fig.
2.7).149°15 After 34 weeks’ gestation, the plasma volume stabi-
lizes or decreases slightly. Red blood cell volume decreases
during the first 8 weeks of pregnancy, increases to the pre-
pregnancy level by 16 weeks, and undergoes a further rise to

TABLE 2.6 Hematologic Parameters at
Term Gestation

Change® or Actual
Parameter Measurement
Blood volume +45%°
Plasma volume +55%°
Red blood cell volume +30%°
Hemoglobin concentration (g/dL) 11.6
Hematocrit 35.5%

“Relative to nonpregnant state.
Modified from Conklin KA. Maternal physiological adaptations during
gestation, labor, and puerperium. Semin Anesth. 1991;10:221-234.
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Fig. 2.7 Blood Volume during Pregnancy and the Puerperium.
Values during pregnancy measured at the end of the first, second,
and third trimesters. Postpartum values measured after a vaginal
delivery. The values for red blood cell volume (RBC) and plasma
volume (Plasma) do not represent the actual percentage of change in
these parameters but rather reflect the relative contribution of each
to the change in blood volume. The asterisk indicates that RBC
volume is below the prepregnancy volume at the end of the first
trimester.

30% above the prepregnancy level at term.”*"*>"> The red
blood cell volume increases in response to elevated erythro-
poietin concentration'™ and the erythropoietic effects of
progesterone, prolactin, and placental lactogen. The increase
in plasma volume exceeds the increase in red blood cell
volume, resulting in the physiologic anemia of pregnancy.
Hemoglobin concentration (hematocrit), which typically
ranges from 12.0 to 15.8 g/dL (35.4% to 44.4%) in the non-
pregnant woman, decreases to 11.6 to 13.9 g/dL (31% to
41%) in the first trimester, 9.7 to 14.8 g/dL (30% to 39%) in
the second trimester, and 9.5 to 15.0 g/dL (28% to 40%) in
the third trimester (Fig. 2.8)."””'**"**'>> Women who do not
receive iron supplements during pregnancy have greater
decreases in hemoglobin concentration and hematocrit."
The increase in plasma volume results from fetal and mater-
nal hormone production, and several systems may play a role.
The maternal concentrations of estrogen and progesterone
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increase nearly 100-fold during pregnancy. Estrogens increase
plasma renin activity, enhancing renal sodium absorption
and water retention via the renin-angiotensin-aldosterone
system. Fetal adrenal production of the estrogen precursor
dehydroepiandrosterone may be the underlying control
mechanism. Progesterone also enhances aldosterone produc-
tion. These changes result in marked increases in plasma
renin activity and aldosterone level as well as in retention
of approximately 900 mEq of sodium and 7000 mL of total
body water. The concentration of plasma adrenomedullin, a
potent vasodilating peptide, increases during pregnancy and
correlates significantly with blood volume."

Blood volume is positively correlated with the size of the
fetus in singleton pregnancies and is greater in multiple gesta-
tions.””" The physiologic hypervolemia facilitates delivery of
nutrients to the fetus, protects the mother from hypotension,
and reduces the risks associated with hemorrhage at deliv-
ery.”>"”” The decrease in blood viscosity from the lower
hematocrit creates lower resistance to blood flow, which may
be an essential component of maintaining the patency of the
uteroplacental vascular bed.

Plasma Proteins

Plasma albumin concentration decreases from a nonpreg-
nant range of 4.1-5.3 g/dL to ranges of 3.1-5.1 g/dL in the

Percentage decrease from nonpregnant values
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First Second Third
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Fig. 2.8 The Decrease in Both Hemoglobin Concentration and
Hematocrit during Pregnancy Underlies the Physiologic Anemia
of Pregnancy. The decrease is greater for hematocrit, and the great-
est decreases occur during the third trimester. (Based on data from
Abbassi-Ghanavati M, Greer LG, Cunningham FG. Pregnancy and
laboratory studies: a reference table for clinicians. Obstet Gynecol.
2009;114:1326-1331.)

first trimester, 2.6—4.5 g/dL in the second trimester, and
2.3-4.2 g/dL in the third trimester (Table 2.7).”>"**"*" The
globulin level decreases by 10% in the first trimester and
then increases throughout the remainder of pregnancy to
10% above the prepregnancy value at term."”® The albumin-
globulin ratio decreases during pregnancy from 1.4 to 0.9,
and the total plasma protein concentration decreases from
7.8 t0 7.0 g/dL."”” Maternal colloid osmotic pressure decreases
by approximately 5 mm Hg during pregnancy.'®'*”'*" The
plasma cholinesterase concentration falls by approximately
25% during the first trimester and remains at that level until
the end of pregnancy.'”

Coagulation

Pregnancy is associated with enhanced platelet turnover,
clotting, and fibrinolysis (Box 2.2). Thus, pregnancy repre-
sents a state of accelerated but compensated intravascular
coagulation.

BOX 2.2 Changes in Coagulation and

Fibrinolytic Parameters at Term Gestation

Increased Factor Concentrations
e Factor | (fibrinogen)

e Factor VIl (proconvertin)

e Factor VIII (antihemophilic factor)
e Factor IX (Christmas factor)

e Factor X (Stuart-Prower factor)

e Factor Xl (Hageman factor)

Unchanged Factor Concentrations
e Factor Il (prothrombin)
e Factor V (proaccelerin)

Decreased Factor Concentrations
e Factor XI (thromboplastin antecedent)
e Factor Xl (fibrin-stabilizing factor)

Other Parameters

e Prothrombin time: shortened 20%

e Partial thromboplastin time: shortened 20%
e Thromboelastography: hypercoagulable

e Fibrinopeptide A: increased

e Antithrombin Ill: decreased

e Platelet count: no change or decreased

e Fibrin degradation products: increased

* Plasminogen: increased

e Plasminogen activator inhibitor-Il: increased

“Relative to nonpregnant state.

TABLE 2.7 Plasma Protein Values during Pregnancy

TRIMESTER

Protein Nonpregnant First Second Third
Total protein (g/dL) 7.8 6.9 6.9 7.0
Albumin (g/dL) 4.5 8IS 3.6 3.3
Globulin (g/dL) 33 3.0 8.3 3.7
Albumin/globulin ratio 1.4 1.3 1.1 0.9
Plasma cholinesterase -25% -25% —-25%
Colloid osmotic pressure (mm Hg) 27 25 23 22
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Increases in platelet factor 4 and beta-thromboglobulin
signal elevated platelet activation, and the progressive
increase in platelet distribution width and platelet volume
are consistent with greater platelet consumption during
pregnancy.'® ' Platelet aggregation in response to collagen,
epinephrine, adenosine diphosphate, and arachidonic acid
is increased.'® Some investigators have noted a decrease in
platelet count,'®'”” whereas others have noted no change,'*'**
suggesting that increased platelet production compensates for
greater activation. The platelet count usually decreases during
the third trimester, with an estimated 8% of pregnant women
having a platelet count less than 150,000/mm’ and 0.9% of
pregnant women having a platelet count less than 100,000/
mm®.'*"'® The most common causes of thrombocytopenia
are gestational thrombocytopenia, hypertensive disorders of
pregnancy, and idiopathic thrombocytopenia. The decrease
in platelet count in the third trimester is caused by increased
destruction and hemodilution.'” Gestational thrombocyto-
penia is an exaggerated normal response.

The concentrations of most coagulation factors, including
fibrinogen (factor I), proconvertin (factor VII), antihe-
mophilic factor (factor VIII), Christmas factor (factor IX),
Stuart-Prower factor (factor X), and Hageman factor (factor
XII), increase during pregnancy. The increase in factor
VIII is generally more marked in the third trimester. The
concentrations of some factors increase by more than 100%
(factors VII, VIII, IX, and fibrinogen).'”"”* Prothrombin
(factor II) and proaccelerin (factor V) concentrations do
not change, whereas the concentrations of thromboplastin
antecedent (factor XI) and fibrin-stabilizing factor (factor
XIII) decrease.'”"'” An increase in most factor concentra-
tions, shortening of the prothrombin time (PT) and activated
partial thromboplastin time (aPTT),"’ an increase in fibrino-
peptide A concentration, and a decrease in antithrombin III
concentration suggest activation of the clotting system (PT
decreases from a nonpregnant range of 12.7-15.4 seconds to
a range of 9.6-12.9 seconds in the third trimester, and aPTT
decreases from a range of 26.3-39.4 seconds in nonpregnant
women to a range of 24.7-35.0 seconds in the third trimes-
ter)."”* Protein S activity decreases steadily during pregnancy,
reaching the lowest values at delivery.'”

Thromboelastrography (TEG) demonstrates evidence of
hypercoagulability in pregnancy. These changes (decrease in
R and K values, increase in the o, angle and maximum ampli-
tude [MA], and decrease in measures of lysis) are observed as
early as 10 to 12 weeks’ gestation and are even greater during
labor (Fig. 2.9)."7%"® Compared with samples taken during
labor, TEG has demonstrated increased lysis in the postpar-
tum period, possibly caused by the loss of placental expression
of plasminogen activator inhibitor-2."” In vitro, exogenous
oxytocin decreases R and K values, while increasing the o
angle.'"™ The in vivo effects of exogenous oxytocin are not
known. Rotational thromboelastometry (ROTEM) during
pregnancy does not demonstrate significant changes from the
nonpregnant state compared with term parturients.'®’

The greater concentration of fibrin degradation products
signals increased fibrinolytic activity during gestation.'®
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Fig. 2.9 Comparative thromboelastographs in nonpregnant (Group ),
nonlaboring term pregnant (Group 1), and laboring (Group IlI) women.
(From Steer PL, Krantz HB. Thromboelastrography and Sonoclot
analysis in the healthy parturient. J Clin Anesth. 1993;5:419-424.)

D-dimer values increase across gestation and remain higher
than prepregnancy values in the postpartum period.""'" The
marked elevation in the plasminogen concentration also is
consistent with enhanced fibrinolysis.'**

Hematology and Coagulation during

the Puerperium

Blood loss during normal vaginal delivery and the early puer-
perium is approximately 600 mL."" The normal physiologic
changes of pregnancy allow the healthy parturient to com-
pensate for this loss. However, blood loss after either vaginal
or cesarean delivery is often underestimated, and the discrep-
ancy between actual and estimated blood loss is greater with
increasing blood loss (see Chapter 37).'*

Blood volume decreases to 125% of the prepregnancy level
during the first postpartum week,'” followed by a more
gradual decline to 110% of the prepregnancy level at 6 to 9
weeks postpartum (see Fig. 2.7). The hemoglobin concentra-
tion and hematocrit decrease during the first 3 days postpar-
tum, increase gradually during the next 3 days (because of a
reduction in plasma volume), and continue to increase to
prepregnancy measurements by 3 weeks postpartum.'®’

Cesarean delivery results in a blood loss of approximately
1000 mL within the first few hours of delivery.'"” The hema-
tocrit in the immediate postpartum period is lower after
cesarean delivery than after vaginal delivery because of the
greater blood loss during cesarean delivery.'®

Albumin and total protein concentrations and colloid
osmotic pressure decline after delivery and gradually return
to prepregnancy levels by 6 weeks postpartum.'® The plasma
cholinesterase value decreases below the predelivery level by
the first postpartum day and remains at that decreased level
during the next week.'”” Globulin concentrations are elevated
throughout the first postpartum week."”

Beginning with delivery and during the first postpartum
day, there is a rapid decrease in the platelet count and in the
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concentrations of fibrinogen, factor VIII, and plasminogen
and an increase in antifibrinolytic activity.'™ Clotting times
remain shortened during the first postpartum day,"® and
TEG remains consistent with a hypercoagulable state,
although lysis may increase.”””'® During the first 3 to 5 days
postpartum, increases are noted in the fibrinogen concentra-
tion and platelet count, changes that may account for the
greater incidence of thrombotic complications during the
puerperium.'®” The coagulation profile returns to the non-
pregnant state by 2 weeks postpartum.'®

THE IMMUNE SYSTEM

The blood leukocyte count increases progressively during
pregnancy from the prepregnancy level of approximately
6000/mm’ to between 9000 and 11,000/mm”.'"” This change
reflects an increase in the number of polymorphonuclear
cells, with the appearance of immature granulocytic forms
(myelocytes and metamyelocytes) in most pregnant women.
The proportion of immature forms decreases during the last
2 months of pregnancy. The lymphocyte, eosinophil, and
basophil counts decrease, whereas the monocyte count does
not change. The leukocyte count increases to approximately
13,000/mm’ during labor and increases further to an average
of 15,000/mm’ on the first postpartum day.'"” By the sixth
postpartum day, the leukocyte count decreases to an average
of 9250/mm?’, although the count is still above normal at 6
weeks postpartum.

Despite an increased concentration, polymorphonuclear
leukocyte function is impaired during pregnancy, as evi-
denced by depressed neutrophil chemotaxis and adherence."”
This impairment may account for the greater incidence of
infection during pregnancy and improved symptoms in some
pregnant women with autoimmune diseases (e.g., rheuma-
toid arthritis). Levels of immunoglobulins A, G, and M are
unchanged during gestation, but humoral antibody titers to
certain viruses (e.g., herpes simplex, measles, influenza type
A) are decreased.""

During pregnancy, the uterine mucosa is characterized by
a large number of maternal immune cells found in close
contact with the trophoblast. The fetal expression of paternal
antigens requires adaptations in the maternal immune system
so that the fetusis not perceived by the mother as “foreign.”"*>'*
This “immune tolerance” occurs because of a lack of fetal
antigen expression, because of separation of the mother from
the fetus, or from a functional suppression of the maternal
lymphocytes."” During the first trimester of pregnancy, T
lymphocytes express granulysin, a novel cytolytic protein that
provides a protective role at the maternal-fetal interface.'”
Human T cells may be classified into T-helper cells types 1
and 2 (Th1 and Th2) on the basis of their cytokine produc-
tion. Successful pregnancy is associated with a predominant
Th2 cytokine profile. Thl cytokines are detrimental to preg-
nancy. These cells also produce natural antimicrobial agents
within the uterus, which are important for prevention of
uterine infection during pregnancy.” Maternal immuno-
globulin E (IgE) production increases with pregnancy, and

women with a history of pregnancy have higher baseline IgE
and experience a slower decline in IgE levels as they age.'”

NONPLACENTAL ENDOCRINOLOGY

Thyroid Function

The thyroid gland enlarges by 50% to 70% during pregnancy
because of follicular hyperplasia and greater vascularity. The
estrogen-induced increase in thyroid-binding globulin results
in a 50% increase in total trilodothyronine (T;) and thyroxine
(T,) concentrations during the first trimester, which are
maintained until term.'”® The concentrations of free T; and
T, do not change. The concentration of thyroid-stimulating
hormone (TSH) decreases during the first trimester but
returns to the nonpregnant level shortly thereafter and
undergoes no further change during the remainder of preg-
nancy. The fetal thyroid gland cannot produce thyroid
hormone until the end of the first trimester and relies solely
on maternal T, production during this critical time of devel-
opment and organogenesis.

Approximately 4% to 7% of women of childbearing age
are either hypothyroid or at risk for hypothyroidism during
pregnancy.” Only 20% to 30% of affected women demon-
strate symptoms of hypothyroidism, likely because symptoms
of hypothyroidism mimic features of pregnancy.”” In a large
study of 502,036 pregnant women, 15% of tested women had
gestational hypothyroidism, with 33% of these women
demonstrating symptoms.””’ Based on these results, many
physicians advocate universal screening, which appears to be
cost-effective, given the risk for decreased intelligence in the
offspring, miscarriage, and postpartum bleeding if hypothy-
roidism is left untreated.””

Glucose Metaholism

Mean blood glucose concentration remains within the normal
range during pregnancy, although the concentration may be
lower in some women during the third trimester compared
with nonpregnant individuals.”” This finding is explained by
the greater glucose demand of the fetus and the placenta. The
relative hypoglycemic state results in fasting hypoinsulinemia.
Pregnant women also exhibit exaggerated starvation ketosis.

Pregnant women are relatively insulin resistant because of
hormones such as placental lactogen secreted by the pla-
centa.”” The blood glucose levels after a carbohydrate load
are greater in pregnant women than in nonpregnant women,
despite a hyperinsulinemic response. These changes resolve
within 24 hours of delivery.

Adrenal Cortical Function

The concentration of corticosteroid-binding globulin (CBG)
doubles during gestation as a result of an estrogen-induced
enhancement of hepatic synthesis.””” The elevated CBG value
results in a 100% increase in the plasma cortisol concentra-
tion at the end of the first trimester and a 200% increase at
term. The concentration of unbound, metabolically active
cortisol at the end of the third trimester is two and one-half
times the nonpregnant level. The increase in free cortisol
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results from greater production and reduced clearance. An
increase in CBG concentration and a decrease in the serum
albumin level affect the protein binding of corticosteroids.
CBG binding capacity usually saturates at low concentrations
of glucocorticoids. Clearance of betamethasone is greater
during pregnancy, possibly because the drug is metabolized
by placental enzymes.”

THE MUSCULOSKELETAL SYSTEM

Back pain during pregnancy is common. In a cohort study
of 200 consecutive women without back pain at the start
of pregnancy, 19% complained of backache at 12 weeks’
gestation, and the incidence increased to 47% at 24 weeks’
gestation, peaking at 49% at 36 weeks gestation and
declining to 9.4% after delivery.””” In another study that
showed a relatively high prevalence of low back pain during
pregnancy, only 32% of women reported this to their phy-
sician and only 25% of providers recommended specific
therapy.””

The etiology of the back pain is multifactorial (see Chapter
47). One theory is that the enlarging uterus results in exagger-
ated lumbar lordosis, placing mechanical strain on the lower
back. The hormonal changes of pregnancy may also play a
role. Relaxin, a polypeptide hormone of the insulin-like
growth factor family, is associated with remodeling of colla-
gen fibers and pelvic connective tissue, permitting the afore-
mentioned lordosis. The primary source of circulating relaxin
is the corpus luteum; the placenta is a secondary source.
Serum relaxin level in early pregnancy is positively correlated
with the presence of back pain.*”” During pregnancy, gait also
changes and there is an increase in anterior tilt of the pelvis to
maintain body stability,”’ which may cause further stress on
the vertebral column, leading to increased pain.

Women who have low back pain in pregnancy have a very
high risk for a new episode during a subsequent pregnancy.*"
In the majority of patients, low back pain during pregnancy
responds to activity and postural modification. Exercises to
increase the strength of the abdominal and back muscles are
helpful. Scheduled rest periods with elevation of the feet to
flex the hips and decrease the lumbar lordosis help relieve
muscle spasm and pain.”*?

The enhancement of the lumbar lordosis during preg-
nancy alters the center of gravity over the lower extremities
(Fig.2.10) and may lead to other mechanical problems. Exag-
gerated lumbar lordosis tends to stretch the lateral femoral
cutaneous nerve, possibly resulting in meralgia paresthetica,
with paresthesia or sensory loss over the anterolateral thigh.
Anterior flexion of the neck and slumping of the shoulders
usually accompany the enhanced lordosis, sometimes leading
to a brachial plexus neuropathy.

Mobility of the sacroiliac, sacrococcygeal, and pubic joints
increases during pregnancy in preparation for passage of the
fetus. A widening of the pubic symphysis is evident by 30
weeks’ gestation. These changes are attributable to relaxin and
the biomechanical strain of pregnancy on the ligaments.*”
Relaxin may also contribute to the greater incidence of carpal

12 Weeks 24 Weeks 36 Weeks

Fig. 2.10 Changes in Posture during Pregnancy. The first and the
subsequent dotted-line figures represent a woman'’s posture before
growth of the uterus and its contents have affected the center of
gravity. The second and third solid figures show that as the uterus
enlarges and the abdomen protrudes, the lumbar lordosis is enhanced
and the shoulders slump and move posteriorly. (Modified from Beck
AC, Rosenthal AH. Obstetrical Practice. Baltimore, MD: Williams &
Wilkins; 1955:146.)

tunnel syndrome during pregnancy by changing the nature of
the connective tissue so that more fluid is absorbed.”"*

The human fetus requires approximately 30 g of calcium
for skeletal development by the time of term delivery.””
Although intestinal absorption of calcium by the mother
increases from as early as 12 weeks’ gestation to meet this
increased demand, it is insufficient to meet fetal demand and
thus the maternal skeleton undergoes calcium resorption.*"
This does not cause long-term changes in skeletal calcium
content or strength. Pregnant women with a twin gestation
have a much higher calcium requirement. Compared with
singleton pregnancies, there is a larger increase in maternal
bone resorption in twin gestation.”"’

THE NERVOUS SYSTEM
Sleep

Sleep disturbances from mechanical and hormonal factors
occur commonly during pregnancy. Latency and duration of
rapid eye movement (REM) sleep are influenced by changes
in progesterone and estrogen concentrations. Pregnant
women have more complaints of insomnia and daytime
sleepiness. The American Academy of Sleep Medicine defined
pregnancy-associated sleep disorder as the occurrence of
insomnia or excessive sleepiness that develops in the course of
pregnancy.”’® In a cohort study of 189 healthy nulliparous
women, Facco et al. reported that mean (£ SD) sleep duration
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Fig. 2.11 Cerebral Blood Flow during Pregnancy. Cerebral blood
flow increases as pregnancy progresses and is attributable to
vasodilation from the hormonal changes of pregnancy. This increase
in cerebral blood flow explains the increased risk for complications in
patients with intracranial pathology as pregnancy progresses. (Based
on data from Nevo O, Soustiel JF, Thaler |. Maternal cerebral blood
flow during normal pregnancy: a cross-sectional study. Am J Obstet
Gynecol. 2010;203:475.e1-6.)

was shorter in the third trimester (7.0 £ 1.2 hours) compared
with the baseline period between 6 and 20 weeks’ gestation
(7.4 + 1.2 hours).””’

Sleep characteristics change as pregnancy progresses.
Early pregnancy is characterized by increased total sleep time
and decreased stage 3 and 4 non-REM sleep, whereas late
pregnancy is characterized by decreased total sleep time,
increased waking after sleep onset, and decreased REM
sleep.”*” Sleep may be poor for up to 3 months postpartum.””’
Upper airway changes lead to increased airflow resistance and
snoring. Although only 4% of nonpregnant women snore, as
many as 23% of pregnant women snore by the third trimester.
Snoring is more common in women with preeclampsia.

Pregnancy is associated with transient restless legs syn-
drome, a disorder in which the patient experiences the need
to move her legs. The incidence ranges from 15% in the first
trimester to 23% in the third trimester.”

220

Central Nervous System

Cerebral blood flow increases in pregnancy. Nevo eta
measured cerebral blood flow in 210 women at different ges-
tational ages and found that it increased from 44.4 mL/
min/100 g during the first trimester to 51.8 mL/min/100 g
during the third trimester (Fig. 2.11). The increase was sec-
ondary to a decrease in cerebrovascular resistance and an
increase in internal carotid artery diameter. Other changes in
the brain that occur during pregnancy include (1) an increase
in permeability of the blood-brain barrier caused by decreased
cerebrovascular resistance with an increase in hydrostatic
pressure and (2) an increase in capillary density in the poste-
rior cerebral cortex.”

Women experience an elevation in the threshold to pain
and discomfort near the end of pregnancy and during labor.””
The mechanism, although unclear, may be related to the
effects of progesterone and endorphins. Elevated concentra-
tions of endorphins and enkephalins are found in the plasma
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and CSF of parturients,” and opioid antagonists abolish

pregnancy-induced analgesia to visceral stimulation in
experimental animals.””’

Vertebral Column

Anatomic and mechanical changes occur to the vertebral
column during pregnancy. The epidural space can be regarded
as a rigid tube that contains two fluid-filled distensible tubes,
the dural sac and the epidural veins. The volume of epidural
fat and the epidural venous plexus enlarge during pregnancy,
and spinal CSF volume is reduced.*

In the lateral position, lumbar epidural pressure is positive
in term pregnant women but negative in more than 90% of
nonpregnant women.””* Turning a parturient from the lateral
to the supine position increases the epidural pressure. Epi-
dural pressure also increases during labor because of increased
diversion of venous blood through the vertebral plexus sec-
ondary to either enhanced compression of the inferior vena
cava in the supine position or greater intra-abdominal pres-
sure during pain and pushing. The epidural pressure returns
to the nonpregnant level by 6 to 12 hours postpartum.

Despite compression of the dural sac by the epidural veins,
the CSF pressure in pregnant women is the same as in non-
pregnant women.** Uterine contractions and pushing during
labor result in an increase in CSF pressure that is secondary to
acute increases in epidural vein distention.

Sympathetic Nervous System

Dependence on the sympathetic nervous system for mainte-
nance of hemodynamic stability increases progressively
throughout pregnancy and reaches a peak at term.”">* The
dependence on the sympathetic nervous system returns to
that of the nonpregnant state by 36 to 48 hours postpartum.

ANESTHETIC IMPLICATIONS

Positioning

Aortocaval compression, decreased blood pressure and
cardiac output, and impairment of uteroplacental blood flow
can occur when a pregnant woman is placed in the supine
position. This may compromise fetal well-being and neonatal
outcome during labor or cesarean delivery.””** Studies per-
formed with pregnant women placed in the lateral position
have not shown major decreases in cardiac output.”’**” When
baseline maternal blood pressure is maintained with intrave-
nous fluid and vasopressors, there is no difference in umbilical
artery base excess or pH between supine patients and patients
tilted 15 degrees undergoing cesarean delivery.”® Taken
together, these data suggest that the supine position should
be avoided after 20 weeks’ gestation, and the uterus should
be tilted greater than 15 degrees if maternal blood pressure
cannot be maintained at the baseline level (Fig. 2.12).*>**

Blood Replacement

At delivery, maternal vascular capacitance is reduced by the
volume of the intervillous space (at least 500 mL). Therefore,
during vaginal or cesarean delivery, this volume of blood does
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Fig. 2.12 Compression of the aorta and inferior vena cava in the
supine (left) and lateral tilt (right) positions. (Redrawn from Camann
WR, Ostheimer GW. Physiologic adaptations during pregnancy. Int
Anesthesiol Clin. 1990;28:2-10.)

BOX 2.3 Considerations for General

Anesthesia during Pregnancy

Drugs
e Propofol
¢ |nduction dose decreased
e Elimination half-life unaltered
e Thiopental
¢ |nduction dose decreased
e Elimination half-life prolonged
e \/olatile anesthetic agents
e Minimum alveolar concentration (MAC) decreased, but
unclear whether hypnotic dose requirement differs from
that in nonpregnant women
e Speed of induction increased
e Succinylcholine
e Duration of blockade unaltered
e Rocuronium
® Increased sensitivity
e Chronotropic agents and vasopressors
e Decreased sensitivity

Tracheal Intubation

e |ncreased rate of decline of Pao, during apnea

e Smaller endotracheal tube required (6.5 or 7.0 mm)

e Increased risk for difficult or failed mask ventilation

e Increased risk for failed intubation with traditional
laryngoscopy

¢ Increased risk for bleeding with nasal instrumentation

not need to be replaced and should not be considered in the
estimation of blood loss for replacing red blood cells. Hemo-
concentration occurs as maternal blood volume declines
from 94 mL/kg at term to 76 mL/kg during the postpartum
period; this should be considered in the decision whether a
parturient should receive crystalloid, colloid, or blood for
volume replacement.'”

General Anesthesia

Airway Management, Oxygenation, and Ventilation
Changes in the maternal airway and respiratory physiology
mandate modification of airway management during preg-
nancy (Box 2.3) (see Chapter 29). The proportion of pregnant
women with a Mallampati IV classification increases by 34%
between 12 and 38 weeks’ gestation.”” Vascular engorgement

of the airway results in edema of the oral and nasal pharynx,
larynx, and trachea,’ which may lead to difficult tracheal
intubation and difficult mask ventilation. Airway edema may
be exacerbated in patients with upper respiratory tract infec-
tion or preeclampsia and in those who have been pushing for
a long time during the second stage of labor.

Pregnant women become hypoxemic more rapidly than
nonpregnant women during episodes of apnea because FRC
is reduced, oxygen consumption is increased, and FRC is less
than closing capacity in up to 50% of supine individuals.
During apnea accompanying rapid-sequence induction of
general anesthesia, Pao, decreases twice as rapidly (139 versus
58 mm Hg/min [18.5 versus 7.7 kPa/min]) in pregnant versus
nonpregnant women.**' Denitrogenation is achieved faster in
pregnant versus nonpregnant women because of elevated
minute ventilation and decreased FRC. However, after com-
plete denitrogenation via inhalation of 100% oxygen, parturi-
ents tolerate only 2 to 3 minutes of apnea, versus 9 minutes in
nonpregnant patients, before oxygen saturation decreases to
less than 90%.

Ventilation during general anesthesia should be adjusted
to maintain Paco, at approximately 30 mm Hg (4 kPa). This
can be achieved with minute ventilation of 121 mL/kg/min;
in comparison, 77 mL/kg/min is required to maintain a com-
parable Paco, in nonpregnant women.*** Decreased plasma
bicarbonate concentration reduces buffering capacity in
pregnancy. Allowing the Paco, to increase to the normal level
for nonpregnant women results in respiratory acidosis.

Intravenous and Inhalation Anesthetics
The propofol requirement decreases 10% during the first

trimester**’; this decrease does not correlate with progester-
one levels. The elimination half-life of propofol is unaffected
by pregnancy, though clearance may be higher.”*

The rate of rise of alveolar to inspired anesthetic concen-
tration ratio (F,/F;) of volatile anesthetics, and thus the
speed of induction, is increased during pregnancy because of
greater minute ventilation and reduced FRC, despite higher
cardiac output.

The minimum alveolar concentration (MAC) for volatile
anesthetics is up to 40% lower in pregnancy.”*** Although
MAC is a spinal nociceptive reflex that involves both sensory
and motor components,”* practitioners have interpreted this
decrease in MAC as indicating that pregnant patients have a
decreased requirement for inhaled anesthetics. However, this
interpretation has been questioned. Ueyama et al.**’ com-
pared bispectral index values in 15 patients undergoing
cesarean delivery with sevoflurane general anesthesia with the
values in 15 patients undergoing elective gynecologic surgery
and found no difference between groups. This finding sug-
gests that the hypnotic effect of sevoflurane was not enhanced
by pregnancy. The investigators concluded that although
pregnancy may decrease MAC, it does not decrease volatile
anesthetic requirements, and suggested that parturients
should be given the same dose of volatile anesthetics as non-
pregnant patients. Further work is required to confirm these
findings.
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Laboring women may differ from nonlaboring women.
Yoo etal.” observed lower bispectral index values with a
standard sevoflurane-nitrous oxide anesthetic in women
with prior labor compared with nonlaboring parturients.
Similarly, Erden et al.”' observed lower sevoflurane require-
ments to reach a bispectral index target value of 40 to 55 in
laboring compared with nonlaboring parturients undergoing
cesarean delivery.

Muscle Relaxants

Pseudocholinesterase activity is decreased by 24% before
delivery and by 33% on the third postpartum day.”* It returns
to normal 2 to 6 weeks postpartum. The reduced activity does
not usually result in clinically relevant prolongation of paraly-
sis after a single dose of succinylcholine. Twitch height
recovery after administration of succinylcholine is similar
between pregnant and nonpregnant women, and recovery
may even be faster because the larger volume of distribution
results in a lower initial drug concentration and a shorter
time before the threshold for recovery is attained. Pregnant
women may be less sensitive than nonpregnant women to
comparable plasma concentrations of succinylcholine, a
feature that also may contribute to more rapid recovery
during pregnancy.

Pregnant and postpartum women exhibit enhanced sensi-
tivity to the aminosteroid muscle relaxants vecuronium and
rocuronium.”””* The greater sensitivity to vecuronium is
not explained by altered pharmacokinetics because the drug
exhibits increased clearance and a shortened elimination
half-life in pregnant women.”” The mean onset time and
clinical duration of cisatracurium are significantly shorter in
women immediately after delivery than in nonpregnant

women.>*

Chronotropic Agents and Vasopressors

Pregnancy reduces the chronotropic response to isoprotere-
nol and epinephrine because of down-regulation of beta-
adrenergic receptors.”” These agents are less-sensitive
markers of intravascular injection during administration of
an epidural test dose in pregnant patients than in nonpreg-
nant patients. Because of down-regulation of adrenergic
receptors, treatment of hypotension requires higher doses of
vasopressors such as phenylephrine in pregnant women than
in nonpregnant women.

Neuraxial Analgesia and Anesthesia

Technical Considerations and Positioning

Increased lumbar lordosis during pregnancy may reduce the
vertebral interspinous gap and change the lumbar angulation
of spinous processes, thus creating technical difficulty in
administering neuraxial anesthesia (Box 2.4 and Fig. 2.13)
(see Chapter 12). Widening of the pelvis results in a head-
down tilt when a pregnant woman is in the lateral position
(Fig. 2.14). This may increase the rostral spread of hyperbaric
local anesthetics when injected intrathecally with patients in
the lateral position. The flow of CSF from a spinal needle is
unchanged throughout gestation because pregnancy does not

BOX 2.4 Neuraxial Anesthesia:
Anesthetic Implications of Maternal
Physiologic Changes

Technical Considerations

e |Lumbar lordosis increased®

e Apex of thoracic kyphosis at higher level®
e Head-down tilt when in lateral position

Treatment of Hypotension
e Decreased sensitivity to vasopressors®

Local Anesthetic Dose Requirements®
e Subarachnoid dose reduced 25%°?
e Epidural dose unaltered or slightly reduced®

aCompared with nonpregnant women.

®Change in the segmental dose requirement.

Modified from Conklin KA. Maternal physiologic adaptations during
gestation, labor, and the puerperium. Semin Anesth.
1991;10:221-234.

Fig. 2.13 Effects of Pregnancy on the Lumbar Spine. A, Nonpreg-
nant. B, Pregnant. There is a marked increase in lumbar lordosis and
a narrowing of the interspinous spaces during pregnancy. (Modified
from Bonica JJ. Principles and Practice of Obstetric Analgesia and
Anesthesia, Volume 1. Philadelphia, PA: FA Davis; 1967:35.)

alter CSF pressure.””” However, flow rate may increase during
a uterine contraction because of increased CSF pressure.

Local Anesthetic Dose Requirement

Pregnant patients show decreased local anesthetic dose
requirement in the first trimester. This change occurs well
before significant mechanical changes have occurred in the
vertebral canal,” suggesting that there are pregnancy-
induced alterations in nerve tissue sensitivity, either directly
or indirectly from changes in hormone concentrations.”’
Pregnant women exhibit a more rapid onset and a longer
duration of spinal anesthesia than nonpregnant women who
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Fig. 2.14 Pelvic widening and resultant head-down tilt in the lateral
position during pregnancy. Upper panel, pregnant; lower panel, non-
pregnant. (Modified from Camann WR, Ostheimer GW. Physiological
adaptations during pregnancy. Int Anesthesiol Clin. 1990;28:2-10.)

receive the same dose of local anesthetic. These results are
consistent with enhanced neural sensitivity to local anesthet-
ics; pregnancy-associated elevation in CSF pH may contribute
to these effects.”” " The dose of hyperbaric local anesthetic
required in term pregnant women is 25% lower than that in
nonpregnant women.”*>*** This is attributed to the following
factors: (1) reduction of spinal CSF volume, which accompa-
nies distention of the vertebral venous plexus*’; (2) enhanced
neural sensitivity to local anesthetics; (3) increased rostral
spread when injections are made with the patient in the lateral
position; (4) inward displacement of intervertebral foraminal
soft tissue, resulting from increased abdominal pressure®®;
and (5) a higher level of the apex of the thoracic kyphosis (the

__ KEY POINTS

lowest point of the thoracic spinal canal in the supine posi-
tion) during late pregnancy (see Fig. 12.4).*° Spinal dose
requirements change rapidly in the postpartum period, with
segmental dose requirements returning to those of nonpreg-
nant women within 24 to 48 hours™ as spinal CSF volume
expands with the relief of vena caval compression. In contrast
to spinal anesthesia, pregnancy appears to have less effect on
the spread of epidural anesthesia.”***

Pregnancy does not enhance the susceptibility of ewes to
the neurotoxicity of lidocaine or to the cardiac toxicity of
bupivacaine (see Chapter 13). The incidence of lethal ven-
tricular arrhythmias is no greater in pregnant than in non-
pregnant ewes treated with bupivacaine, ropivacaine, or
levobupivacaine.””’

Hypotension during Neuraxial Analgesia and Anesthesia

Pregnancy increases dependence on the sympathetic nervous
system for the maintenance of venous return and systemic
vascular resistance.”' This, together with the effects of aor-
tocaval compression, means that pregnant patients are par-
ticularly prone to hypotension and hemodynamic instability
from the sympathetic block induced by neuraxial anesthesia.
Management of hypotension is discussed in Chapter 26.

Effects of Neuraxial Anesthesia on Respiratory Function
FRC diminishes during neuraxial anesthesia, resulting in an
increase in respiratory dead space and ventilation-perfusion
mismatch. Abdominal muscles are important for forced
expiration and coughing, and paralysis of these muscles
during neuraxial anesthesia decreases peak expiratory
flow rate, maximum expiratory pressure, and the ability to
increase intra-abdominal and intrathoracic pressures during
coughing.””' "

+ Pregnancy results in various anatomic and physiologic
changes that allow the mother to adapt to the growing
fetus and allow the fetus to develop.

+ Cardiac output increases during pregnancy as a result of
an increase in stroke volume and heart rate. A pregnant
woman with cardiovascular disease may not be able to
meet this greater demand.

+ Pregnant women have greater sympathetic tone than
nonpregnant women.

+ Beginning at mid-pregnancy, assumption of the supine
position may result in compression of the inferior vena
cava and aorta by the gravid uterus, which may result in
decreases in both cardiac output and uteroplacental perfu-
sion. Severe hypotension and bradycardia in the supine
position is called the supine hypotension syndrome.

+ Pregnant women should not lie supine after 20 weeks’
gestation without aggressive maintenance of baseline
blood pressure. The uterus should be displaced to the left
by placement of a wedge underneath the right hip or by
tilting the operating table, or the pregnant women should
assume the full lateral position.

+ The greater blood volume of pregnancy allows the parturi-
ent to tolerate the blood loss of delivery, within limits, with
minimal hemodynamic perturbation. Maternal vascular
capacitance is reduced at the time of delivery.

+ Oxygen demand and delivery are greater during pregnancy
and further increase during labor and delivery.

+  Minute ventilation increases whereas functional residual
capacity decreases during pregnancy. It is not uncommon
for the pregnant women to experience dyspnea.

+ Pregnancy is a state of partially compensated respiratory
alkalosis.

+ Gastric volume, emptying, and pH are unaltered during
pregnancy, but lower esophageal sphincter tone may
be reduced with increased risk for gastroesophageal
reflux.

+ Pregnancy and the immediate postpartum period are
considered hypercoaguable states.

+ Mechanical changes in the vertebral column influence
neuraxial analgesia and anesthesia.

« Minimum alveolar concentration (MAC) values for the
volatile anesthetics are decreased during pregnancy.
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However, it is unclear whether the hypnotic dose require-
ment is altered during pregnancy.

+ Pregnant women have a rapid decrease in Pao, during
periods of apnea.

+ Pregnant women are at increased risk for failed tracheal
intubation.

+ Pregnant women are less responsive to vasopressors than
nonpregnant women.
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The uteroplacental circulation develops to provide the blood ANATOMY AND STRUCTURE

flow and delivery of oxygen and nutrients essential for growth
and development of the fetus and placenta. Abnormalities in
development are associated with complications such as pre-
eclampsia, fetal growth restriction, and preterm labor, and
may even predispose to the development of cardiovascular
disease during subsequent adulthood.' Acute reduction in
uteroplacental blood flow may rapidly threaten fetal viability.
The uteroplacental circulation may be affected by circadian
changes,” disease, parturition, and anesthetic techniques and
drugs. An understanding of the regulation of uteroplacental
circulation is an important foundation for the safe provision
of obstetric anesthesia and in the management of many
pregnancy-related diseases. Because of ethical considerations,
much of the available knowledge comes from studies in
animals, particularly sheep but also nonhuman primates and
other species. It is important to consider possible interspecies
differences and to critically examine the methodology and
context of animal research when extrapolating findings into
recommendations for clinical care.

38

The blood supply to the uterus is derived mainly from the
uterine arteries (Fig. 3.1) with a smaller, variable contribution
from the ovarian arteries. Although the pelvic vasculature
shows anatomic variation,’ the uterine artery arises bilaterally
from the anterior division of the internal iliac (hypogastric)
artery, whereas the ovarian artery arises from the anterolateral
abdominal aorta below the renal arteries. The uterine artery
passes medially to the side of the uterus, where it supplies
branches to the cervix and vagina and ascends between the
two layers of the broad ligament, yielding arcuate arteries
that supply the body of the uterus to the junction with the
fallopian tubes. During pregnancy, flow may differ between
the right and left uterine arteries; Konje et al.* estimated that
vessel diameter was approximately 11% greater and blood
flow was approximately 18% greater in the uterine artery
on the same side as the placenta compared with the contra-
lateral artery. Anastomoses are formed with the contralateral
uterine artery, the vaginal arteries, and the ovarian arteries.
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Fig. 3.1 Arterial supply to the female reproductive tract. *The female reproductive tract, particularly the
uterus, has a rich network of collateral blood flow from both ipsilateral and contralateral vessels. Variations in
the origin of arterial vessels and the presence of anastomoses (i.e., between left and right uterine arteries, or
uterine to ovarian arteries) are common. During maternal hemorrhage, this network can thwart attempts to
obtain hemostasis through vessel ligation or embolization. (lllustration by Naveen Nathan, MD, Northwestern

University Feinberg School of Medicine, Chicago, IL.)

The arcuate arteries give rise to small branches that supply the
myometrium and large radial arteries that branch deeply and
enter the endometrium to form the convoluted spiral arteries.
During gestation, trophoblastic invasion of the spiral arter-
ies results in loss of smooth muscle and loss of contractile
ability, leading to vasodilation with decreased resistance and
increased blood flow. Abnormal or inadequate trophoblastic
invasion is integral to the pathophysiology of preeclampsia
(see Chapter 35).

From the spiral arteries, oxygenated maternal blood enters
the intervillous space in fountainlike jets. Blood traveling
toward the chorionic plate bathes the villi, permitting the
exchange of oxygen, nutrients, and wastes between maternal
and fetal blood. Maternal blood then returns to the basal plate
and drains into multiple collecting veins. Venous drainage of
the uterus occurs via the uterine veins to the internal iliac
veins and also via the ovarian veins (utero-ovarian plexus)
to the inferior vena cava on the right and the renal vein on
the left.’

The uterine artery and other branches of the anterior divi-
sion of the internal iliac artery, and the ovarian artery, may
be targeted during angiographic embolization procedures for

treatment of obstetric and gynecologic hemorrhage’ and for
the treatment of uterine fibroids.®

CHANGES AND FUNCTION DURING
PREGNANCY

Pregnancy-Induced Changes

Uterine blood flow increases dramatically during pregnancy,
rising from 50 to 100 mL/min before pregnancy to 700 to
900 mL/min at term, depending on the method of measure-
ment (Fig. 3.2). Studies in sheep have shown that increases
in uterine blood flow can be divided into three phases.’
An initial phase, most likely controlled by the ovarian hor-
mones estrogen and progesterone, occurs before and during
implantation and early placentation. A second phase results
from the growth and remodeling of the uteroplacental vas-
culature to support further placental development. The third
phase results from progressive uterine artery vasodilation
to meet the markedly increased nutrient requirements
of the rapidly growing fetus. When expressed in terms of
uterine weight, however, uterine flow per gram of tissue is
particularly high in early gestation, and this ratio decreases




PART Il Maternal and Fetal Physiology

1450
y=26.129x + 1.2045

1250 - R2 = 0.4998 .

1050

850

650 -

450 -

Volume flow (mL/min)

250

15 20 25 30 35 40
Gestation (weeks)

Fig. 3.2 Changes in uterine artery blood flow with gestation. (From
Konje JC, Kaufmann P, Bell SC, Taylor DJ. A longitudinal study of
quantitative uterine blood flow with the use of color power angiogra-
phy in appropriate for gestational age pregnancies. Am J Obstet
Gynecol. 2001;185:608-613.)

as pregnancy progresses.” In comparison, umbilical blood
flow, expressed as a function of fetal weight, is relatively
constant throughout most of pregnancy and is estimated to
be 110 to 120 mL/min/kg.® Uterine blood flow is increased
in twin pregnancy, but the flow per unit of estimated fetal
weight is similar to that in a singleton pregnancy.” The
progressive increase in uteroplacental blood flow during
pregnancy is matched by a concurrent increase in blood
flow on the fetal side (fetoplacental blood flow). However,
despite suggestions of the possibility of intrinsic flow match-
ing, it is believed that these circulations are independently
regulated."’

Distribution of Blood Flow

Uterine blood flow at term represents a greater proportion of
cardiac output (approximately 12%) than in early pregnancy
(approximately 3.5%)."" Regional distribution of blood
flow within the pelvis also changes during gestation. Palmer
et al."” observed that increases in common iliac artery blood
flow during pregnancy were associated with corresponding
increases in uterine artery blood flow but also with decreases
in external iliac artery blood flow. This pattern effectively
constitutes a “steal” phenomenon, in which blood flow in
the pelvis is preferentially redistributed toward the uterus
(Fig. 3.3).

Primate studies have shown that 80% to 90% of total
uterine blood flow perfuses the placenta at term, with the
remainder supplying the myometrium and nonplacental
endometrium."” The placental and nonplacental vasculatures
are anatomically and functionally distinct, and regulation of
perfusion through these vascular beds differs.”” Therefore,
it is important to differentiate studies that measure total
uteroplacental blood flow versus placental blood flow.
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Fig. 3.3 Redistribution of blood flow in pelvic blood vessels
during pregnancy determined unilaterally by Doppler ultraso-
nography. Blood flow increased in the common iliac and uterine
arteries but decreased in the external iliac artery, indicating that
redistribution of flow favors uterine perfusion. Data are mean = SEM.
(Modified from Palmer SK, Zamudio S, Coffin C, et al. Quantitative
estimation of human uterine artery blood flow and pelvic blood flow
redistribution in pregnancy. Obstet Gynecol. 1992;80:1000-1006.)

Functional Classification

Placental vascular function varies among species. The human
multivillous model is commonly believed to function as a
“venous equilibrator,” in which oxygen tension in the umbili-
cal vein approximates that in the uterine veins. In contrast,
the placenta in some species (e.g., rodents) functions as a
countercurrent exchanger. The more efficient function of the
latter is reflected by the higher fetoplacental weight ratio in
rodents (20:1) than in humans (6:1)."

Autoregulation

Studies of pressure-flow relationships suggest that the
nonpregnant uterine circulation exhibits autoregulation,
alternately vasoconstricting or vasodilating in response to a
number of different stimuli.”” In contrast, in pregnancy the
placental and nonplacental circulations have differing proper-
ties. Animal studies have demonstrated that the uteroplacental
circulation is a widely dilated, low-resistance system with per-
fusion that is largely pressure-dependent.'®'” However, a study
in pregnant rabbits found that uteroplacental blood flow was
relatively constant over a wide range of perfusion pressures.'®
During hemorrhage in pregnant rats, uterine vascular resis-
tance increased as systemic blood pressure and uterine blood
flow decreased, thereby demonstrating an absence of auto-
regulation. Moreover, although the uteroplacental circulation
is often considered to be maximally vasodilated with little or
no ability for autoregulation,'® further vasodilation has been
observed in response to systemically administered estrogen,
prostacyclin, bradykinin, and acetylcholine.”" These dis-
crepancies may be explained by changes in the nonplacental
uterine vasculature, which accounts for a small fraction of
total uteroplacental blood flow but appears to have similar
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autoregulatory responses during pregnant and nonpregnant
states; this feature contrasts with the limited autoregulatory
ability of the placental circulation.” Laird et al.”” found that
reducing arterial pressure by 22% with an inflatable aortic
occluder in pregnant rabbits produced a reduction in total
uteroplacental and placental blood flow but no significant
change in myoendometrial blood flow. Clinically, limited
autoregulation means that placental blood flow may dimin-
ish with reductions in maternal blood pressure (e.g., during
hemorrhage or neuraxial anesthesia).

Margin of Safety

Studies in animals have demonstrated that, in normal physi-
ologic conditions, uterine blood flow exceeds the minimum
required to satisfy fetal oxygen demand.” Although this
feature confers a margin of safety that protects the fetus from
fluctuations in uterine blood flow,** decreases in fetal Po, and
progressive metabolic acidosis can occur with reductions in
uteroplacental blood flow, depending on the magnitude and
duration.” However, the relationship between uterine blood
flow and oxygen transfer appears nonlinear and suggests that
uteroplacental blood flow can decrease by as much as 50%
for limited periods before fetal oxygen uptake decreases and
metabolic acidosis occurs.”

Studies in sheep have shown that although uterine blood
flow varies over a wide range, fetal oxygen uptake remains
relatively constant, suggesting that the efficiency of oxygen
extraction is greater when perfusion decreases.”” Using an
inflatable balloon occluder around the terminal aorta to
reduce uterine blood flow in sheep, Wilkening and Meschia®’
found that at high levels of oxygen delivery, fetal oxygen uptake
was not significantly affected by variations in uterine blood
flow; moreover, fetal oxygen uptake became flow-dependent
only when uterine oxygen delivery was reduced to less than
half the baseline value. Boyle et al.,”’” investigating the effects
of acute uterine arterial embolization with microspheres in
sheep, found a linear decrease in fetal aortic oxygen tension
as uterine blood flow decreased. However, uterine oxygen
consumption did not decrease and fetal hydrogen ion concen-
tration did not increase until uterine blood flow had decreased
to approximately 50% of the baseline value. As uterine blood
flow diminished, a reduction in uterine venous oxygen
content and a greater arteriovenous oxygen content difference
were observed, indicating an increase in oxygen extraction. Gu
et al.”® reported comparable findings with the compression of
the common uterine artery by an inflatable occluder in sheep.

Although the preceding experiments were conducted in
sheep, the same principles may apply to humans. The human
placenta, like the sheep placenta, is a relatively inefficient
oxygen exchanger. Thus, in humans and sheep, the transfer
rate of oxygen is affected less by decreases in placental perfu-
sion than it is in animals with more efficient placentas, such
as the rabbit and guinea pig. This difference may afford some
protection in humans, because alterations in placental perfu-
sion in animals with more efficient placentas frequently result
in spontaneous abortion.”” Animal data would also suggest the
presence of a significant physiologic buffer that protects the

fetus during transient fluctuations in uteroplacental perfusion
(e.g., changes in endogenous vasoconstrictor levels, uterine
contractions, and parturition).”” This may partially explain
why clinical studies have failed to demonstrate fetal acidosis
when alpha-adrenergic agonists are used to maintain maternal
blood pressure during neuraxial anesthesia,” despite experi-
mental data showing that these agents reduce uteroplacental
perfusion in laboratory animals.” These observations are
based on an assumption of normal physiology; the presence
of pathology likely diminishes any margin of safety.

Changes during Parturition

With the onset of the uterine contractions of labor,
uteroplacental perfusion undergoes cyclical changes. During
uterine contractions, a decrease in perfusion occurs that is
inversely related to the strength of the contraction and the
increase in intrauterine pressure.’’ Conversely, during uterine
relaxation, there is a period of hyperemia when perfusion is
increased. Placental perfusion is believed to be more sensi-
tive to these contraction-induced changes than myometrial
or endometrial blood flow.” Within the first few hours of
parturition, uterine blood flow in sheep decreases on average
by 50% or more, although there is notable interindividual
variation.™

Clinical Determinants of Uterine Blood Flow

In the acute setting, uterine blood flow is related to perfusion
pressure (the difference between uterine arterial pressure and
uterine venous pressure) and vascular resistance, as repre-
sented in the following equation:

. Uterine perfusion pressure
Uterine blood flow = : P P . (1)
Uterine vascular resistance

There are several ways that uterine blood flow can decrease
(Box 3.1). First, uterine blood flow may decline with reduc-
tions in perfusion pressure because of decreased uterine
arterial pressure (e.g., during systemic hypotension from
hemorrhage, aortocaval compression, or sympathetic block-
ade during neuraxial anesthesia). Second, uterine blood flow
may decline with reductions in perfusion pressure caused
by increased uterine venous pressure (e.g., from vena caval
compression, increased intrauterine pressure during uterine
contractions, effects of drugs such as oxytocin and cocaine,
and bearing down during the second stage of labor). Third,
uterine blood flow may decline because of increased uterine
vascular resistance (e.g., from endogenous vasoconstrictors
released in response to stress, exogenous vasoconstrictors,
and compression of endometrial spiral arterioles with uterine
contractions).”

MECHANISMS OF VASCULAR CHANGES
AND REGULATION

Vascular Changes during Pregnancy

Because mean arterial pressure decreases slightly during
pregnancy, the increase in uteroplacental blood flow is
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BOX 3.1 Causes of Decreased Uterine

Blood Flow

Decreased Perfusion Pressure

Decreased uterine arterial pressure:

e Supine position (aortocaval compression)

e Hemorrhage/hypovolemia

e Drug-induced hypotension

e Hypotension during sympathetic blockade

Increased uterine venous pressure:

e \ena caval compression

e Uterine contractions

e Drug-induced uterine tachysystole
anesthetics)

e Skeletal muscle hypertonus (seizures, Valsalva maneuver)

(oxytocin, local

Increased Uterine Vascular Resistance
Endogenous vasoconstrictors:

e Catecholamines (stress)

e Vasopressin (in response to hypovolemia)
Exogenous vasoconstrictors:

e Epinephrine

e Vasopressors (phenylephrine > ephedrine)
e | ocal anesthetics (in high concentrations)
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Fig. 3.4 Changes in uterine vascular resistance with gestation. Data
are mean * SE. (Modified from Rosenfeld CR. Distribution of cardiac
output in ovine pregnancy. Am J Physiol. 1977;232:H231-H235.)

dependent on a substantial decrease in uterine vascular resis-
tance (Fig. 3.4), together with increased cardiac output and
intravascular volume. The main factors contributing to the
decrease in vascular resistance include vascular remodeling,
changes in vascular reactivity, and the development of the
widely dilated placental circulation.

Vascular remodeling of arteries in the uterus during preg-
nancy is believed to include increases in both vessel diameter
and vessel length. In humans, both vessel lengthening and
straightening of coiled vessels may occur'’; the effects of
changes in vessel diameter dominate, resulting in an overall
decrease in resistance. Palmer etal.,”” using serial Doppler
studies during pregnancy, observed that uterine artery diam-
eter is doubled by 21 weeks’ gestation, whereas there is no
change in the diameter of the common iliac or external iliac
arteries. These investigators also showed that uterine artery
mean flow velocity increased progressively during pregnancy

to values eight times greater than those of nonpregnancy. In
parallel with arterial changes, there is also structural remodel-
ing of uterine veins in pregnancy, including increases in
diameter and distensibility and decreases in elastin content.”
Although blood viscosity decreases during pregnancy and
also contributes to reduced uterine vascular resistance, this is
considered a relatively minor effect compared with vascular
changes.”

Changes in vascular reactivity during pregnancy include a
vasodilatory response that is meditated at endothelial and
vascular smooth muscle levels.” The growth of the placenta
creates a low-resistance vascular pathway by eliminating the
intramyometrial microcirculation and creating an intervil-
lous space.” This has functional characteristics of an arterio-
venous shunt."”

The mechanisms underlying the vascular changes during
pregnancy are incompletely understood. Contributing factors
include steroid hormones, decreased response to vasocon-
strictors, endothelium-derived vasodilators, increased shear
stress, and venoarterial exchange.

Steroid Hormones

Estrogen has a fundamental role in the short- and long-term
uterine vascular changes during pregnancy. Plasma concen-
tration of estrogen, initially derived from the ovaries and later
predominantly from the placenta, rises concomitantly with
the increase in uterine blood flow during pregnancy. Exoge-
nously administered estrogen causes uterine vasodilation and
a marked rise in uterine blood flow, independent of systemic
effects.” Angiogenic and vasodilatory effects of estrogen are
meditated via estrogen receptors ER-o and ER-, which are
structurally and functionally distinct. Most of these receptors
are located in the nucleus and mediate genomic effects by
regulating transcription of genes that are particularly respon-
sible for the longer-term uterine angiogenic responses. There
are also membrane receptors that mediate nongenomic
effects by up-regulating endothelial production of nitric
oxide through the activation of endothelial nitric oxide syn-
thase (eNOS) and the augmentation of eNOS protein
expression.*

Progesterone modulates the effect of estrogen on uterine
blood flow. In a nonpregnant sheep model, exogenous pro-
gesterone administered alone had no uterine vasodilatory
effect but had an inhibitory effect when combined with
estrogen.” Progesterone down-regulates expression of estro-
gen receptors.”’ An increase in the estrogen-progesterone
ratio parallels the increase in uterine blood flow in late preg-
nancy in many species.*’

Plasma cortisol levels approximately double during preg-
nancy. Cortisol has both systemic and local effects on uterine
blood flow. Systemically, cortisol contributes to regulation of
uterine blood flow by increasing plasma volume. Although
cortisol is believed to decrease eNOS protein expression and
decrease nitric oxide release, it potentiates the response to
vasoconstrictor agents including angiotensin II, vasopressin,
and norepinephrine. Attenuation of these effects occurs
during pregnancy.”
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Decreased Response to Vasoconstrictors

In pregnancy, there is a generalized reduction in response
to endogenous and exogenous vasoconstrictors, including
angiotensin 1I, endothelin, thromboxane, epinephrine,
norepinephrine, phenylephrine, serotonin, and arginine
vasopressin.” ™ The relative refractoriness of the systemic
and uterine circulations varies for different agents, which has
important implications for the regulation and maintenance
of uteroplacental blood flow.

During pregnancy, concentrations of angiotensin II in
maternal blood are increased twofold to threefold*’; however,
the vasopressor response to angiotensin II is attenuated.”
This refractoriness is diminished in patients in whom pre-
eclampsia develops.”” The uterine circulation is less responsive
to angiotensin II than the systemic circulation. Thus, infusion
of physiologic doses of angiotensin II has been shown to have
minimal effect on uteroplacental blood flow while increasing
systemic blood pressure.* The difference in sensitivity of the
uterine and systemic circulations to angiotensin II is consid-
ered an important physiologic adaptation during pregnancy
that contributes to the redistribution of cardiac output, the
increase in uterine blood flow, and possibly the maintenance
of uterine blood flow during normal fluctuations in blood
pressure.”

Sensitivity to vasoconstrictors such as epinephrine, nor-
epinephrine, and phenylephrine is attenuated during preg-
nancy.” This may explain why relatively large doses of
vasoconstrictors are often required to maintain blood pres-
sure during spinal anesthesia for cesarean delivery.” In con-
trast to the responses to angiotensin II, the uterine circulation
is more responsive to these agents than the systemic circula-
tion.”® Thus, during hemorrhage or other major stresses that
result in large catecholamine release, it is unlikely that utero-
placental perfusion will be preferentially preserved above
essential maternal perfusion.”

The mechanism underlying the difference in vascular
sensitivity between the uterine and systemic circulations is
unclear, but distribution of receptor subtypes is believed to be
important.”” For example, there are two distinct subtypes of
angiotensin II receptors: AT\R and AT,R. In most tissues,
including systemic vascular smooth muscle, AT,R receptors
are predominant and mediate vasoconstriction. However,
AT),R receptors, which do not mediate smooth muscle con-
traction, account for 75% to 90% of angiotensin II binding in
uterine artery and myometrium.>>**

Vasodilators

The greater synthesis and higher circulating concentrations
of endothelial-derived vasodilators during pregnancy are
believed to modulate systemic and uterine vascular responses
to angiotensin I and other vasoconstrictors.” Uterine vascu-
lar production of prostacyclin is greater than systemic vascu-
lar production, which probably contributes to maintaining
uteroplacental blood flow in opposition to the effects of cir-
culating vasoconstrictors.”® An enhanced response to angio-
tensin II during pregnancy has been demonstrated with the

systemic and local infusion of indomethacin (which blocks
prostacyclin production).” However, inhibition of prosta-
glandin synthesis by an infusion of indomethacin induces
only a transient decrease in uteroplacental blood flow, indi-
cating that uteroplacental blood flow is not solely dependent
on the continued production of prostacyclin.”

Nitric oxide is synthesized from arginine in vascular
endothelial cells and stimulates soluble guanylate cyclase in
vascular smooth muscle, resulting in vascular relaxation
through increases in cyclic guanosine monophosphate. Syn-
thesis of nitric oxide is an important mechanism underlying
changes in systemic and uterine vascular resistance, attenu-
ated responses to vasoconstrictors, and vascular effects of
estrogen during pregnancy.”® During pregnancy, uterine
arteries have increased eNOS activity, higher levels of eNOS
messenger ribonucleic acid and eNOS protein, and increased
biosynthesis of nitric oxide and cyclic guanosine monophos-
phate.”®”” Removal of the vascular endothelium diminishes or
eliminates the refractoriness of the uterine artery to vasocon-
strictors,* and inhibition of nitric oxide synthesis by N-nitro-
L-arginine methyl ester (L-NAME) decreases uterine blood
flow and also reverses refractoriness to vasoconstrictors.”
Long-term inhibition of nitric oxide synthase causes hyper-
tension and fetal growth restriction in rats.”'

Other Vasoactive Substances

Atrial and brain natriuretic peptides attenuate the response
to angiotensin II, and intravenous infusion of atrial natri-
uretic peptide reduces blood pressure while increasing uterine
blood flow in preeclamptic women.*” Protein kinase C activ-
ity is decreased in uterine, but not systemic, arteries of preg-
nant sheep and may cause vasodilation and an increase in
uterine blood flow; this may have a regulatory effect on local
ovarian and placental estrogen production.* Studies in rats
have shown a decrease in endogenous endothelin-dependent
vasoconstrictor tone in uteroplacental vessels, which may
contribute to the increase in placental blood flow in late ges-
tation.”” Uterine vascular resistance in early pregnancy may
be increased by relaxin, which may have a role in modulating
the effects of estrogen and progesterone.” Placental protein
13 has been shown to be a potent vasodilator of both uterine
and systemic blood vessels in vitro, and it has been suggested
that this peptide might contribute to the vasodilation that
occurs during human pregnancy.” The use of vasopressin to
prevent spinal anesthesia—induced hypotension has been
reported in the care of patients with pulmonary hyperten-
sion, but its use as a vasoconstrictor in pregnancy has not
been well studied.”

Shear Stress

Shear stress, the frictional forces on the vessel wall from blood
flow, is believed to be an important stimulus for uteroplacental
vasodilation and remodeling.”” The reduction in downstream
resistance resulting from the formation of the placenta would
be expected to increase the upstream flow velocity and thus
shear stress.” Nitric oxide is considered an important media-
tor of this effect because increases in eNOS expression and
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nitric oxide production are witnessed with shear stress and
because stripping the endothelium or pretreatment with
L-NAME reduces or abolishes flow-induced vasodilation.”
Studies in vitro have shown that shear stress also increases
endothelial production of prostacyclin.

Venoarterial Signaling

It has been postulated that growth factors or signal substances
secreted by the placenta and/or myometrium could pass from
uterine veins to adjacent uterine arteries; this may provide a
system whereby the uterus and placenta regulate their own
perfusion.” Possible candidates for signal substances include
vascular endothelial growth factor and placental growth
factor. The importance of this mechanism in humans is
uncertain.

METHODS OF MEASUREMENT OF
UTEROPLACENTAL BLOOD FLOW

Many techniques have been used to measure uteroplacental
blood flow in animals and humans. The approaches used in
different studies have varied according to the nature of the
experimental question, the existing state of technology, and
ethical considerations and limitations. All methods have an
inherent potential for error.

Many past studies of uterine artery flow have measured
flow in only one uterine artery, which may not be an accu-
rate representation of total flow, depending on the location
of the placenta (see earlier discussion). The parameter of
greatest clinical interest is placental perfusion, but this is not
always differentiated from total uterine blood flow, and the
two circulations may vary independently. However, in most
circumstances, the measurement of intervillous blood flow
provides a close approximation of functional placental blood
flow. Ovarian arterial blood flow is generally not measured,
although studies in primates suggest that it may contribute as
much as one-sixth of placental perfusion.”

Early studies of uteroplacental blood flow involved a
number of substances that could affect maternal hemodynam-
ics (e.g., nitrous oxide) or myometrial activity (e.g., 4-amino-
antipyrine) and relied on the Fick principle. This principle,
which calculates blood flow by the measurement of a marker
substance entering and leaving an organ, is subject to error in
the uterus, where a number of veins are responsible for col-
lecting venous effluent.” In animals, placental perfusion can
also be measured by the injection of radioactive microspheres.
This method allows for the separate calculation of placental
and myometrial blood flows but only provides information
from a single point in time. Total uterine arterial blood flow
can also be measured (or estimated) with the use of surgically
implanted electromagnetic or Doppler flow probes.

In humans, placental perfusion can be measured by the
injection of trace amounts of radioactive substances, typically
¥xenon.”” During the washout phase, the rapid decrease in
measured radioactivity over the placenta is calculated as a
biexponential or triexponential process. The most rapid decay
constant is ascribed to intervillous perfusion. Alternatively,

radioactively tagged proteins (e.g., albumin) can be injected
and measured by scintigraphy over the placenta.”’ Although
the accuracy of these methods for determining absolute flow
is limited, their ability to measure relative change over time is
adequate in most cases.

Clinically, the most common method of assessing flow in
the uterine arteries is Doppler ultrasonography.”” The uterine
artery can be identified transabdominally or transvaginally.
Color flow aids vessel identification. Blood flow can be
quantified by measuring the mean flow velocity and vessel
cross-sectional area.

Flow velocity is calculated by applying the principle of
Doppler shift. A pulsed ultrasound signal from a stationery
transducer is directed toward the vessel with an angle of
insonation (0) less than 60 degrees. Reflections scattered from
the red blood cells are received. Because the red blood cells
are moving, the frequency of the received signal differs from
the transmitted frequency (f,) by an amount known as the
Doppler shift (Af). This shift is proportional to the red blood
cell flow velocity (Vgpc) according to the following equation:

_ 2X Ty X VgeL
c

Af (2)

where ¢ is the speed of sound propagation in tissue and Vgg
is the vector component of the velocity of flow relative to the
direction of the transducer. The latter takes into account the
difference between the direction of the ultrasound signal
from the direction of flow according to 0 (Fig. 3.5). Vg is
related to the relative velocity of flow in the direction of the
probe (Vgg) according to the following equation:

Vkec = (3)

Combining Egs. 2 and 3 gives the following equation:

Af c
Vege = — X ——— 4
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Fig. 3.5 Principles of use of Doppler ultrasonography to estimate
blood flow. Blood flow is calculated as the product of blood vessel
cross-sectional area and mean flow velocity in the vessel (Vggc). The
latter is derived from the measured flow velocity relative to the direc-
tion of the probe (Vge) and requires precise determination of the
angle of insonation (6).
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Thus, the flow velocity is estimated from the ratio of the
Doppler shift frequency to the transmitted frequency, multi-
plied by the speed of sound propagation, and divided by two
times the cosine of the insonation angle.

An estimation of the volume of blood flow (Q) can be
made by multiplying mean velocity by the vessel cross-
sectional area (A), which is estimated with two-dimensional
(B-mode) ultrasonography:

Q = VRBC X A (5)

However, measurement of absolute flow using this tech-
nique is prone to difficulty and error, both from inaccurate
measurement of vessel cross-sectional area (e.g., arteries
pulsate during the cardiac cycle) and from inaccurate mea-
surement of flow (e.g., from inaccuracies in measurement of
0). Therefore, for diagnostic purposes, a number of indices
related to vascular impedance are derived from the flow
velocity waveform that are independent of 6.”” These rely on
the fact that the uterine vascular bed normally has low resis-
tance with flow continuing during diastole. If distal resistance
is increased, diastolic velocity decreases relative to systolic
velocity resulting in a waveform showing greater pulsatility.
Commonly derived indices (Fig. 3.6) are:

Systolic — diastolic(§)ratio = SYStO“_C (maTX{maI) veIOC|.ty
D Diastolic (minimal) velocity

(6)
(Systolic [maximum] velocity

— Diastolic [minimum] velocity)
Mean velocity

Pulsatility index (Pl) =

(7)

Maximum frequency shift

Time

Fig. 3.6 Schematic diagram showing elements of typical Doppler
waveform of the uterine artery. S, peak systolic frequency shift
(maximum velocity); D, end-diastolic frequency shift (minimum veloc-
ity); A, temporal averaged frequency shift (mean velocity) averaged
over one cardiac cycle; MMFS, mean maximum frequency shift.
Derived indices include systolic/diastolic (S/D) ratio = S/D, pulsatility
index (Pl) = (S — D)/A, and resistance index (RI) = (S — D)/S.
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Fig. 3.7 Normal (A) and abnormal (B) uterine artery Doppler
waveforms. The normal waveform has no notching and normal pul-
satility. The abnormal waveform shows notching and increased pul-
satility. (From Tuuli M, Odibo AO. The role of serum markers and
uterine artery Doppler in identifying at-risk pregnancies. Clin Perinatol.
2001;38:1-19.)

(Systolic [maximum] velocity
— Diastolic [minimum] velocity)
Systolic [maximum] velocity

(8)

Resistance index (Rl) =

In early pregnancy, uterine artery flow is very pulsatile
with high systolic flow and low diastolic flow. As gestation
progresses, resistance gradually decreases. Abnormal patterns,
including persistence of high resistance, diastolic notching,
the absence of end-diastolic flow, or reversal of diastolic flow,
are predictive of the development of abnormalities such as
preeclampsia or fetal growth restriction. Examples of normal
and abnormal uterine artery Doppler tracings are shown in
Fig. 3.7.”* Doppler velocimetry is also applied to the umbilical
vessels for antepartum fetal assessment (see Chapter 6). Other
methods of clinically evaluating the uteroplacental circulation
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BOX 3.2 Effects of Neuraxial Anesthesia
on Uterine Blood Flow

Increased uterine blood flow as a result of:

e Pain relief

e Decreased sympathetic activity

e Decreased maternal hyperventilation

Decreased uterine blood flow as a result of:

e Hypotension

e Unintentional intravenous injection of local anesthetic and/
or epinephrine

e Absorbed local anesthetic (little effect)

include the use of two-dimensional and three-dimensional
Doppler, power Doppler, contrast-enhanced ultrasonogra-
phy, and functional magnetic resonance imaging.”

NEURAXIAL ANESTHESIA

The effect of neuraxial anesthesia on uteroplacental blood
flow depends on the complex interaction of many factors (Box
3.2). Pain and stress during labor may reduce uteroplacental
blood flow through sympathetic stimulation and the release
of circulating catecholamines. Shnider et al.”® observed that
acute stress increased plasma norepinephrine concentrations
by 25% and decreased uterine blood flow by 50% in gravid
ewes. In laboring women, stress is associated with increased
plasma epinephrine concentration and abnormal fetal heart
rate patterns. Effective pain relief with neuraxial analgesia
decreases circulating concentrations of catecholamines’
and reduces hyperventilation and therefore may help protect
uteroplacental blood flow. In the absence of hypotension, epi-
dural anesthesia does not change uteroplacental blood flow
in pregnant sheep.” Results from human studies are variable,
partly because of differences in study design, techniques used,
and clinical circumstances. However, most studies have shown
no change or an increase in uteroplacental blood flow after
administration of epidural analgesia.””*" Some studies have
shown an increase in uterine vascular resistance indices,”""
but with no effect on neonatal outcomes. There is evidence
that in women with preeclampsia, epidural analgesia using a
plain local anesthetic may reduce uterine artery resistance’
and increase intervillous blood flow.” Ginosar et al.* reported
that antenatal continuous epidural infusion of ropivacaine in
preterm women with preeclampsia reduced uterine artery
resistance. Further work is required to determine whether this
might have therapeutic potential for short-term prolongation
of pregnancy.

Fetal bradycardia is sometimes observed after initiation of
neuraxial labor analgesia and has been attributed to decreases
in uteroplacental blood flow; the mechanism for this associa-
tion is unclear. Although alterations in uteroplacental blood
flow have been primarily attributed to maternal hypotension
and respiratory depression, another postulated mechanism is
uterine tachysystole caused by a rapid decrease in circulating

catecholamine concentrations (see Chapter 23).” Additional
studies are needed to evaluate the relationship between neur-
axial analgesic techniques, uteroplacental blood flow, and
fetal bradycardia.

Hypotension

Hypotension occurring during neuraxial blockade, depend-
ing on its magnitude and duration, may decrease utero-
placental blood flow for several reasons, including reduction
in perfusion pressure,'® reflex release of endogenous vasocon-
strictors, diversion (steal) of blood to the lower limbs,* and
response to administered vasopressors.”” The rapid and
extensive sympathetic blockade during spinal anesthesia, and
some of the methods used to treat hypotension, may account
for the observation that umbilical arterial blood pH is lower
with spinal anesthesia than with epidural or general anesthe-
sia for cesarean delivery.”

Intravenous Fluid Loading

Studies of the effect of intravenous fluid boluses used in
conjunction with assessment of the uteroplacental circulation
have had mixed results. Most Doppler studies have shown
that fluid preload before the initiation of neuraxial analgesia
does not change vascular resistance indices,” although a
decrease has been reported in one study.”

Vasopressors

The effects of vasopressors on uteroplacental blood flow
and the resulting implications for clinical drug selection
are controversial. Animal and in vitro studies have observed
that uteroplacental blood flow was better maintained using
ephedrine than with alpha-adrenergic agonists such as phen-
ylephrine, metaraminol, and methoxamine,” which likely
reflects the predominant beta-adrenergic effects of ephed-
rine. In addition, in vitro studies in pregnant sheep evaluating
the effects of ephedrine on blood vessels have demonstrated
enhanced vasoconstrictor activity on the femoral versus
uterine vessels and decreased uterine artery vasoconstriction
as a result of nitric oxide release.” In contrast, an increase in
the uterine arteriolar vasoconstrictor response to phenyleph-
rine has been observed during pregnancy.”’ However, in clini-
cal studies, umbilical arterial blood pH and base excess have
been observed to be greater with the use of alpha-adrenergic
agonists compared with ephedrine for maintaining mater-
nal blood pressure during spinal anesthesia for cesarean
delivery.””*® A comparison of different infusion regimens of
phenylephrine, titrated to maintain maternal systolic blood
pressure near baseline, observed no depression of fetal pH
and base excess despite very large total doses (up to 2500 pg)
before delivery.” In contrast, large doses of ephedrine admin-
istered to maintain blood pressure during spinal anesthesia
for cesarean delivery depressed umbilical arterial blood pH
and base excess in a dose-dependent manner.”

The explanation for the discrepancy between experimental
and clinical data is complex and incompletely understood.
Animal studies are not always appropriate models for clinical
situations. Under clinical conditions, Doppler studies have
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shown some evidence that uterine vascular resistance is
increased by alpha-adrenergic agonists,” but this finding
has not been consistent.” Although data suggest that alpha-
adrenergic agonists increase uterine vascular resistance more
than systemic vascular resistance, the difference may be pri-
marily caused by an effect in the myometrium, with relative
sparing of the vessels that perfuse the placenta.'” In addition,
uteroplacental blood flow in humans has a margin of safety
that appears to allow modest decreases in uterine blood flow
(caused by clinically appropriate doses of alpha-adrenergic
agonists) to occur without compromising oxygen transfer.
Finally, the propensity of ephedrine to worsen fetal acid-base
status may be related less to its effects on uteroplacental blood
flow and more to direct beta-adrenergic receptor-mediated
fetal metabolic effects. Compared with phenylephrine, ephed-
rine crosses the placenta to a greater extent and is associated
with higher fetal levels of lactate, glucose, epinephrine, and
norepinephrine.'”’

Thus, when considering the choice of vasopressor for
clinical use, the anesthesia provider should consider the sum
effect on fetal oxygen supply and demand balance rather
than the isolated effects on uteroplacental blood flow. In this
respect, clinical studies do not favor the use of ephedrine.
Overall, to date, studies comparing ephedrine and other
vasopressors in humans have not demonstrated differences in
clinical neonatal outcome.

Limited data are available for the comparison of vaso-
pressors in the presence of fetal compromise or placental
insufficiency. Erkinaro etal.'”'” developed a sheep model
to compare the effects of phenylephrine and ephedrine after
a period of experimental fetal hypoxia. Hypotension was
induced by epidural anesthesia and then corrected with either
phenylephrine or ephedrine. In an initial study, ephedrine
was associated with better restoration of uterine artery blood
flow, but no differences in fetal acid-base measurements
or lactate concentration were observed."”” However, in a
second study, these investigators embolized the placenta with
microspheres to model placental insufficiency and found that
phenylephrine and ephedrine had similar effects on uterine
blood flow, fetal pH, and base excess as found in the initial
study, with the exception that fetal lactate concentration was
greater in the phenylephrine group.'” Although the investi-
gators speculated that this exception might reflect impaired
fetal clearance of lactate, the placental embolization may have
narrowed the margin of safety for uteroplacental blood flow
and increased fetal lactate production in the phenylephrine
group.

In two studies, women with preeclampsia undergoing
cesarean delivery with spinal anesthesia were randomized
to receive phenylephrine or ephedrine for the prevention'™
or treatment'” of spinal anesthesia-induced hypotension.
Neither study identified differences in the acid-base status of
the neonates between the two drugs, suggesting that either
drug is appropriate for use in women with preeclampsia with
potentially compromised uteroplacental circulation.

In summary, ephedrine and phenylephrine both con-
tinue to be used clinically for maintaining maternal blood

pressure during the administration of neuraxial anesthesia
(see Chapter 26). Although most experimental data suggest
that uteroplacental perfusion is likely to be better maintained
with ephedrine than with alpha-adrenergic agonists, this
advantage may be outweighed by other considerations,
such as differences in efficacy for maintaining blood pres-
sure and direct fetal effects that occur from placental drug
transfer.

Local Anesthetics

Studies in vitro have shown that local anesthetics con-
strict arteries directly and inhibit endothelium-mediated
vasodilation.'” High concentrations of local anesthetic can
decrease uteroplacental blood flow by stimulating vasocon-
striction and myometrial contractility.'”'” A comparative
study in pregnant sheep showed that bupivacaine was more
potent than either lidocaine or 2-chloroprocaine in decreas-
ing uterine blood flow."” However, the adverse effects of
local anesthetics were seen only at concentrations in excess
of those observed clinically, with two possible exceptions: (1)
the unintentional intravenous injection of local anesthetic
and (2) the use of local anesthetics for a paracervical block. At
clinically relevant doses, no adverse effect on uteroplacental
blood flow was reported.'” Although initially the inherent
vasoconstrictor properties of ropivacaine were a matter of
concern, studies in animals'”” and humans''’ have not shown
that administration of ropivacaine results in a reduction in
uterine blood flow.

Epinephrine and o,-Adrenergic Agonists

Wallis etal.”® found that the epidural injection of 1.5%
2-chloroprocaine with epinephrine (10 ug/mL) produced
a small, brief reduction in uterine blood flow in pregnant
sheep. In contrast, Alahuhta etal.'"' reported that epidural
bupivacaine with epinephrine (5 pg/mL) had no effect on
intervillous blood flow in women undergoing cesarean deliv-
ery. Studies have not shown a reduction in uteroplacental
blood flow as a result of the absorption of epinephrine from
local anesthetic solutions given epidurally to healthy women
during labor."* However, one study observed that the addi-
tion of epinephrine (85 to 100 ug) to epidural bupivacaine
increased Doppler indices of uteroplacental vascular resistance
in hypertensive parturients with chronic fetal asphyxia.'”
Therefore, some anesthesia providers avoid epidural admin-
istration of epinephrine-containing local anesthetic solutions
to women with preeclampsia. Commonly, epinephrine (10 to
15 ug) is included in the epidural test dose. Marcus et al.'"*
reported that repeated epidural injections of epinephrine (10
to 15 ug) did not decrease uterine blood flow in pregnant
sheep; however, the same dose injected intravenously reduced
uterine blood flow, with a maximum decrease of 43%
observed at 1 minute.

The epidural and intrathecal administration of o,-
adrenergic agonists (e.g., clonidine, dexmedetomidine) has
been a subject of clinical investigations. Intravenous, but
not epidural, administration of clonidine decreased uterine
blood flow in gravid ewes.'"
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Opioids

Intrathecal opioids have been implicated as contributing to a
greater risk for fetal bradycardia when used for labor analge-
sia compared with non-intrathecal opioid neuraxial analgesic
techniques.''® The mechanism for this effect has been postu-
lated as an increase in uterine tone and a resulting decrease in
uteroplacental blood flow, although further research is
needed. Craft etal.""”'"® observed that neither epidural fen-
tanyl nor morphine had a significant effect on uterine blood
flow in gravid ewes. Alahuhta et al.""” reported that epidural
sufentanil 50 pg did not alter uterine artery blood flow veloc-
ity waveform indices in laboring women. Intrathecal meperi-
dine and sufentanil, however, may be associated with

hypotension that may potentially decrease uterine blood
ﬂOWIZU,IZI

GENERAL ANESTHESIA

Intravenous Agents

Available data suggest that the commonly used induction
agents have minimal or no direct adverse effect on utero-
placental blood flow. Allen etal."”” found that thiopental
inhibited the response of human myometrial arteries to con-
tractile agents in vitro but had no effect on relaxation induced
by prostacyclin. Alon et al.'” reported that uterine blood flow
did not change significantly during induction and mainte-
nance of propofol anesthesia in pregnant sheep. Craft et al.'**
reported that uterine tone increased but uterine blood flow
remained constant after an intravenous bolus of ketamine in
pregnant sheep. Similarly, Striimper etal.'” reported that
neither racemic nor S*-ketamine affected uterine perfusion in
pregnant sheep. Few data are available on the direct effects of
etomidate on uteroplacental blood flow.

During the intravenous induction of general anesthesia,
uteroplacental perfusion may be affected by indirect mecha-
nisms such as blood pressure changes and the sympathetic
response to laryngoscopy and endotracheal intubation. Joup-
pila et al."* reported that intervillous blood flow decreased by
22% to 50% during induction of general anesthesia for
cesarean delivery with thiopental 4 mg/kg, succinylcholine
1 mg/kg, and endotracheal intubation. Gin et al."”” compared
thiopental 4 mg/kg and propofol 2 mg/kg in patients under-
going elective cesarean delivery and found that venous plasma
concentrations of epinephrine and norepinephrine increased
after endotracheal intubation in both groups, but maximum
norepinephrine concentrations were lower in the propofol
group. No differences in neonatal outcomes were observed.
Levinson et al."” found that intravenous ketamine increased
blood pressure with a concomitant rise in uterine blood flow
in pregnant sheep. Addition of a rapid-acting opioid (e.g.,
alfentanil, remifentanil) during induction of general anesthe-
sia may minimize the increase in circulating catecholamines
that occurs after laryngoscopy and endotracheal intuba-
tion."””"** Although the use of such opioids might attenuate
any decrease in uterine blood flow, the potential for neonatal
respiratory depression should be considered.

Inhalational Agents

Studies in pregnant sheep have shown that usual clinical doses
(i.e., 0.5 to 1.5 minimum alveolar concentration [MAC]) of
the volatile anesthetic agents, including isoflurane, desflu-
rane, and sevoflurane, have little or no effect on uterine blood
flow, although deeper planes of anesthesia are associated with
reductions in cardiac output, maternal blood pressure, and
uterine blood flow."”" Nonetheless, high concentrations of
inhalational agents (approximately 2 MAC) have been used
during ex utero intrapartum treatment procedures without
evidence of impaired fetal gas exchange.'”” A dose-dependent
reduction in uterine tone caused by inhalational agents
would be expected to increase uterine blood flow in clinical
circumstances in which tone is increased (e.g., hyperstimula-
tion with oxytocin, cocaine overdose, placental abruption).
Overall, there is little reason to choose one inhalational agent
over another on the basis of an agent’s effects on uterine
blood flow.

Ventilation

Although moderate levels of hypoxemia and hypercapnia do
not affect uteroplacental blood flow,"” marked alterations
may reduce blood flow indirectly by mechanisms most likely
involving sympathetic activation and catecholamine release.
The effect of hypocapnia on uteroplacental blood flow is
controversial. Some investigators have noted that hyperventi-
lation with hypocapnia caused fetal hypoxia and metabolic
acidosis in animals,"”* whereas others have found no effect.'”
Levinson et al."”® observed that positive-pressure ventilation
decreased uterine blood flow in pregnant sheep; however,
because the addition of carbon dioxide did not improve
uterine blood flow, the reduction in blood flow was attributed
to the mechanical hyperventilation rather than the hypocap-
nia. In general, most authorities recommend that hyperventi-
lation be avoided in pregnancy, in part because of concerns
about uterine blood flow.

EFFECTS OF OTHER DRUGS
AND INTERVENTIONS

Magnesium Sulfate

Magnesium sulfate increases uterine blood flow in normo-
tensive and hypertensive pregnant sheep.””'”® Although
hypermagnesemia was found to exacerbate maternal hypo-
tension during epidural anesthesia in pregnant sheep, no
reduction in uterine blood flow was observed."”” In women in
preterm labor'” and with preeclampsia with severe features,'*’
magnesium sulfate caused a modest decrease in Doppler
indices of uterine vascular resistance. Infusion of magnesium
caused an increase in uterine blood flow, which was associ-
ated with an improvement in red blood cell deformability in
women with preeclampsia or fetal growth restriction."*'

Antihypertensive Agents

In patients with gestational hypertension, the effects of anti-
hypertensive drugs on uteroplacental perfusion depend on
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the interaction of their effects on uterine vascular resistance
and systemic maternal blood pressure. In animal models
of pharmacologically induced hypertension, hydralazine
reduced maternal blood pressure but increased uteroplacental
blood flow, reflecting a decrease in uterine vascular resis-
tance."*'" Similar studies with labetalol have had varying
results, showing increased,'** decreased,'” and no change'*®
in uteroplacental blood flow. A study in preeclamptic women
observed an increase in uterine artery resistance indices
after hydralazine but not labetalol."” However, previous
studies have generally demonstrated no significant change in
uteroplacental blood flow with either drug,"*"" indicating
that other considerations are probably more important for
guiding drug selection. Studies of methyldopa in patients
with preeclampsia have found either a reduction” or
no change'” in indices of uterine and placental vascular
resistance.

Calcium Entry—Blocking Agents

Verapamil 0.2 mg/kg was shown to decrease maternal blood
pressure and uterine blood flow in pregnant sheep."* Studies
with nifedipine have yielded conflicting results. Some animal
studies have shown that nifedipine decreases uteroplacental
blood flow and worsens the fetal condition, whereas human
studies have shown either no change in uteroplacental
blood flow or vascular resistance' or a decrease in vascular
resistance.'”

Vasodilators

Nitroglycerin was shown to relax human uterine arteries in
vitro."””” In women with abnormal uterine artery blood flow at
24 to 26 weeks’ gestation, infusion of intravenous nitroglyc-
erin decreased uterine resistance indices.”™ Similarly, trans-
dermal nitroglycerin administered for 3 days to patients with
preeclampsia and fetal growth restriction decreased uterine
resistance indices.'”” However, Grunewald et al.'"” reported
that an infusion of nitroglycerin in women with preeclampsia
with severe features did not change the pulsatility index of
the uterine artery. When interpreting such studies, clinicians
should remember that increases in total uterine blood flow
do not necessarily result in enhanced placental perfusion.
Further work is required to define the utility of systemic vaso-
dilators for improving uteroplacental blood flow in clinical
practice.

Inotropic Drugs

Inotropic drugs are rarely indicated in obstetric patients. On
the basis of studies of normal pregnant sheep, milrinone and
amrinone may increase uterine blood flow, whereas dopa-
mine and epinephrine may diminish it.'""'*> The choice of
an inotropic agent should be based primarily on the desired
efficacy (i.e., maternal considerations) rather than the poten-
tial direct effects on uterine blood flow. This is especially
important during maternal resuscitation or cardiac arrest,
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Fig. 3.8 Intervillous blood flow measured using an '*Xenon
method before and after inhalation of oxygen 5 L/min in 22
women with a pregnancy complication between 34 and 40
weeks’ gestation. Data are shown for individual patients. Mean
blood flow decreased significantly after inhalation of oxygen 5 L/min.
(Redrawn from Jouppila P, Kirkinen P, Koivula A, Jouppila R: The
influence of maternal oxygen inhalation on human placental and
umbilical venous blood flow. Eur J Obstet Gynecol Reprod Biol.
1983;16:151-156.)

when maternal welfare is the overriding priority and standard
resuscitation drugs should be administered. Restoration of
spontaneous circulation and adequate uterine perfusion
pressure is far more important than avoidance of uterine
vasoconstriction.

Oxygen Therapy

The effect of supplemental maternal oxygen therapy on
uteroplacental blood flow is controversial. Jouppila et al.'”
measured intervillous blood flow using an '’xenon clearance
method in 22 women, all of whom had some form of preg-
nancy complication between 34 and 40 weeks’ gestation. They
reported that blood flow decreased significantly after inhala-
tion of oxygen 5L/min (Fig. 3.8) and suggested that this
might be related to a vasoconstrictive effect of maternal
hyperoxia. Although it is common practice to administer
supplemental maternal oxygen as part of intrauterine resusci-
tation for suspected fetal compromise, evidence for the
benefit of this practice is unclear.'*
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_ KEY POINTS

Growth and development of the uteroplacental vasculature
and progressive vasodilation allow uteroplacental blood
flow to increase during pregnancy. Uteroplacental blood
flow constitutes approximately 12% of maternal cardiac
output at term.

Many factors modulate the maintenance and regulation of
uteroplacental blood flow, including altered responses to
vasoconstrictors, increases in endothelium-derived vasodi-
lators, and the effects of steroid hormones and shear stress.
The uteroplacental circulation is a dilated, low-resistance
vascular bed with limited ability for autoregulation. Flow
may be reduced by a decrease in uterine arterial pressure,
an increase in uterine venous pressure, or an increase in
uterine vascular resistance.

The uteroplacental circulation is composed of placental
and nonplacental circulations that are anatomically and
functionally dissimilar.

Acute or chronic reductions in uteroplacental blood flow
may threaten fetal viability and predispose to disorders
such as preeclampsia and fetal growth restriction. In situ-
ations of an acute reduction in uteroplacental perfusion,
there is a limited margin of safety; exceeding this limit
may decrease fetal oxygen uptake with resultant metabolic
acidosis.

Animal studies are the principal source of uteroplacental
blood flow data; thus, clinicians should carefully consider
interspecies differences and study methodology when
extrapolating experimental findings to clinical practice.

Doppler ultrasonography is the method most commonly
used clinically to assess uteroplacental blood flow in
humans. Abnormal waveforms and indices of resistance
may be predictive of complications such as preeclampsia,
fetal growth restriction, and preterm labor.

Neuraxial anesthesia can increase uterine blood flow by
reducing pain and stress, or it can decrease uterine blood
flow by causing hypotension.

Although animal studies show that ephedrine protects
uteroplacental blood flow better than alpha-adrenergic
agonists such as phenylephrine, umbilical arterial blood
pH and base excess are lower after administration of
ephedrine. This effect may be related to a greater pro-
pensity of ephedrine to cross the placenta and have direct
metabolic effects on the fetus.

The doses of general anesthetic agents used clinically have
minimal direct effects on uterine blood flow. General anes-
thesia may reduce uterine blood flow by causing decreased
cardiac output and hypotension. Conversely, noxious
stimulation during light anesthesia may precipitate the
release of catecholamines, which results in decreased
uterine blood flow.

For cardiovascular emergencies in pregnant women, the
choice of inotropic drug should depend primarily on
the efficacy of the drugs to optimize the maternal condi-
tion, rather than on minor differences in uterine blood
flow. Standard resuscitation drugs should be used in an
emergency.
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The placenta is a critical organ of great importance to obstet-
ric anesthesia. Revered by ancient cultures as “the seat of the
external soul” or “the bundle of life,” the placenta is involved
in many cultural rituals. Acknowledgment and understanding
of the indispensable role of the placenta continues to evolve.
The notion of the placenta as a passive conduit for oxygen,
nutrients, and waste has been dispelled with the realization
that the placenta is a complex and dynamic organ that serves
critical functions of metabolism, nutrition, and hormonal
maintenance during pregnancy. Maternal-placental condi-
tions can affect the fetus during pregnancy with consequences
into adulthood and even beyond into the next generation.'

The placenta brings the maternal and fetal circulations into
close apposition without substantial interchange of maternal
and fetal blood for the physiologic transfer of gases, nutrients,
and wastes. This important exchange is accomplished within
a complex structure that is almost entirely of fetal origin.

ANATOMY
Embryology

The blastocyst attaches to endometrial pinopodes
(uterodomes), which express markers of endometrial recep-
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tivity (e.g., galectin-9),” and serine proteases and metallopro-
teinases (e.g., MMP-2 and MMP-9) initiate the remodeling
of the uterine extracellular matrix. The syncytiotrophoblasts
(invasive cells located at the margin of the growing concep-
tus), with the assistance of endometrial stromal cells, invade
the decidua, capillaries, and arterioles until the blastocyst
is surrounded by circulating maternal blood (trophoblastic
lacunae).” The vitelline vein system develops in the embry-
onic yolk sac to enhance nutrient transport from the mater-
nal blood through the trophoblast layer and chorionic plate
into the chorionic cavity.” The embryo undergoes a dramatic
acceleration in growth as its dependence on simple diffusion
diminishes.*

At 2 weeks of development, the primitive extra-embryonic
mesoderm (cytotrophoblast layer) begins to proliferate as
cellular columns, carrying a syncytiotrophoblast covering
and extending into the maternal blood lacunae; these repre-
sent primary villi. Development within the core of these
primary villi marks the metamorphosis into secondary villi.
Further cellular differentiation of the villi mesoderm into
blood cells and vessels marks the transition into tertiary villi.
Each villus develops connections within the chorionic plate
and into the stalk connecting the developing embryo with the
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primitive placenta. Penetration of the cytotrophoblast con-
tinues through the syncytiotrophoblastic layer until many of
the villi reach the decidua and form anchoring villi (Fig. 4.1).*
Villi undergo extensive branching into the lacunar (or inter-
villous) spaces, enlarging the surface area available for
exchange. Villous maturation reduces the cytotrophoblast
thickness, thereby shortening the distances required for
diffusion.*

The embryo attaches to the chorion via a connecting body
stalk. Mesodermal components of this stalk coalesce to form
the allantoic (or rudimentary umbilical) vessels. The expan-
sive open region at the ventral surface of the embryo con-
stricts as the body wall grows, surrounding the yolk stalk,
allantois, and developing vessels into a primitive umbilicus.
The mature umbilical cord forms as the expanding amnion
surrounds the connecting stalk and yolk sac.*

Placental development is a dynamic process influenced by
many factors. Nitric oxide plays an important role in embryo
development, implantation, and trophoblast invasion in
diverse species.’” Human endothelial nitric oxide synthase
(eNOS) expression in the syncytiotrophoblast and early
endothelium occurs in the first trimester and becomes more
prominent throughout pregnancy. Angiogenesis depends on
vascular endothelial growth factor (VEGF) and its receptors
VEGEFR-1 (Flt-1) and VEGFR-2 (Flk-1), transforming growth
factor-f, (TGF-B,), and angiopoietin 1 and 2, which exert
their effects partially through nitric oxide. Hypoxia also plays
an important role in placental development and angiogenesis
by stimulating trophoblast invasion and differentiation via
hypoxia-inducible factor-alpha, which activates VEGF and
eNOS. Relative hypoxia must be maintained in early placental
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Fig. 4.1 The placenta is a complex structure that brings the maternal
and fetal circulations into close apposition for exchange of sub-
stances. (Redrawn from Kaufmann P, Hans-Georg F. Placental
development. In Polin RA, Fox WW, Abman SH, eds. Fetal and Neo-
natal Physiology. 3rd ed. Philadelphia, PA: Saunders; 2004:85-96.)

development because the placental-fetal unit cannot tolerate
the oxidative stress of reactive oxygen species during organo-
genesis.” Oxygen levels influence the placental vascular sensi-
tivity to vasodilators and vasoconstrictors. In vitro studies
have shown that NOS inhibition and hypoxia independently
increase placental perfusion pressure. Both of these effects are
prevented by nitric oxide donors, suggesting a common
pathway with the effect of hypoxia mediated partly by low
NOS activity.”

Preeclampsia is related, at least in part, to abnormal pla-
cental growth and implantation at early stages of develop-
ment, resulting in the villous tree having longer capillaries
with fewer branches (see Chapter 35).” Vascular dysfunction
occurs mainly from changes in vascular structure and synthe-
sis of nitric oxide rather than from altered responses to nitric
oxide and vasoconstrictors.

The expression and control of DNA and genes affects pla-
cental development, fetal development, adult phenotype
expression, and clinical diseases, even into subsequent genera-
tions."” Epigenetics explores the prolonged effect of maternal
and paternal environmental influences; gene expression
becomes altered by DNA methylation, histone modification,
and noncoding RNA. At fertilization, global DNA methyla-
tion is erased so the genome is hypomethylated at the blasto-
cyst stage (implantation).” Methylation of placental DNA
increases with gestation, causing down- and up-regulation of
genes associated with cell cycles and immune response,
respectively.® Genomic imprinting causes the silencing of one
allele-specific copy of a gene, which leads to extensive intra-
placental and cotyledon mosaicism. In vitro fertilization, diet,
and maternal diseases can influence epigenetic changes and
subsequently alter DNA methylation.’

Altered gene methylation has been linked to clinical
disease states.” Increased long interspersed nuclear element-1
(LINEI) gene methylation, as well as hypomethylation of 34
specific genes, are associated with early-onset preeclamp-
sia."’ By contrast, late-onset preeclampsia is associated with
hypomethylation of only 4 genes."” These and other findings
indicate that DNA and DNA regulatory changes influence
early placental development as well as the occurrence of
pregnancy-associated diseases.

Human studies have demonstrated fetal programming of
childhood and adult diseases. Adults who were exposed in
utero to episodes of malnutrition developed reduced glucose
tolerance, atherogenic lipid profiles, and a doubled rate of
cardiovascular diseases; these disease states were associated
with hypomethylation of regulatory areas for insulin-like
growth factor-2 and other genes.' In utero exposure to a
high-fat diet can lead to an increased incidence of diabetes in
offspring, and chronic maternal stress during pregnancy can
lead to infant neurodevelopmental disorders.'

The placenta grows dramatically from the third month
of gestation until term, with a direct correlation between
placental growth and fetal growth. By term, the mature pla-
centa is oval and flat, with an average diameter of 18.5 cm,
weight of 500 g, and thickness of 23 mm. At term, the
human fetal-placental weight constitutes 6% of maternal
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weight."" The growth of the placenta and fetus is influenced
by maternal anabolic status, placental growth hormone,
insulin-like growth factor-1, leptin, and glucocorticoids.'”
Whether maternal or fetal in origin, increased glucocorti-
coids signal adverse environmental conditions and result in
reduced glucose and amino acid transfer to the fetus. With
12 subtypes of glucocorticoid receptors, significant variations
in placental-fetal development can occur, including altera-
tions in placental remodeling, trophoblastic invasion, and
angiogenesis inhibition.”” Competition between the mother
and fetus for resource allocation has been termed the kinship
theory, in which imprinted genes influence the balance of
nutrient allocation in a context-specific manner."

Comparative Anatomy

Placentas of different species vary in their method of uterine
attachment (adhesion, interdigitation, and fusion) and
the number of tissue layers between the maternal and fetal
circulations. The placental categorization system, called the
Grossner classification, uses the number of tissue layers in the
placental barrier to help differentiate species (Fig. 4.2)."

The ability of the placenta to transfer various substances
differs among species. The markedly thicker epitheliochorial
placenta found in sheep, a species commonly used for pla-
cental transfer studies, has three maternal layers (epithelium,
connective tissue, and endothelium) that separate maternal
from fetal blood. By contrast, the human hemochorial pla-
centa lacks these maternal layers, which allows maternal blood
to bathe fetal tissues directly (see Fig. 4.2). As a result, species
differ in the transfer of substances through the placenta.

Vascular Architecture

Maternal

Under the initial hormonal influences of the corpus luteum,
the uterine spiral arteries elongate and coil. Erosion of the
decidua induces lateral looping of the already convoluted
spiral arteries.”” In late pregnancy, approximately 200 spiral
arteries can supply approximately 600 mL/min of blood flow
directly to the fetus through the placenta.”” The vasodilation
required to accommodate the increased flow is accomplished

FETAL

Trophoblast

Epithelium

MATERNAL

by the replacement of the elastic and muscular components
of these arteries by cytotrophoblastic cells, and later by fibroid
cells; vessel diameter increases up to 10-fold, while blood
velocity and blood pressure decrease.” Inadequate uterine
spiral artery development contributes to relative ischemia and
the development of preeclampsia and fetal growth restriction,
which was previously called intrauterine growth restriction
(IUGR). Computer modeling of spiral artery flow indicates
that high blood velocity in nondilated spiral arteries causes
damage to the endothelium and placenta trophoblast.'®

The intervillous space is a large cavernous expanse that
develops from the fusion of the trophoblastic lacunae and the
erosion of the decidua by the expanding blastocyst. Folds in
the basal plate form septa that divide the space into 13 to 30
anatomic compartments or lobules for efficient transfer of
material between maternal and fetal blood flow. Each lobule
contains numerous villous trees that are also known as coty-
ledons or placentomes. The intervillous space of the mature
placenta can accommodate 350 mL of maternal blood.

Maternal arterial blood leaves the funnel-shaped spiral
arteries and enters the intervillous space. The blood moves
into the nearly hollow, low-resistance area, where villi are very
loosely packed (the intercotyledonary space), before entering
a region of densely packed intermittent and terminal villi
where placental exchange predominates (Fig. 4.3)."” Maternal
venous blood collects between neighboring villous trees in an
area called the perilobular zone. Collecting veins penetrate the
maternal plate at the periphery of the villous trees to drain
perilobular blood from the intervillous space.

Fetal

Two coiled arteries in the umbilical cord bring fetal blood
toward the placenta. These arteries divide into chorionic
arteries that supply the 50 villous trees located in the placen-
tal lobules. At the base of each villous tree, the chorionic
arteries are considered the main villous stem or truncal arteries
(first-order vessels), which in turn branch into four to eight
ramal or cotyledonary arteries (second-order vessels); as they
pass toward the maternal plate, they further subdivide into
ramulus chorii (third-order vessels) and, finally, terminal

Fig. 4.2 Modification of Grossner’s original classification scheme showing the number and types of tissue
layers between the fetal and maternal circulation. Examples are as follows: (1) epitheliochorial, sheep; (2)
endotheliochorial, dogs and cats; and (3) hemochorial, human and mouse. The gray discs represent red blood
cells in vessels and the intervillous space. (lllustration by Naveen Nathan, MD, Northwestern University

Feinberg School of Medicine, Chicago, IL.)
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Fig. 4.4 Right, Cellular morphology of two terminal villi. Left, Higher magnification of the boxed region exhib-
iting the placental barrier between fetal and maternal blood. (Redrawn from Kaufmann P. Basic morphology
of the fetal and maternal circuits in the human placenta. Contrib Gynecol Obstet. 1985;13:5-17.)

arterioles. The terminal arterioles lead through a neck region
into a bulbous enlargement, where they form two to four
narrow capillary loops. Here the large endothelial surface area
and the near-absence of connective tissue allow optimal
maternal-fetal exchange (Fig. 4.4)."

The venous end of the capillaries loops, narrows, and
returns through the neck region to the collecting venules,
which coalesce to form the larger veins in the stem of the
villous trees, and as they perforate the chorionic plate, become
chorionic veins. The venous tributaries combine to empty
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into the one umbilical vein that delivers blood back to the
fetus.

PHYSIOLOGY

Barrier Function

The placenta is an imperfect barrier that allows bidirectional
transfer of many substances; the rate and amount of transfer
depend on the permeability and the presence of various
mechanisms to restrict movement. Many substances undergo
specific or nonspecific binding within the placental tissues,
thereby minimizing fetal exposure and accumulation; other
substances are altered by the vast array of inducible and con-
stitutive cytochrome P450 isoenzymes and transporters. Pla-
cental membrane thickness, which may influence the rate of
diffusion, diminishes as gestation progresses'’; however, the
transfer rate of certain simple substances (e.g., glucose, water)
differs very little among species, despite significant variations
in placental thickness.

Maternal and fetal cellular components can cross the
placental barrier by disruption of the trophoblastic layer or
by active adhesion and transmigration (similar to blood-
brain barrier migration).”” Fetal cells may be pluripotent,
and their DNA can be found in maternal organs for decades.
Murine fetal progenitor cells have been found to migrate and
assist with maternal wound healing.”’ These microchimeric
fetal cells may contribute to maternal immunomodulation,
development or worsening of autoimmune diseases (e.g.,
thyroiditis, lupus, and asthma), and healing of wounds,
including neuronal tissue.”* Placental exosomes, nanovesicles
30 to 100 nm in size found in maternal circulation that
contain proteins and transcription-related materials, exert
a maternal immunosuppressive effect. Placental micropar-
ticles, which are vesicular products of syncytiotrophoblast
greater than 100 nm, also contain RNA and DNA fragments
and affect fetal and maternal apoptosis, angiogenesis, and
inflammation. Syncytial nuclei from the placental villous
tree also enter the maternal circulation, reside in the lung,
participate in maternal-fetal signaling, and assist in the
delivery of retroviral proteins for immunomodulation.” An
excess of microparticles has been observed in early-onset
preeclampsia.

Hormonal Function

A sophisticated transfer of precursor and intermediate com-
pounds in the maternal-fetal-placental unit allows placental
enzymes to convert steroid precursors into estrogen and
progesterone. This steroidogenic function of the placenta
begins very early in pregnancy; by 35 to 47 days after ovula-
tion, the placental production of estrogen and progesterone
exceeds that of the corpus luteum (i.e., the ovarian-placental
shift).”

The placenta also produces and stores a wide array of
enzymes, binding proteins, and polypeptide hormones. For
example, the placenta produces human chorionic gonado-
tropin, human placental lactogen (a growth hormone also
known as human chorionic somatomammotropin), and

factors that control hypothalamic function.” Production of
proteins and steroid hormones allows the placenta to influ-
ence and control the fetal environment.”

Regulation of Placental Blood Flow

Maternal Blood Flow

Maternal blood enters the intervillous cotyledon space at
a pressure of 70 to 80 mm Hg in an area that has relatively
few villi."” The pressure and velocity of blood flow rapidly
diminishes to 10 mm Hg as blood passes into an area of
higher resistance created by the densely packed villi of the
placentome."”

Fetal Blood Flow

In contrast to the maternoplacental circulation, which relies
on vasodilation to increase flow, the increase in fetoplacental
blood flow is primarily caused by vascular growth. Fetal
perfusion of the placenta is not classically autoregulated; the
placental vasculature is not innervated by the sympathetic
nervous system. However, the fetus can modulate fetoplacen-
tal perfusion via: (1) endocrine effects of adrenomedullin, (2)
net efflux/influx of water regulated by fetal blood pressure,
and (3) local autoregulatory effects mediated by the paracrine
vasodilators nitric oxide and acetylcholine.”** Adrenomedul-
lin release by the fetal adrenal glands assists in maintenance of
tone in placental vessels. Fetal blood pressure changes cause
net influx/efflux of water across the placenta that affects fetal
intravascular volume and perfusion. Maternal hyperglycemia
and hypoxemia™ can alter regional fetal blood flow, prob-
ably through vascular mediators. Endothelium-derived
relaxing factors, especially prostacyclin®® and nitric oxide,”
are important in the control of fetoplacental circulation.
Hypoxia-induced fetoplacental vasoconstriction is mediated
by a reduction in the basal release of nitric oxide.” This
vasoconstrictor activity is functionally similar to that found
in the lung (i.e., hypoxic pulmonary vasoconstriction) and
allows optimal fetal oxygenation through redistribution of
fetal blood flow to better-perfused lobules.”” The placental
vasculature constricts in response to graded hypoxia,’
and may be more dependent upon angiotensin II than
catecholamines.”

Transport Mechanisms

Substances are transferred across the placenta by one of
several mechanisms.

Passive Transport

The passive transfer of molecules across a membrane depends
on (1) concentration and electrochemical differences across
the membrane, (2) molecular weight, (3) lipid solubility, (4)
degree of ionization, and (5) membrane surface area and
thickness. Passive transfer is driven principally by a concen-
tration gradient and occurs through the lipid membrane
(e.g., lipophilic molecules and water) or within protein chan-
nels that traverse the lipid bilayer (e.g., charged substances
such as ions).” Drugs with a molecular weight less than 600
Da cross the placenta by passive diffusion.™
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Facilitated Transport

Carrier-mediated adenosine triphosphate (ATP)-indepen-
dent transport of relatively lipid-insoluble molecules down
their concentration gradient is called facilitated diffusion.
Facilitated diffusion differs from simple diffusion in several
ways. Specifically, this mode of transfer exhibits (1) satura-
tion kinetics, (2) competitive and noncompetitive inhibition,
(3) stereospecificity, and (4) temperature influences (e.g., a
higher temperature results in greater transfer). With simple
diffusion, the net rate of diffusion is proportional to the dif-
ference in concentration between the two sides of the mem-
brane. The rate of transfer is determined by the number of
membranous carrier protein complexes and the extent of
interaction between the carrier and the substance undergoing
transport. This rate limitation is valid for facilitated diffusion
only when transmembrane concentration differences are
small. At higher concentration gradients, a maximum rate of
transfer (V,,..) is reached; thereafter, further increases in the
concentration gradient do not affect the rate of transfer.”” An
example of facilitated diffusion is the transplacental transfer
of glucose.

A special type of facilitated diffusion involves the “uphill”
transport of a molecule linked to another substance traveling
down its own concentration gradient. As such, the transfer is
not directly driven by cellular energy expenditure. In most
cases, sodium is the molecule that facilitates transport. For
the membrane-bound carrier to transfer these molecules,
both molecules must be bound to the carrier. This hybrid
system is called secondary active transport or co-transport.”
The transplacental transport of amino acids appears to occur
principally through secondary active transport. Transporters
may be affected by disease states (e.g., preeclampsia) or sig-
naling molecules (e.g., elevated steroid levels).”

Active Transport

Active transport involves the movement of any substance
across a cell membrane requiring energy from ATP hydrolysis.
In general, active transport occurs against a concentration,
electrical, or pressure gradient. Active transport also requires
a protein membrane carrier that exhibits saturation kinetics
and competitive inhibition. The best-known example of
primary active transport is the translocation of sodium and
potassium through the sodium-potassium adenosine tri-
phosphatase (Na'/K* ATPase) pump. Unlike most cell types,
the placenta can self-generate creatinine, which assists in the
regeneration of ATP and in meeting the high metabolic
energy demands of the placenta.”

Active transport proteins include P-glycoprotein, breast
cancer resistance protein, multidrug resistance protein, and
the sodium/multivitamin transporter, as well as the many
proteins involved in monoamine transport and xenobiotics.”
These transport proteins play an important role in protecting
the fetus from foreign and potentially teratogenic compounds.
Drugs may compete with endogenous compounds of similar
shape and charge for active transport.” P-glycoprotein trans-
ports many lipophilic drugs and antibiotics and removes
cytotoxic compounds from the fetus; it exists on the maternal

side of the trophoblastic cell membrane of the placenta and
prevents compounds such as methadone and saquinavir (a
protease inhibitor) from leaving the maternal blood, thus
limiting fetal exposure.” Inhibition of these transporter pro-
teins (e.g., inhibition of P-glycoprotein by verapamil) can
significantly increase the fetal transfer of certain drugs,
including midazolam, which is a substrate for P-glycoprotein.
DNA transcription of transporters may be induced by drugs
or disease states. Expression of transporters may change with
gestational age.”

Pinocytosis

Pinocytosis is an energy-requiring process in which the cell
membrane invaginates around large macromolecules that
exhibit negligible diffusion properties. Although the contents
of pinocytotic vesicles are subject to intracellular digestion,
studies have demonstrated that the vesicles can move across
the cytoplasm and fuse with the membrane at the opposite
pole. This appears to be the mechanism by which immuno-
globulin G is transferred from the maternal to the fetal
circulation.

The placenta releases extracellular vesicles of various sizes
and functions. Macrovesicles from the syncytiotrophoblast
(20 to 500 um) carry fetal protein, RNA, and other substances;
microvesicles from membranes of stressed or apoptotic cells
(0.1 to 1 um) and exosomes (20 to 100 nm) contribute to
feto-maternal communication.”

Other Factors That Influence Placental Transport

Other factors that affect maternal-fetal exchange include (1)
maternal and fetal blood flow, (2) placental binding, (3) pla-
cental metabolism, (4) diffusion capacity, (5) maternal and
fetal plasma protein binding, and (6) gestational age (the
placenta is more permeable in early pregnancy).” Lipid solu-
bility, pH gradients between the maternal and fetal environ-
ments for some basic drugs (“ion trapping”), and alterations
in maternal or fetal plasma protein concentrations found in
normal pregnancy*' and other disease states (e.g., preeclamp-
sia) may also alter net placental transport.

Transfer of Respiratory Gases and Nutrients
Oxygen

The placenta must provide approximately 8 mL O,/min/kg
fetal body weight for fetal growth and development, while
adults only require 3 to 4 mL O,/min/kg at rest.”” As the
“lung” for the fetus, the placenta has only one-fifth the oxygen
transfer efficiency of the adult lung.”” The human lung, with
a surface area of 50 to 60 m® and a thickness of only 0.5 um,
has a very large oxygen diffusion capacity; in comparison, the
placenta has a lower diffusion capacity because of its smaller
surface area of 16 m* and a thicker membrane of 3.5 um.
Furthermore, 16% of uterine blood flow and 6% of umbilical
blood flow are shunted through the placenta."”

Oxygen transfer across the placenta depends on the
membrane surface area, membrane thickness, oxygen partial
pressure gradient between maternal blood and fetal blood,
oxygen affinity of maternal and fetal hemoglobin, and
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relative maternal and fetal blood flows. As physically dis-
solved oxygen diffuses across the villous membranes, bound
oxygen is released by maternal hemoglobin in the intervillous
space and diffuses across the placenta. Several factors affect
the fetal blood Po, once it reaches equilibration in the villi
end-capillaries. First, the concurrent and countercurrent
arrangements of maternal and fetal blood flow play a key
role for placental oxygen transfer in various species. The
almost complete equilibration of maternal and fetal Po,
values suggests that a concurrent (or parallel) relationship
between maternal blood and fetal blood exists within the
human placenta (Fig. 4.5),"* although others have described
a multivillous, cross-current flow pattern. The functional
anatomy of the placenta in many mammals involves more
layers than the human placenta; thus, results of animal
models can only provide evidence for trends, not values,
in humans.

In humans, oxygen solubility is 10*M in plasma and
107 M in hemoglobin; thus, 99% of the oxygen content in
blood is bound to hemoglobin. With an inspired FiO, of
1.0, the maximum maternal arterial Po, was 425 mm Hg
on 100% O,, but the fetal umbilical venous (UV) Po, was
only 47 mm Hg, indicating a low diffusion capacity across
the placenta.”” The placenta receives less than 50% of the
fetal cardiac output, and blood returning from the placenta
admixes with the nonoxygenated blood in the fetal inferior
vena cava, thus limiting fetal arterial Po,.

Although some have called the human placenta “diffusion
limited” because of the decreased ability of oxygen to cross the
intervillous membrane, the delivery of oxygen to the fetus is
predominantly flow limited. Maternal delivery of blood (i.e.,
oxygen) to the uterus is the predominant factor controlling
fetal oxygen transfer. The high fetal hemoglobin concentration

(17 mg/dL) accounts for the large oxygen content and the
net delivery of large quantities of oxygen to the fetus. Fetal
hemoglobin has a higher oxygen affinity and therefore a lower
partial pressure at which it is 50% saturated (Psy: 18 mm Hg)
than maternal hemoglobin (Ps;: 27 mm Hg). This gradient
produces a “sink” effect that enhances oxygen uptake by fetal
red blood cells, keeping fetal Po, lower and promoting the
transfer of additional oxygen across the placenta (see Fig.
5.7). The Bohr effect also augments the transfer of oxygen
across the placenta. Specifically, fetal-maternal transfer of
carbon dioxide makes maternal blood more acidic and fetal
blood more alkalotic. These alterations of pH cause shifts in
the maternal and fetal oxyhemoglobin dissociation curves,
further enhancing the maternal oxygen transfer to the fetus
in what is termed the “double” Bohr effect. This accounts for
2% to 8% of the transplacental transfer of oxygen.*

The placenta normally has a 50% reserve for changes in
maternal or fetal blood flow by increasing venous extraction,
a mechanism similar to that in adults. Based on umbilical
venoarterial differences, human fetal oxygen uptake at term
is 0.25 mmol/kg/min.”” The metabolic activity of the placenta
itself consumes up to 40% of the oxygen uptake. Placental
oxygen consumption is stable, even with changes in maternal
blood pressure and Po,; 30% of placental oxygen is used for
protein synthesis and almost 30% for Na'/K" ATPase. The
human placenta has a villous structure, which may be an
adaptation for greater maternal flow and thus oxygen delivery,
but at the expense of a smaller surface area and cross-current
exchange mechanism.” However, the placenta does change
in response to chronic hypoxia found at high altitudes,
with an increased capillary volume and decreased capillary
thickness providing a near-doubling of the oxygen diffusion
capacity.”
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pH=7.45
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P0O, = 33 mm Hg (4.40 kPa)
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Fig. 4.5 The concurrent relationship between the maternal and fetal circulations within the placenta and the
manner in which this arrangement affects gas transfer. These values were obtained from patients’ breathing
room air during elective cesarean delivery. BE, base excess; PO,, partial pressure of oxygen; PCO,, partial
pressure of carbon dioxide; UBF, uterine blood flow; UCBF, umbilical cord blood flow. (Blood gas data from
Ramanathan S. Obstetric Anesthesia. Philadelphia, PA: Lea & Febiger; 1988:27. lllustration by Naveen Nathan,
MD, Northwestern University Feinberg School of Medicine, Chicago, IL.)
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Carbon Dioxide

The transfer of CO, occurs through a number of different
forms, including dissolved CO,, carbonic acid (H,CO;),
bicarbonate ion (HCOj;"), carbonate ion (CO5>), and carb-
aminohemoglobin. Equilibrium between CO, and HCO; is
maintained by a reaction catalyzed by carbonic anhydrase in
red blood cells. The Pco, gradient between fetal and maternal
blood (i.e., 40 versus 34 mm Hg, respectively) drives fetal-
maternal transfer. Carbon dioxide is 20 times more diffusible
than oxygen and readily crosses the placenta.”” The rapid
movement of CO, from fetal capillary to maternal blood
invokes a shift in the equilibrium of the carbonic anhydrase
reaction (La Chatelier principle) that produces more CO,
for diffusion. The transfer of CO, is augmented further by
the production of deoxyhemoglobin in the maternal blood,
which has a higher affinity for CO, than oxyhemoglobin (the
Haldane effect). The resulting affinity may account for as
much as 46% of the transplacental transfer of carbon dioxide.**
Although a significant fetal-maternal concentration gradient
exists for HCOy5, its charged nature impedes its transfer and
contribution to CO, transport except as a source for CO,
production through the carbonic anhydrase reaction.”

Glucose

Placental and fetal glucose demand is fulfilled by a
stereospecific-facilitated ~diffusion system with glucose
transporters, such as GLUT1 and GLUTS3; the system is inde-
pendent of insulin, a sodium gradient, or cellular energy.”
Insulin does not cross the placenta; however, insulin recep-
tors on the maternal side of the syncytiotrophoblast regulate
nutrient transport through a signaling cascade involving
the mammalian target of rapamycin complex (mTORC).
Nutrient sensors for glucose, amino acids, oxygen, cytokines,
growth factors, and energy levels stimulate mTORCI, a key
sensing and signaling protein in the syncytiotrophoblast that
regulates nutrient transport and growth.”

Amino Acids

Concentrations of amino acids are highest in the placenta, fol-
lowed by UV blood and then maternal blood. The maternal-
fetal transplacental transfer of amino acids is an active
process that occurs principally through a linked translocation
with sodium and facilitated diffusion. Pregnancies with fetal
growth restriction have reduced amino acid transport with an
inability to increase transport despite higher maternal levels
of essential amino acids than occur in healthy pregnancies.™
Fetal growth restriction and hypoxia increase the breakdown
of the amino acid tryptophan, which decreases serotonin
(vasodilator) production.”

Fatty Acids

Free fatty acids readily cross the human, but not ovine, pla-
centa. The essential fatty acids, linoleic and alpha-linolenic
acid, are transferred across the placenta with a peak of 7 g/
day at term. The placental basal membrane has specific
binding sites for very low-density, low-density, and high-
density lipoproteins. Lipase activity in the placenta converts

triglycerides to nonessential fatty acids. The placenta does not
elongate fatty acid chains, whereas the fetus does. Fatty acid
transport occurs primarily by simple diffusion; however, fatty
acid-binding proteins (FABPpm, FAT/CD36, and FATP),
facilitate transport. Nonessential fatty acids are albumin
bound and may displace other protein-bound substances,
including drugs.”

The placenta is a source of fatty acid synthase responsible
for straight chain fatty acid catabolism and is regulated by
insulin levels. Dysregulation of placental fatty acid synthase
may be responsible for hypertension, insulin resistance, and
fetal and placental growth abnormalities.”

DRUG TRANSFER

Placental permeability and pharmacokinetics determine
the fetal exposure to maternal drugs. Animal models (e.g.,
pregnant ewes, guinea pigs) have been used to assess the
placental transport of drugs; however, interspecies differences
in placental anatomy and physiology limit the application of
these data to humans.™

The inaccessibility of the placenta in situ and concerns for
maternal and fetal safety have limited direct studies of the
human placenta. Data regarding the transplacental transfer
of anesthetic agents have been extrapolated primarily from
single measurements of drug concentrations in maternal
and umbilical cord blood samples obtained at delivery. Most
studies have reported fetal-to-maternal (F/M) ratios of drug
concentration using maternal and umbilical vein blood (to
represent fetal blood concentrations). Drug concentra-
tions are influenced by drug metabolism in the mother, the
placenta, and the fetus and by changes during delivery (e.g.,
altered uteroplacental blood flow).”

A dual-perfused, in vitro human placental model allows
for the independent perfusion of the maternal and fetal sides
of the placenta and thereby the investigation of maternal-fetal
(or fetal-maternal) transport.” Equilibration studies (i.e.,
recirculating maternal and fetal perfusates) can give an indi-
cation of final drug ratios; when a non-recirculating design is
used, the steady-state clearance of a drug can be determined
for either direction (maternal to fetal or fetal to maternal).
This method has been used to assess the placental transfer of
anesthetic agents (e.g., bupivacaine,” ropivacaine, alfen-
tanil,”” and sufentanil®'). Transfer across the placenta may be
reported as drug clearance or as a ratio referred to as the
transfer index (i.e., drug clearance/reference compound
clearance). The use of a transfer index allows for interplacen-
tal comparisons by accounting for differences between pla-
centas (e.g., lobule sizes). Commonly used reference
compounds are either flow limited (e.g., antipyrine, tritiated
water) or membrane limited (e.g., creatinine). These studies
have enhanced our understanding of the placental transfer of
anesthetic drugs (Box 4.1).

Pharmacokinetic Principles

Factors affecting drug transfer across the human placenta
include lipid solubility, protein binding, tissue binding, pK,,
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BOX 4.1

Transplacental Transfer of
Anesthetic Drugs

Drugs That Readily Cross the Placenta
Anticholinergic Agents

e Atropine

e Scopolamine
Antihypertensive Agents

e Beta-adrenergic receptor antagonists

e Nitroprusside

e Nitroglycerin
Benzodiazepines

e Diazepam

* Midazolam
Induction Agents

e Propofol

e Ketamine

e Etomidate

e Thiopental

e Dexmedetomidine
Inhalation Anesthetic Agents

* Halothane

e |soflurane

e Sevoflurane

e Desflurane®

e Nitrous oxide
Local Anesthetics
Opioids
Vasopressor

e Ephedrine

Drugs That Do Not Readily Cross the Placenta
Anticholinergic Agent

e Glycopyrrolate
Anticoagulant

® Heparin
Muscle Relaxants

e Succinylcholine

e Nondepolarizing agents
Nondepolarizing Agent Binder

e Sugammadex
Vasopressor

e Phenylephrine

*Experimental data for desflurane are lacking, but, based on physical
characteristics similar to other halogenated anesthetics, placental
transfer is assumed.

pH, and blood flow (Table 4.1). High lipid solubility may
readily enable cell membrane (lipid bilayer) penetration but
may also cause the drug (e.g., sufentanil) to be trapped within
the placental tissue.”' Highly protein-bound drugs are affected
by the concentration of maternal and fetal plasma proteins,
which varies with gestational age and disease. Some drugs
(e.g., diazepam) bind to albumin, whereas others (e.g.,
sufentanil, cocaine) bind predominantly to o,-acid glycopro-
tein (AAG). Although the free, unbound fraction of drug
equilibrates across the placenta, the total drug concentration
is greatly affected by both the extent of protein binding and
the quantity of maternal and fetal proteins; fetal blood typi-
cally contains less than one-half the concentration of AAG

than maternal blood (Table 4.2).° Albumin binds primarily
acidic and lipophilic compounds, whereas AAG binds more
basic compounds; fetal levels of both albumin and AAG
increase from the first trimester to term.*

The pK, of a drug determines the fraction of drug that is
non-ionized at physiologic pH. Thus, fetal acidemia greatly
enhances the maternal-fetal transfer (i.e., “ion trapping”) of
many basic drugs, such as local anesthetics and opioids (Fig.
4.6) (see Chapter 13).”* Most anesthetic drugs are passively
transferred, with the rate of blood flow (hence drug delivery)
affecting the amount of drug that crosses the placenta.”” One
of the authors (M.I.Z.) has used the in vitro perfused human
placenta model to perform a number of studies of the placen-
tal transfer of opioids (Table 4.3).

Inhalation Anesthetic Agents

The lipid solubility and low molecular weight of inhalation
anesthetic agents facilitate rapid transfer across the placenta.
A prolonged induction-to-delivery interval results in greater
transfer of inhalation anesthetic agents across the placenta.’

Isoflurane distributes rapidly across the placenta during
cesarean delivery, resulting in an F/M ratio of approximately
0.71.°” Sevoflurane has an F/M ratio of 0.38°° and causes
dose-dependent vasodilation of placental vessels that is not
mediated by nitric oxide.” There are no published data
regarding the placental transfer of desflurane.

Nitrous oxide also rapidly crosses the placenta, with
an F/M ratio of 0.83 within 3 minutes.”” Maternal admin-
istration of nitrous oxide decreases fetal central vascular
resistance by 30%,”" and a prolonged induction to delivery
interval may cause neonatal depression. Diffusion hypoxia
may occur during the rapid elimination of nitrous oxide
from the neonate; assessment of oxygenation for any neonate
exposed to nitrous oxide immediately before delivery appears
prudent.

Following nitrous oxide exposure, patients homozygous
for polymorphisms (1298A>C and 677C>T) in the methy-
lenehydrofolate reductase gene (MTHFR) have increases in
plasma homocysteine levels of up to 76%.”> Moreover, these
genetic polymorphisms can significantly augment the inacti-
vation of methionine synthase”; a 1-hour exposure to 50%
nitrous oxide can result in an 82% reduction in fetal methio-
nine synthase activity,”* and a 2-hour exposure can result
in epigenetic modifications and decreases in brain-derived
neurotrophic factor.”” Whether fetal exposure to nitrous
oxide contributes to adverse effects as a result of inactivation
of methionine synthase is not known.”

Induction Agents

The lipophilic characteristics that make anesthetic agents
ideal for the induction of anesthesia (i.e., ability to cross the
blood-brain barrier) also enhance their transfer across the
placenta.

Propofol

A 2- to 2.5-mg/kg bolus dose of propofol, the most widely
used induction agent for general anesthesia, results in a
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TABLE 4.1

Increased Transfer

Factors Affecting Placental Transfer of Drug (Maternal to Fetal)

Decreased Transfer

Size: molecular weight (Da) < 1000
Charge of molecule Uncharged
Lipid solubility Lipophilic

pH versus drug pK,*

in maternal plasma

Placental efflux transporter® proteins ~ Absent

(e.g., P-glycoprotein)
Binding protein type

Free (unbound) drug fraction High

Higher proportion of un-ionized drug

Albumin (lower binding affinity)*

> 1000

Charged

Hydrophilic

Higher proportion of ionized drug in maternal plasma

Present

aq-Acid glycoprotein (AAG) (higher binding affinity)
Low

Da, dalton.

*The pH relative to the pK, determines the amount of drug that is ionized and un-ionized in both maternal and fetal plasma. Fetal acidemia
enhances the maternal-to-fetal transfer (i.e., “ion trapping”) of basic drugs such as local anesthetics and opioids.

*The efflux transporter pumps substances in a fetal-to-maternal direction.
°Note: albumin concentration is higher in the fetus, and AAG concentration is higher in the maternal circulation.

TABLE 4.2 Concentrations of Proteins
That Bind Drugs

Umbilical Cord

37.1 g/L°
0.26 g/L*

Maternal

33.1 g/L
0.77 g/L

Albumin
Alpha;-acid glycoprotein (AAG)

P < .05.

Data from Sudhakaran S, Rayner CR, Li J, et al. Differential protein
binding of indinavir and saquinavir in matched maternal and umbilical
cord plasma. BrJ Clin Pharmacol. 2006;63:315-321.
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Fig. 4.6 The effects of changes in fetal pH on the transfer of opioids
during in vitro perfusion of the human placenta. This figure demon-
strates the “ion trapping” of opioids, which is similar to that of local
anesthetics. Clearance index = clearance drug/clearance creatinine (a
reference compound). (Modified from Zakowski MI, Krishna R, Grant
GJ, Turndorf H. Effect of pH on transfer of narcotics in human pla-
centa during in vitro perfusion. Anesthesiology. 1995;85:A890.)

TABLE 4.3 Opioid Transfer during in vitro Perfusion of the Human Placenta

Morphine Meperidine Alfentanil Fentanyl Sufentanil

Lipid solubility 1.4 39 129 816 1727
Percent non-ionized at pH 7.4 23% 7.4% 89% 8.5% 20%
Percent protein binding 30% 70% 93% 84% 93%
Placenta drug ratio 0.1 0.7 0.53 3.4 7.2

F/M ratio, MTF 0.08 0.27 0.22 0.19 0.14
F/M ratio, FTM 0.08 0.13 0.11 0.08 0.18
Minutes to steady state 30 20 20 40-60 40-60
Clearance index, MTF 0.4 0.95 0.75 0.76 0.41

Clearance index, FTM 0.5 0.91 0.78 0.61 0.76

Clearance index, Clearance drug/clearance antipyrine (a flow-limited reference compound); FTM, fetal-to-maternal (direction); MTF, maternal-to-
fetal (direction); placenta drug ratio, placenta drug concentration/g placental tissue/maternal drug concentration.
Data from nonrecirculated experiments, using perfusate Media 199 without protein, with maternal flow 12 mL/min and fetal flow

6 mL/mln 60,61,97,100,104
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mean F/M ratio between 0.65 and 0.85.”%”7 A bolus dose of
2 mg/kg followed by a continuous infusion of 6 mg/kg/h or
9 mg/kg/h of propofol resulted in mean F/M ratios of 0.50
and 0.54, respectively.”” These F/M ratios are similar to those
found when propofol is given in early gestation (at 12 to 18
weeks).”” Propofol may have sedative effects on the neonate;
in a randomized trial of propofol compared with thiopental
for the induction of anesthesia for elective cesarean delivery,
the maternal administration of propofol (2.8 mg/kg) resulted
in lower 1- and 5-minute Apgar scores than thiopental (5 mg/
kg).” Plasma levels of propofol in the neonate depend on the
maternal dose and the time elapsed between drug admin-
istration and delivery of the neonate. Maternal propofol
administration (2 mg/kg) within 10 minutes of delivery
resulted in a mean umbilical vein propofol concentration of
0.32 ug/mL."

Several factors that affect propofol transfer have been inves-
tigated with in vitro human placental perfusion models.*
Increased maternal blood flow and reduced protein binding
increase both placental tissue uptake and transplacental
transfer of propofol.”® Propofol is highly protein-bound to
albumin. Thus, altered albumin concentrations in the mother
or fetus will affect transplacental transfer and the total, but
not free, concentration in the umbilical vein.** Propofol
causes calcium channel-dependent vasodilation of human
placental vessels in vitro.”

Ketamine

Ketamine, a phencyclidine derivative, rapidly crosses the
placenta. Ketamine 2 mg/kg reached a mean F/M ratio of 1.26
in as little as 97 seconds when administered to the mother for
vaginal delivery.” In a sheep study, fetal concentration was
25% less than maternal concentration at 10 minutes.*’

Etomidate

Etomidate, a carboxylated imidazole, has long been used
for the induction of general anesthesia. A dose of 0.3 to
0.4 mg/kg administered for cesarean delivery resulted in an
F/M ratio of approximately 0.5.%

Barbiturates

A short-acting agent, thiopental quickly appears in UV blood
after maternal injection, with a mean F/M ratio of 1.1.* The
rapid transfer of the oxybarbiturate methohexital into the
fetal circulation, with simultaneous peak concentrations in
maternal blood and fetal blood, has been demonstrated by
in vivo studies.” Human in vitro placental perfusion studies
with an equal concentration of albumin in the maternal
and fetal perfusates confirm that methohexital rapidly
crosses the placenta in both maternal-to-fetal and fetal-to-
maternal directions, with transfer indices of less than 0.5 at
30 minutes.”

Dexmedetomidine

In humans, dexmedetomidine, an 0,-adrenergic agonist, has
an F/M ratio of 0.12, with evidence of significant placental
tissue binding caused by high lipophilicity.”

Benzodiazepines

Highly un-ionized, lipophilic, and 95% protein-bound
diazepam has an F/M ratio of 1 within minutes of maternal
administration and a ratio of 2 at 60 minutes.” Less lipophilic,
lorazepam requires almost 3 hours after administration for
the F/M ratio to reach unity.” Midazolam is more polar, with
an F/M ratio of 0.76 at 20 minutes after administration. The
F/M ratio of midazolam, unlike that of other benzodiazepines,
decreases rapidly; by 200 minutes it is only 0.3.”

Opioids

All opioids cross the placenta and can cause neonatal central
nervous system and respiratory depression. The extent of
placental transfer and duration of effects on the fetal and
neonate depend on individual drug characteristics.

Historically, meperidine was often administered to
mothers for systemic analgesia during labor (see Chapter 22).
Intravenous maternal administration results in rapid transfer
across the human placenta within 90 seconds.” F/M ratios
for meperidine may exceed 1.0 after 2 to 3 hours; maternal
levels fall more rapidly because of greater metabolism of the
drug. This same time interval is associated with the greatest
likelihood of neonatal depression, caused by the active drug
metabolite normeperidine. Human placental perfusion
studies in vitro demonstrated rapid placental transfer in both
maternal-to-fetal and fetal-to-maternal directions with equal
clearance profiles, minimal placental tissue binding, and
no placental drug metabolism.” As maternal levels fall, the
meperidine and normeperidine will transfer from the fetus
back to the mother, correlating with the clinically observed
decrease in neonatal sedation when delivery occurs more
than 4 hours after maternal administration.

Morphine rapidly crosses the placenta with a mean F/M
ratio of 0.61 and mean UV concentration of 25 ng/mL, result-
ing in a significant reduction in the biophysical profile score
(primarily decreased fetal breathing and fewer fetal heart rate
accelerations) within 20 minutes of maternal administra-
tion.” Intrathecal morphine results in a high F/M ratio of
0.92, although the absolute fetal concentrations are less than
those associated with clinically significant fetal and neonatal
side effects.” Human placental perfusion studies in vitro show
that hydrophilic morphine exhibits membrane-limited trans-
fer with a low placental tissue content and a fast washout.'”

Fentanyl and its analogues have high lipophilicity and
albumin binding (74%)."" Epidural administration results
in an F/M ratio between 0.37 and 0.57.'” During early preg-
nancy, fentanyl is rapidly transferred and may be detected
in the placenta and fetal brain.'” Perfusion of the human
placenta in vitro results in rapid bidirectional transfer, with
the placenta acting as a moderate drug depot.'”*

Alfentanil has a low F/M ratio of 0.30, yet when given for
induction of anesthesia results in a reduction of 1-minute
Apgar scores.'” Perfusion of the human placenta in vitro
shows rapid and symmetric maternal-fetal and fetal-maternal
transfers of alfentanil, with low placental drug uptake and
rapid washout.”
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Compared with fentanyl, sufentanil has a higher F/M
ratio, 0.81. Higher lipid solubility and more rapid uptake by
the central nervous system result in reduced vascular absorp-
tion from the epidural space, corresponding with less fetal
exposure and risk for neonatal respiratory depression than
fentanyl."”” Human placental perfusion studies in vitro have
confirmed the rapid transplacental transfer of sufentanil,
which is influenced by differences in maternal and fetal
plasma protein binding and fetal pH. High placental tissue
uptake suggests that the placenta serves as a drug depot.”’

Remifentanil undergoes rapid placental transfer. During
cesarean delivery, average F/M ratios were 0.88 when
remifentanil was administered by intravenous infusion
(0.1 nug/kg/min) during epidural anesthesia'” and 0.73 when
it was given as a bolus (1 pug/kg) at induction of general
anesthesia.'” Excessive maternal sedation without adverse
neonatal effects can occur during labor; the rapid metabolism
of remifentanil by nonspecific esterases (context-sensitive
half-time of 3 minutes) results in minimal fetal exposure.
Remifentanil used for patient-controlled analgesia during
labor, with bolus doses of 0.5 pg/kg, resulted in an F/M ratio
of approximately 0.5 and a 20% incidence of fetal heart rate
changes.'” Infusion of remifentanil during cesarean delivery
for 7 and 18 minutes resulted in F/M ratios of 0.63 and
0.65, respectively.'” Continuous intravenous infusion com-
pared with patient-controlled intravenous labor analgesia
using remifentanil resulted in F/M ratios of 0.74 and 0.70,
respectively.'"’

The systemic administration of an opioid agonist/
antagonist for labor analgesia has been associated with few
maternal, fetal, and neonatal side effects. Both butorphanol
and nalbuphine rapidly cross the placenta, with mean F/M
ratios of 0.84 and 0.74 to 0.97, respectively.''"'"* Nalbuphine
resulted in “flattening” of the fetal heart rate tracing in 54% of
cases. Buprenorphine, a lipophilic opioid agonist/antagonist
used to treat opioid use disorder, has lower placental transfer,
but greater placental uptake and metabolism, yielding an F/M
ratio of 0.1.'”

Nonopioid Analgesics

Acetaminophen freely crosses the placenta. The fetal liver is
a major source of hematopoietic stem cells, and concern has
been expressed regarding acetaminophen fetal liver toxicity
impairing fetal immune development. In a mouse model,
placental function, fetal development, and immune ontogeny
were significantly impaired at doses mimicking plasma levels
associated with multiple doses in humans.'"”

Local Anesthetics

Local anesthetic agents readily cross the placenta (see
Chapter 13).

Muscle Relaxants

As fully ionized, quaternary ammonium salts, muscle relax-
ants do not readily cross the placenta; however, single doses of
muscle relaxants can result in detectable fetal blood concen-
trations. Maternal administration of muscle relaxants for the

induction of general anesthesia for cesarean delivery rarely
affects neonatal muscle tone at delivery.

Succinylcholine is not detectable in UV blood at delivery
after maternal doses less than 300 mg.''* Neonatal neuromus-
cular blockade can occur when high doses are given repeat-
edly or when both the parturient and fetus are homozygous
for atypical pseudocholinesterase deficiency.'”

Nondepolarizing muscle relaxants have low F/M ratios:
pancuronium (0.2),""° vecuronium (0.06 to 0.11),"®'”
rocuronium (0.16),""* and atracurium 0.07).""” The F/M ratio
of vecuronium nearly doubled as the induction-to-delivery
interval increased from 180 to 420 seconds."” No published
study has investigated the placental transfer of the atracurium
isomer cisatracurium. However, laudanosine, a metabolite of
atracurium and cisatracurium, has an F/M ratio of 0.14."
Although nondepolarizing muscle relaxant transfer rates are
low, the fetal blood concentrations increase over time.'"’

Anticholinergic Agents

The placental transfer of anticholinergic agents correlates
with their ability to cross the blood-brain barrier. Atropine is
detected in the umbilical circulation within 1 to 2 minutes of
maternal administration, and an F/M ratio of 0.93 is attained
at 5 minutes.”' Scopolamine also crosses the placenta easily;
intramuscular administration results in an F/M ratio of
1.0 within 55 minutes.'"” By contrast, after intramuscular
administration glycopyrrolate is poorly transferred across
the placenta, with a mean F/M ratio of 0.22.'"” Maternal
intravenous administration of glycopyrrolate does not result
in a detectable fetal hemodynamic response, whereas atropine
and scopolamine may directly increase fetal heart rate.

Anticholinesterase Agents

Neostigmine, pyridostigmine, and edrophonium are
quaternary ammonium compounds that are ionized at physi-
ologic pH and consequently undergo limited transplacental
transfer.'** Maternal administration of neostigmine does not
reverse atropine-induced fetal tachycardia. However, small
amounts of these agents do cross the placenta, and fetal bra-
dycardia after maternal administration of neostigmine and
glycopyrrolate has been reported.'” Neostigmine may cross
the placenta to a greater extent than glycopyrrolate; there-
fore, the combination of neostigmine and atropine should
be considered for the reversal of nondepolarizing muscle
relaxants in pregnant patients.'”” Physostigmine crossed the
placenta in 9 minutes and reversed the fetal heart rate effect
of scopolamine.'**

Sugammadex

Sugammadex, which directly binds and reverses the neu-
romuscular blockade of steroidal muscle relaxants, has low
placental transfer rates because of its molecular structure and
high molecular weight.'”

Antihypertensive Agents

Beta-adrenergic receptor antagonists have been commonly
used as antihypertensive agents in pregnancy, despite early
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investigations noting an association with fetal growth restric-
tion and neonatal bradycardia, hypoglycemia, and respiratory
depression.'** Although a single dose of propranolol admin-
istered 3 hours before cesarean delivery has a F/M ratio of
0.26,'” long-term administration during pregnancy results
in F/M ratios greater than 1.0."”° Maternal administration of
atenolol and metoprolol leads to mean F/M ratios of 0.94
and 1.0, respectively."’"'*?

Labetalol, the most commonly used antihypertensive
agent during pregnancy, particularly for women with pre-
eclampsia, has a low F/M ratio of 0.38 with long-term oral
administration, despite reports of mild neonatal bradycar-
dia."” Beta-adrenergic receptor antagonist use during preg-
nancy, including labetalol, approximately doubles the risks
for small-for-gestational-age, preterm births, and perinatal
mortality even after adjusting for preeclampsia."”* Preterm
hypertensive women receiving labetalol had no acute change
in umbilical artery or fetal middle cerebral resistance indices
of flow."”

The ultra-short-acting beta-adrenergic receptor antago-
nist esmolol has a mean F/M ratio of 0.2 in gravid ewes.'”
However, fetal bradycardia requiring emergency cesarean
delivery has been reported after its use to treat maternal
tachydysrhythmia."”

Clonidine and methyldopa act through the central stimu-
lation of alpha,-adrenergic receptors; studies have reported
mean F/M ratios of 0.89"° and 1.17,"’ respectively. Thera-
peutic magnesium and nifedipine serum concentrations, but
not clonidine, produce fetal vasodilation in human placental
perfusion studies in vitro.'* Phenoxybenzamine, an alpha-
adrenergic receptor antagonist, has an F/M ratio of 1.6 with
long-term maternal administration."*'

Direct-acting vasodilators are used for short-term man-
agement of severe hypertension in pregnant women. With an
F/M ratio of 1.0,'** hydralazine increases the umbilical artery
resistance index, indicating vasodilation, in hypertensive
women,'” and causes fetal vasodilation in in vitro studies.'*

Sodium nitroprusside is lipid soluble, rapidly crosses the
placenta, and can produce cyanide as a byproduct.'** Sodium
thiosulfate, the agent used to treat cyanide toxicity, does not
cross the placenta in gravid ewes; however, it can be used
to treat fetal cyanide toxicity by lowering maternal cyanide
levels, thereby enhancing fetal-maternal transfer.'*

Nitroglycerin crosses the placenta to a limited extent,
with an F/M ratio of 0.18, and results in minimal changes
in fetal umbilical blood flow, blood pressure, heart rate, and
blood gas measurements in gravid ewes.'*° However, dinitrate
metabolites found in both maternal and fetal venous blood
indicate the capacity for placental biotransformation.'
Indeed, placental tissue production of nitric oxide enhances
the uterine relaxation caused by nitroglycerin in vivo."® In
one in vitro study, in which prostaglandin F,, induced fetal
vasoconstriction, the following order of nitrovasodilator
compound potency was observed: nitroglycerin > sodium
nitroprusside > sodium nitrite (NaNO,) 2 S-nitroso-
N-acetylpenicillamine (SNAP) = S-nitroso-N-glutathione
(SNG).'"” SNG and NaNO, were significantly more potent

under conditions of low oxygen tension. The antioxidants
cysteine, glutathione, and superoxide dismutase significantly
enhanced the vasodilatory effects of NaNO, only."*

Placental transfer of angiotensin-converting enzyme
inhibitors may adversely affect fetal renal function. Enala-
prilat rapidly crosses the placenta, and its maternal admin-
istration in high doses resulted in a 20% reduction in fetal
arterial pressure in rhesus monkeys."’

Vasopressor Agents

Vasopressor agents are often administered to prevent or
treat hypotension during the administration of neuraxial
anesthesia in obstetric patients. Ephedrine readily crosses
the placenta and results in an F/M ratio of 0.7."' In an in
vitro human perfusion model that required supraphysiologic
doses to obtain any effect, phenylephrine increased pla-
cental arterial pressure, but less so than ephedrine, whereas
epinephrine, norepinephrine, and methoxamine had
no effect."”

Ephedrine possesses 10 times greater lipid solubility than
phenylephrine, with F/M ratios of 1.1 versus 0.17, respec-
tively, in humans.'” When administered during spinal anes-
thesia for cesarean delivery, ephedrine demonstrated lower
pH and base excess, higher Pco,, and higher glucose, lactate,
epinephrine, and norepinephrine concentrations in umbilical
arterial blood than phenylephrine." These differences may
be caused by the beta-adrenergic agonist effects of ephedrine
in the fetus."”>"*

Cocaine, a common drug of abuse during pregnancy
(see Chapter 53), has potent vasoconstrictor activity.
Human placenta perfusion studies in vitro demonstrated
rapid bidirectional transfer of cocaine, over a wide range of
concentrations.'” The active cocaine metabolites norcocaine
and cocaethylene, but not the inactive metabolite benzo-
ylecgonine, are also rapidly transferred.””® Chronic maternal
exposure to cocaine increases fetal concentrations; however,
they remain lower than peak maternal levels."”’

Several experiments have demonstrated the complexity
of the placental and fetal effects of vasoconstrictor admin-
istration. Increasing fetal placental perfusion pressure with
vasoconstrictors can cause a shift of fluid from the fetus to
the maternal circulation." In an in vitro experiment compar-
ing the responses of placental and umbilical vessels, placental
vessels responded to angiotensin II but not phenylephrine,
whereas the opposite was observed with umbilical vessels.”
The response of placental vessels to angiotensin II from
women with preeclampsia was diminished compared with
vessels from women without preeclampsia®; these findings
suggest that angiotensin II may serve to maintain vascular
tone in the healthy placenta. Infusion of placental growth
factor (PIGF) enhanced endothelial nitric oxide-cGMP
vascular relaxation and decreased vasoconstriction-induced
hypertension in pregnant rats.'”’

Anticoagulants

Anticoagulation therapy is often necessary during pregnancy.
Maternal administration of warfarin in the first trimester



CHAPTER 4 The Placenta: Anatomy, Physiology, and Transfer of Drugs

results in placental transfer to the fetus, causing a higher
rate of fetal loss and congenital anomalies.' After the first
trimester, warfarin may be used in the setting of stroke or
mechanical heart valves.'”’ In contrast, heparin does not
appear to cross the placenta, as measured by neonatal coagu-
lation studies and the measurement of radiolabeled heparin
in fetal lambs.'** Low-molecular-weight heparin appears to
have limited placental transfer. Maternal administration of
enoxaparin does not alter fetal anti-Ila or anti-Xa activity,'*
and in vitro studies found no placental transfer of enoxaparin
and fondaparinux (a pentasaccharide that selectively inhibits
factor Xa). In contrast, apixaban exhibited rapid transfer
(F/M 0.77) in an ex-vivo human placenta cotyledon model,'**
and rivaroxaban also rapidly crossed the placenta.'® Several
case reports discussed use of direct thrombin inhibitors
as early as 9 weeks’ gestation with successful delivery of
healthy neonates.'®®'*” Antiplatelet therapy (e.g., aspirin,
clopidogrel) has been used successfully in the first trimester
in dual therapy for coronary artery disease in the setting
of drug-eluting stents.'” Abciximab, a glycoprotein IIb/
IIa platelet inhibitor, did not transfer across the in vitro
perfused human placenta, but did bind to the trophoblastic
layer of the placenta.'” Dabigatran, a reversible thrombin
inhibitor, crosses the placenta with an F/M ratio of 0.33 at
3 hours."”

Drug Delivery Systems

New drug delivery systems may influence drug transfer and
distribution across the human placenta. Liposome encap-
sulation, depending on the type and ionic charge, can affect
placental transfer; anionic and neutral liposomes increase
placental transfer, whereas cationic liposomes decrease
placental transfer and placental tissue uptake.'”' Liposome
encapsulation of valproic acid significantly reduces drug
transfer and placental uptake.'”

The increased use of nanoparticles creates concern for
maternal and fetal exposure. The size, charge, and physio-
chemical properties of nanoparticles influence placental
absorption and transfer. The polystyrene particles associated
with these compounds have accumulated in the syncytio-
trophoblast, presumably via an energy-dependent transport
mechanism.'” Nanoparticles 20 to 40 nm in diameter have
induced trophoblast cell apoptosis; nanoparticles up to
500 nm in diameter can be measured in various fetal tissues 4
hours after administration to pregnant mice.'”*

Disease States

Disease states, such as diabetes, may affect the placental
transfer of drugs. Glyburide, a second-generation sulfo-
nylurea, is partially dependent on a P-glycoprotein active
transport mechanism and demonstrates a lower F/M ratio
(0.3) than the first-generation agents, even in the presence of
a P-glycoprotein inhibitor."” A high level of protein binding
(99.8%) may also contribute to the low transplacental transfer
of glyburide; when protein levels are reduced in vitro, higher
transfer rates are observed.'”® The thickened placenta found
in diabetic patients may cause low transfer rates; however, no

difference in maternal-fetal transfer of metformin has been
observed between placentas from parturients with gestational
diabetes and those from healthy parturients.'”

Gestational age may alter placental transfer, although
the direction of the alteration requires further evaluation.
Although traditional belief holds that placentas from younger
fetuses are more likely to transfer substances, one study has
demonstrated that methadone transfer is 30% lower in
human preterm placentas than in term placentas.'”® Dexa-
methasone and betamethasone, corticosteroids that are
often administered to accelerate fetal lung maturity, increase
ABCBI gene expression fourfold. ABCBI is an efflux trans-
porter protein; hence increased gene expression may increase
fetal-maternal transfer of substrate molecules.'”

Oxidative stress increases in preeclampsia, fetal growth
restriction, and diabetes. The placenta does not have pro-
tective mechanisms to counteract oxidative stress, which
damages the ability of syncytiotrophoblast mitochondria
to generate energy.'”’ Oxidative stress also alters nutrient
transport because of increased membrane permeability and
an inability to accumulate glucose."”’

Nitrative stress, the covalent modification of proteins
and DNA by peroxynitrite (formed by nitric oxide reacting
with superoxide), may also affect maternal-fetal transfer.'®’
Peroxynitrite reacts with tyrosine to form nitro-tyrosine,
a negatively charged group, which may mimic phos-
phorylation. Nitration may result in loss or gain of protein
function.

Chronic maternal stress increases maternal and fetal
norepinephrine levels; transfer of maternal norepinephrine
to the fetus may be limited by a reduction in the placental
norepinephrine transporter (NET)." In the setting of pre-
eclampsia, placental expression of NET is low, which may
cause decreased trophoblast cell invasion during placental
development.'™ By contrast, NET expression is increased
when norepinephrine levels are reduced with metformin.'”

Pravastatin may be protective of the endothelial layer of
the placenta through proangiogenic, anti-inflammatory, anti-
oxidant, and antithrombotic effects. Ex-vivo human studies
did not demonstrate placental transfer; however, under
hypoxic conditions pravastatin did decrease sFlt-1."*

Vitamin D helps modulate cytokines, inflammation, and
insulin sensitivity, and a deficiency leads to increased risk for
gestational diabetes, preeclampsia, and preterm delivery.'®’

Infection and Inflammation

Infections can alter placental perfusion, function, and transfer
of medications. Viruses and bacteria may infect the placenta
or uterine decidua by ascending from the reproductive tract
or through the maternal bloodstream (see Chapter 36). Some
viruses are infectious at a specific gestational age range because
different cell types variably express surface receptors/proteins
that viruses use as entry points into the cell."”® Even in the
absence of direct placental or fetal infection, placental func-
tion and neonatal outcomes may be altered in the presence of
viruses.'® Infections early in pregnancy may alter the invasive
extravillous trophoblast, resulting in pregnancy complications
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related to decreased placental perfusion (e.g., fetal growth
restriction, preeclampsia). Viruses producing placental
and/or fetal alterations include cytomegalovirus, varicella,
measles, herpes simplex viruses 1 and 2, and the Zika and
Lassa viruses.

Zika virus, transmitted via Aedes mosquitos or sexual
transmission, may produce placental alterations, fetal damage,
and microcephaly. The virus uses cell surface proteins such as
glycoprotein T1IM1 (expressed during mid- to late gestation
by the syncytiotrophoblast and Hofbauer cells) and the TAM
kinase receptors to invade the cell; HSV-2 co-infection can
enhance expression of TAM receptors. Zika virus infection
induces apoptosis of trophoblasts in the first trimester, and
produces enlarged, hydropic chorionic villi, immature villi,
and proliferation of Hofbauer cells (fetal macrophages), but
no villous necrosis."”’

Maternal inflammation can also affect placental func-
tion and result in increased risk for neurodevelopmental
disorders later in life for offspring. In mid- to late pregnancy,
maternal inflammation results in up-regulation of tryp-
tophan hydroxylase-1 (TPHI1), which causes a sustained
increase in fetal 5-hydroxytryptamine (serotonin) in the fetal
forebrain.'”” Because serotonin modulates key neurodevel-
opmental processes, including axon development, prenatal
inflammation may lead to increased anxiety and depression
in the offspring.

_ KEY POINTS

The placenta may be involved in sterile inflammation and
the development of gestational vascular disease.” Placental
inflammation alters drug transfer by increasing the ATP-
binding cassette transporters, multidrug resistance protein 1
(MDR1) and breast cancer resistance protein (BCRP).” Peri-
natal inflammation may be associated with poorer neurode-
velopmental outcomes after birth'”'; N-acetylcysteine (NAC)
has been used for neuroprotection during chorioamnionitis
in humans,"”” with preservation of fetal cerebrovascular cou-
pling, and lipopolysaccharide-induced neonatal brain injury
in rats.'”’

PLACENTAL PATHOLOGY

There has been a growing interest in the clinicopathologic
correlation between placental abnormalities and adverse
obstetric outcomes. In some cases, a skilled and systematic
examination of the umbilical cord, fetal membranes, and pla-
centa may provide insight into antepartum pathophysiology;
in most of these cases, examination of the placenta confirms
the clinical diagnosis (e.g., chorioamnionitis). Drugs, inflam-
mation, and infection may produce placental abnormalities
(e.g., cocaine causes chorionic villus hemorrhage and villous
edema).” The significance of many findings (e.g., villous
edema, hemorrhagic endovasculitis, chronic villitis), however,
is unclear.

+ The placenta is a dynamic organ with a complex structure.
It brings two circulations close together for the exchange of
blood gases, nutrients, and other substances (e.g., drugs).

+ During pregnancy, anatomic adaptations result in
substantial (near-maximal) vasodilation of the uterine
spiral arteries; this leads to a low-resistance pathway for
the delivery of blood to the placenta. Therefore, adequate
uteroplacental blood flow depends on the maintenance of
a normal maternal perfusion pressure.

+ Placental transfer involves all of the physiologic transport
mechanisms that exist in other organ systems.

+ Physical factors (e.g., molecular weight, lipid solubil-
ity, degree of ionization) affect the placental transfer of
drugs and other substances. In addition, other factors
affect maternal-fetal exchange, including changes in
maternal and fetal blood flow, placental binding, placental

metabolism, diffusion capacity, and extent of maternal
and fetal plasma protein binding.

+ Lipophilicity, which enhances the central nervous system
uptake of general anesthetic agents, also heightens the
transfer of these drugs across the placenta. However, the
placenta itself may take up highly lipophilic drugs, thereby
creating a placental drug depot that limits the initial trans-
fer of drug.

+ Fetal acidemia can result in the “ion trapping” of both
local anesthetics and opioids.

+ Vasoactive drugs cross the placenta, may affect the fetal
circulation, and may have effects on fetal metabolism.

+ Inflammation and infection may affect placental function
and transport across the placenta.

+ Environmental factors influence epigenetic expression of
genes, placental development, and fetal phenotypes.
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Fetal life in utero differs significantly from postnatal life. The
fetus relies completely on the mother and the placenta for
basic metabolic needs such as nutrient delivery, gas exchange,
acid-base balance, and electrolyte homeostasis. During gesta-
tion, the fetus gradually assumes the responsibility for many
of the vital physiologic functions that must be assumed after
the abrupt transition to physiologic independence at birth.
Knowledge of fetal physiology, and the timing associated with
these developmental changes, is necessary for the optimal
provision of analgesia and anesthesia during pregnancy and
childbirth.

FETAL ENVIRONMENT

Amniotic Fluid

The fetus is surrounded by amniotic fluid, a complex fluid
that changes as the pregnancy progresses. Amniotic fluid
serves a number of vital roles, including the facilitation of
fetal growth, the provision of a microgravity environment
that cushions the fetus, and the generation of a defense
mechanism against invading microbes.' The formation and
maintenance of amniotic fluid is an intricate process that
depends on fetal maturation and maternal hydration, hor-
monal status, and uteroplacental perfusion.

Amniotic fluid during early embryogenesis is principally
derived from maternal plasma by the passage of water and
solutes through aquaporin water channels expressed in the
fetal maternal membranes (amnion and chorion). The

expression of aquaporins changes as gestation advances and
with certain pathologic states, such as polyhydramnios.”
Between 10 and 20 weeks’ gestation, the volume of amniotic
fluid increases in a predictable and linear manner from
approximately 25 mL to 400 mL. During this period, the
composition of amniotic fluid is similar to fetal extracellular
fluid, owing to the absence of keratin in the fetal skin. After
this period, the volume of amniotic fluid is a function of
production, from fetal urine (600 to 1200 mL/day near term)
and respiratory tract secretions (60 to 100 mL/kg fetal body
weight/day), and removal through fetal swallowing (200 to
250 mL/kg fetal body weight/day).” Amniotic fluid volume is
also influenced by intramembranous (between amniotic fluid
and fetal blood within the placenta) and transmembranous
(between amniotic fluid and maternal blood within the
uterus) pathways in both physiologic and pathophysiologic
states.* Finally, the status of maternal hydration and the
amount of decidual prolactin may alter the transfer of amni-
otic fluid through fetal and maternal tissues. Amniotic fluid
volume plateaus at 800 mL at around 28 weeks’ gestation,
after which it declines to approximately 400 mL at term.’
The composition of amniotic fluid undergoes more marked
variation than its volume.” During the first trimester, amni-
otic fluid consists mostly of water and electrolytes and con-
tains minimal protein. Keratinization of the fetal skin is
complete by 25 weeks’ gestation and decreases the permeabil-
ity of fetal tissues to water and solutes. The impact of this
process, coupled with the ability of the fetal kidneys to
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produce urine, results in increased amniotic fluid concentra-
tions of urea and creatinine, decreased concentrations of
sodium and chloride, and reduced osmolality. By term, the
osmolality of amniotic fluid is about 85% to 90% that of
maternal serum.’ A variety of carbohydrates, proteins, lipids,
electrolytes, enzymes, and hormones, which vary in concen-
tration depending on the gestational age, are also present;
some of these elements, particularly the amino acids taurine,
glutamine, and arginine, serve a nutritive function for mitotic
cells involved in trophoblastic growth and placental angio-
genesis.' An abundance of growth factors are found in amni-
otic fluid, including epidermal growth factor, transforming
growth factor-alpha, transforming growth factor-beta 1,
insulin-like growth factor-1, erythropoietin, and granulocyte
colony-stimulating factor; many of these growth factors play
an important role in fetal intestinal development.’

Antimicrobial defenses within the amniotic fluid are pri-
marily composed of humoral mediators such as alpha-
defensins, which are released from neutrophils, especially in
the setting of preterm labor and/or chorioamnionitis. Other
humoral mediators include lactoferrin, calprotectin, leuko-
cyte protease inhibitor, and cathelicidin, which have signifi-
cant activity against bacteria, viruses, and fungi.’ Cellular
mediators of the immune response are poorly characterized
in amniotic fluid, and it remains unclear if the macrophages
that are present serve a scavenging or an antimicrobial role.
Neutrophils are usually absent from the amniotic fluid of a
healthy fetus, and their presence typically signifies an inflam-
matory or infectious process.’

Biochemical and cellular analyses of amniotic fluid provide
valuable information on chromosomal abnormalities, neural
tube defects, prenatal infections, and most inborn errors of
metabolism.”* Several amniotic fluid—based indices, includ-
ing the lecithin-sphingomyelin ratio, the phosphatidylglycerol
level, lamellar body count, surfactant-to-albumin ratio, and
electrical conductivity, are commonly used to assess fetal lung
maturity.”'"” Bilirubin levels can be determined by measuring
the optical density of amniotic fluid, which assists in the
monitoring of fetal hemolysis. Estimation of the amniotic
fluid levels of S100-beta (a protein released from injured
astrocytes) and cell-free fetal nucleic acids may serve as early
screening tests for perinatal neurologic damage and fetal
development, respectively.'"'” Finally, amniotic fluid is a valu-
able reservoir for cell types of multiple lineages at different
maturational ages; approximately 1% of these cells are plu-
ripotent, thereby representing a novel source of stem cells."”"*

Oxygen Supply and Transport

The fetus has almost no oxygen reserve and depends on
maternal sources of oxygen delivery. Acute hypoxia can have
immediate, severe consequences, such as perinatal death,
hypoxic encephalopathy, and cerebral palsy. Chronic reduc-
tions of oxygen supply often lead to fetal growth restriction
and may have long-term consequences for brain, heart, and
kidney function through epigenetic changes. Hypoxia-
inducible factors (HIFs) act on specific signaling pathways
that modify target gene expression. When hypoxia occurs

during critical periods of heart development, apoptosis of
cardiomyocytes can result, leading to a myocardium that is
less resilient to ischemic insults in later life. In addition,
chronic hypoxia can influence fetal development of brain and
kidney function and metabolism, subsequently leading to
problems in adulthood.'>'¢

Oxygen is an essential substrate for cell survival, because it
serves as the final electron acceptor in the electron transport
chain. When oxygen is scarce, the electron transport chain is
compromised, resulting in decreased oxidative phosphoryla-
tion and adenosine triphosphate (ATP) production.”
Hypoxia ensues when the demand for oxygen exceeds the
available supply. In adult tissues, hypoxia occurs at oxygen
tensions < 20mm Hg (2.7kPa) (normal, 40 mm Hg
[5.3 kPa]). By contrast, in fetal tissues, hypoxia occurs at
oxygen tensions < 17 mm Hg (2.3 kPa) (normal, 20 to
25 mm Hg [2.7 to 3.3 kPa]).'®" This implies that the environ-
ment for fetal development exhibits a smaller margin of safety
before reaching a state of oxygen insufficiency and highlights
the importance of maintaining adequate uteroplacental per-
fusion and fetal cardiac output to ensure fetal oxygen delivery.
Ultimately, oxygenation of fetal tissues depends principally
on the partial pressure of oxygen gradient between maternal
and fetal blood and the different types of hemoglobin that
exist in maternal and fetal blood.

Placental oxygen concentrations change with gestation. In
early pregnancy, the placental intervillous space is free of
maternal blood cells, thereby requiring the embryo to rely on
endometrial secretions and maternal plasma for its energy
requirements.”””' The first trimester placenta has (1) an
oxygen partial pressure (Po,) of approximately 20 mm Hg
(2.7 kPa); (2) only a few capillaries, which are located mainly
in the center of the mesenchymal core; and (3) a trophoblastic
layer that is twice the thickness of that in the second trimes-
ter.”” Moreover, the fetal red blood cells are nucleated, and the
exocoelomic cavity contains antioxidant molecules instead of
an oxygen transport system. These anatomic and physiologic
features, which limit the transfer of oxygen and the creation
of free radicals, protect the highly sensitive embryo from the
effects of oxidative stress and keep the embryonic cells in their
pluripotent state.”** At the end of the first trimester, an expo-
nential increase in fetal growth creates significant demands
for oxygen and nutrients (Fig. 5.1). In response, cytotropho-
blastic cells interact with the smooth muscle of maternal
spiral arteries, resulting in vessel dilation and the provision of
oxygen-rich maternal blood flow to the placenta (Fig. 5.2).”

The placenta acts as both a conduit and consumer of
oxygen. The placenta is metabolically active and performs
important roles in carbohydrate and amino acid metabolism,
protein synthesis, and substrate transport. Almost 40% of the
oxygen delivered to the pregnant uterus is needed to support
the metabolic processes of the placenta.”® During periods of
hypoxia, the placenta appears to alter its metabolism to
diminish its consumption of oxygen, most likely by increas-
ing glycolysis.”** This process can maintain fetal oxygen
supply but, if hypoxia is ongoing, fetal growth restriction
(also known as intrauterine growth restriction) may result.
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When the oxygen supply is compromised, the fetus shunts
blood flow from peripheral tissues to vital organs (see later
discussion), converts to greater use of anaerobic pathways,
and induces gene expression that enables improved survival
in a low-oxygen environment."” The presence of fetal hemo-
globin (hemoglobin F), with its higher concentration
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Fig. 5.1 The mean oxygen partial pressure (P0,) throughout gesta-
tion in the human intervillous space. (Data from Jauniaux E, Kiserud
T, Ozturk O, et al. Amniotic gas values and acid-base status during
acute maternal hyperoxemia and hypoxemia in the early fetal sheep.
Am J Obstet Gynecol. 2000;182:661-665; Rodesch F, Simon P,
Donner C, Jauniaux E. Oxygen measurements in endometrial and
trophoblastic tissues during early pregnancy. Obstet Gynecol.
1992;80:283-285; and Schaaps JP, Tsatsaris V, Goffin F, et al. Shunt-
ing the intervillous space: new concepts in human uteroplacental
vascularization. Am J Obstet Gynecol. 2005;192:323-332.)

(approximately 18 g/dL) and greater affinity for oxygen than
adult hemoglobin (see later discussion), results in a fetal arte-
rial blood oxygen content that is only marginally lower than
that in the adult, despite a lower oxygen tension.”

Glucose and Lactate Metabolism

Glucose is the primary substrate for energy production in the
fetus. Under normal conditions, gluconeogenesis is absent in
mammalian fetuses; the only source of glucose is that which is
transferred across the placenta.”® Glucose uptake into fetal
tissues is regulated by glucose transporters (GLUT) of which
the expression increases or decreases in response to acute and
chronic changes in fetal glucose concentration.’ Fetal glucose
concentration is linearly related to maternal concentration
over a range of 3 to 5 mmol/L (54 to 90 mg/dL; Fig. 5.3);
studies in isolated placentas suggest that this relationship
continues up to a glucose concentration of 20 mmol/L
(360 mg/dL).” The placenta uses the majority of glucose
delivered to the uterus for oxidation, glycogen storage, and
conversion to lactate, with the remainder being transferred to
the umbilical venous blood by facilitated, carrier-mediated
diffusion. The amount of glucose supplied to the fetus appears
more than adequate during normal conditions; ovine uterine
blood flow must be reduced by greater than 50% before a
decrease in fetal glucose uptake or fetal arterial glucose con-
centration is observed.”**

The umbilical cord blood glucose uptake is approximately
5 mg/kg/min at normal maternal arterial plasma glucose
concentrations.” Because the umbilical glucose/oxygen
quotient varies from approximately 0.5 in sheep™ to 0.8 in
human fetuses during labor,” it is assumed that substrates
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Fig. 5.2 Invasion and remodeling of the spiral arteries by endovascular and interstitial extravillous tropho-
blasts. (A) In the first trimester, the terminal portion of the spiral artery is blocked by a plug of endovascular
trophoblast. Early placental and embryonic development occurs in a state of low oxygen tension, and nutrition
at this early stage is derived from secretions from maternal endometrial glands. (B) After 10 to 12 weeks'
gestation, the endovascular trophoblast plug dissolves and the endovascular trophoblast migrates into the
myometrium, replacing endothelial cells, which undergo apoptosis. Maternal blood is now able to enter the
intervillous space, the oxygen tension increases to 60 mm Hg, and nutrition changes from histotrophic to
hemotrophic. (Modified from Pijnenborg R, Vercruysse L, Hanssens M. The uterine spiral arteries in human
pregnancy: facts and controversies. Placenta. 2006;27:939-958.)
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Fig. 5.3 The linear relationship between maternal and fetal blood
glucose concentrations during the third trimester. Fetal blood was
obtained by percutaneous umbilical cord blood sampling. (From
Kalhan SC. Metabolism of glucose and methods of investigation in
the fetus and newborn. In Polin RA, Fox WW, eds. Fetal and Neonatal
Physiology. Vol |. Philadelphia, PA: WB Saunders; 1992:477-488.)

other than glucose are used to support fetal oxidative
metabolism; it is estimated that lactate and amino acids
provide approximately 25% each of the total fetal energy
requirements.’*”’

Lactate is produced even in well-oxygenated fetal lambs,
with total lactate production being approximately 4 mg/kg/
min.”” Although the exact origin of fetal lactate is unclear,
skeletal muscles and bones have been identified as sources of
lactate production under resting conditions. Lactate produc-
tion increases during episodes of acute hypoxemia, although
this response may be blunted in fetuses previously exposed
to oxidative stress.*' Lactate consumption occurs in the fetal
myocardium and liver.”” Short-term exogenous lactate infu-
sion in fetal lambs (sufficient to lower the pH to 7.20) results
in transient fetal bradycardia and increased fetal breathing
movements but no other adverse effects.”

Amino Acid and Lipid Metabolism

The fetus uses amino acids for protein synthesis, growth,
and oxidation. Most maternal-to-fetal amino acid transfer
occurs against a concentration gradient and involves energy-
dependent transfer mechanisms. Under conditions in which
fetal aerobic metabolism is decreased, amino acid uptake by
the placenta and fetus may be reduced because it involves an
expenditure of energy. Hypoxia results in a large reduction
in nitrogen uptake in fetal lambs.* During maternal fasting,
fetal amino acid uptake does not change; however, enhanced
fetal proteolysis may occur, which subsequently results in
amino acid oxidation or gluconeogenesis.

Lipid products are transferred from the mother to the
fetus. The fetus requires free fatty acids for growth, brain
development, and the deposition of body fat for postnatal
life. Fatty acids are transferred across the placenta by simple
diffusion. Ketones are also transferred by simple diffusion;
in humans, the maternal/fetal ketone ratio is approximately
2.0.” The fetus can use ketones as lipogenic substrates or
as energy substrates in the brain, kidney, heart, liver, and
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placenta.”® Beta-hydroxybutyrate (fatty acid) metabolism
can occur in the placenta, brain, and liver during episodes
of fetal hypoglycemia that result from maternal fasting.*
Cholesterol synthesis or free cholesterol diffusion does not
appear to occur in the placenta.”” However, there is a signifi-
cant correlation between maternal and fetal concentrations
of lipoprotein(a), implying that diffusion of lipoprotein(a)
may occur.”

Thermoregulation

Intrauterine fetal temperature largely depends on maternal
temperature. However, owing to the high metabolic rate in
the fetus, the net flow of heat is from the fetus to the mother.
Compared with the mother during the third trimester, the
fetus produces approximately twice as much heat (on a
weight-adjusted basis) and maintains a temperature 0.5° C
higher.***" This maternal-fetal difference in temperature
remains relatively constant and is referred to as the “heat
clamp.”*

The placental circulation is responsible for approximately
85% of the heat exchange between the mother and fetus.
The remaining 15% is dissipated through the fetal skin and
transferred through the amniotic fluid and the uterine wall to
the maternal abdomen.”" As a consequence, fetal temperature
may be rapidly affected by changes in umbilical blood flow;
fetal temperatures rise quickly on occlusion of umbilical
blood flow in both baboons and sheep.”” In humans, fetal
temperatures increase during uterine contractions, which
may be a result of intermittent obstruction of umbilical cord
blood flow.”* Whether this rise in fetal temperature contrib-
utes to acute hypoxic-ischemic brain damage in the setting
of umbilical cord prolapse is currently unknown. However,
relatively small increases in temperature increase the sensitiv-
ity of the fetal brain to hypoxic injury.”

The fetus generates heat through high metabolic activity,
as thermogenic mechanisms are not developed until the end
of gestation and thus largely inactive in utero. Newborns
are at high risk for rapid heat loss caused by amniotic fluid
evaporation and a sudden decrease in ambient temperature.”
Because of their small muscle mass, neonates are incapable of
significant heat production through shivering; thus nonshiv-
ering thermogenesis plays an important role in maintaining
temperature. Nonshivering thermogenesis occurs in brown
adipose tissue, which is unique from other adipocytes owing
to the significant presence of mitochondria, fat vacuoles, sym-
pathetic innervation, and blood vessels. In the mitochondria
of brown adipose tissue, ATP production is uncoupled from
the oxidative process, resulting in an increase in heat produc-
tion and oxygen consumption.’® Nonshivering thermogenesis
is inhibited in utero, most likely owing to the presence of
adenosine and prostaglandin E,, which have strong antilipo-
lytic actions on brown tissue,””* inadequate oxygen levels,
and low levels of intrauterine catecholamines and thyroid
hormones. The inhibition of nonshivering thermogenesis
is believed to be beneficial to the fetus, in that it allows for
conservation of oxygen and accumulation of brown adipose
tissue.”
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FETAL CARDIOVASCULAR SYSTEM

The cardiovascular system is one of the first functional organ
systems in the developing fetus. The morphologic develop-
ment of the human heart, from its first appearance as a
heart tube to its development as a four-chambered structure,
occurs between 20 and 44 days’ gestation. Even before the
development of the four-chambered heart, the valveless heart
tube generates unidirectional flow, typically around 21 days’
gestation.

Circulatory Pattern

Fetal circulation differs significantly from the postnatal
circulation. The fetal cardiovascular system is anatomically
arranged in such a way as to allow blood to bypass the lungs
and provide maximal perfusion of the placenta, where gas
and nutrient exchange occur. The fetal systemic circulation
receives cardiac output from both the left and the right
ventricle, with the ventricles working in parallel. In contrast,
during postnatal life, the left and right circulations are sepa-
rated and the ventricles work in series.

Fetal blood flow is characterized by three anatomic
communications between the left and right circulations:
the ductus venosus, the foramen ovale, and the ductus
arteriosus (Fig. 5.4). Oxygenated blood travels from the
placenta through the umbilical vein to the ductus venosus,
which connects the umbilical vein with the inferior vena
cava, thus bypassing the portal circulation and the liver. At
mid-gestation, approximately 30% of the umbilical venous
blood is shunted through the ductus venosus; from 30 to
40 weeks’ gestation, this fraction decreases to approximately
20%, although a significant increase can occur in response
to hypoxia (see later discussion).” Once in the right atrium,
oxygenated blood preferentially flows through the foramen
ovale to the left atrium and left ventricle, before entering the
aorta and the systemic circulation. This mechanism ensures
the delivery of well-oxygenated blood to the brain and the
heart, which are the two organs with the highest oxygen
requirements. The preferential shunting of ductus venosus
blood through the foramen ovale into the left atrium is
related to the umbilical venous pressure and the portocaval
pressure gradient.

Deoxygenated blood from the head and upper extremities
enters the right atrium through the superior vena cava and
is preferentially directed into the right ventricle and the pul-
monary artery. Because fetal pulmonary vascular resistance
is higher than systemic vascular resistance, the majority of
pulmonary artery blood flow crosses the ductus arteriosus
into the descending aorta, which in turn supplies the lower
extremities and hypogastric arteries. Deoxygenated blood
returns to the placenta via the umbilical arteries for gas and
nutrient exchange; only a small percentage travels through
the lungs into the left atrium, the left ventricle, and the
ascending aorta.

At birth, the fetus undergoes a significant and abrupt tran-
sition to a state of physiologic independence (see Chapter 9).
Clamping of the umbilical cord results in a sudden increase in

Fig. 5.4 Oxygenated blood leaves the placenta via the fetal umbilical
vein (1), enters the liver where flow divides between the portal sinus
and the ductus venosus, and then empties into the inferior vena cava
(2). Inside the fetal heart, blood enters the right atrium, where most
of the blood is directed through the foramen ovale (3) into the left
atrium and ventricle (4), and then enters the aorta. Blood is then sent
to the brain (5) and myocardium, ensuring that these cells receive the
highest oxygen content available. Deoxygenated blood returning
from the lower extremities and the superior vena cava (6) is preferen-
tially directed into the right ventricle (7) and pulmonary trunk. The
majority of blood passes through the ductus arteriosus (8) into the
descending aorta (9), which in turn supplies the lower extremities
(10) and the hypogastric arteries (71). Blood returns to the placenta
via the umbilical arteries for gas and nutrient exchange. A small
amount of blood from the pulmonary trunk travels through the pulmo-
nary arteries (12) to perfuse the lungs. Arrows in this figure depict the
direction and oxygen content [white (oxygenated), blue (deoxygen-
ated)] of the blood in circulation. (lllustration by Naveen Nathan, MD,
Northwestern University Feinberg School of Medicine, Chicago, IL.)

systemic vascular resistance, whereas expansion of the lungs
and an increased alveolar oxygen tension result in decreased
pulmonary vascular resistance. This allows for greater blood
flow through the lungs, resulting in a decrease in right atrial
pressure and an increase in left atrial pressure, ultimately
leading to the functional closure of both the foramen ovale
and the ductus arteriosus.

Blood Volume

Human fetal intravascular volume is approximately 110 mL/
kg, which is higher than that in postnatal life. However,
approximately 25% of this blood volume is contained within
the placenta; the blood volume within the fetal body is
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estimated to be approximately 80 mL/kg.®**' Fetal intravascu-
lar volume is regulated through a complex interplay between
the fetal heart, kidneys, and circulation and the placenta.”
The fetus can adapt more quickly to changes in intravascular
volume than the adult, owing to higher diffusion rates
between fetal compartments.®

Transplacental transfer of water from mother to fetus
depends on hydrostatic and osmotic pressures. The hydro-
static pressure is determined by the difference in pressures
between the maternal intervillous space or capillaries and the
fetal capillaries. The osmotic pressure is mainly determined
by the presence of plasma proteins (i.e., colloid osmotic pres-
sure). Transplacental water transfer is further regulated by
angiotensin II. Adamson et al."** found that angiotensin 1I
lowered the pressures in fetal placental exchange vessels,
thereby promoting fluid transfer from the maternal to the
fetal circulation. The production of angiotensin II is under
control of the renin-angiotensin-aldosterone system in the
fetal kidneys. A reduction in fetal arterial pressure results in
an increase in fetal plasma renin activity, which results in
subsequent increases in angiotensin I and II. The resulting
expansion of intravascular volume augments fetal cardiac
output and arterial pressure.

Cardiac Development

During gestation the fetal heart grows quickly and adapts to
the continuously changing demands. The fetal myocardium
grows primarily through cell division, whereas after delivery,
cardiac mass increases as a result of cell enlargement.” This
growth correlates with a prebirth transition from mononucle-
ated cardiomyocytes, which contribute to heart growth by
hyperplasia, to binucleated cardiomyocytes, which contribute
to heart growth by hypertrophy.

The number of cardiac myofibrils and the transition in the
type of cardiac troponins that are present during prenatal
development can alter fetal heart contractility.”” The change
from fetal to adult troponin is associated with decreased sen-
sitivity of the contractile apparatus to calcium. A heightened
calcium sensitivity is important in the early development of
the fetal heart, when the sarcoplasmic reticulum is imma-
ture.”® With advancing gestational age, ejection fraction
declines, but cardiac output (per unit of fetal weight) does
not change owing to increasing ventricular volume. The fetal
heart rate decreases over the course of gestation from 140 to
150 beats/min at 18 weeks’ gestation to 120 to 140 beats/min
at term.””

In utero developmental issues can have gestational and
long-term heart consequences. Fetuses exposed to maternal
diabetes demonstrate signs of biventricular diastolic dysfunc-
tion, right ventricular systolic dysfunction, and septal hyper-
trophy in the third trimester, compared with control
subjects.” Human growth-restricted fetuses have smaller,
more spherical hearts, impaired systolic longitudinal func-
tion, and mild impairment in diastolic function, compared
with matched non—growth-restricted fetuses; these altera-
tions have been observed to persist when examined even 10
years later.””

Ventricular Responses to Changes in Preload
and Afterload

It is unclear whether fetal and adult hearts possess similar
responses to preload and afterload. The adult heart responds
in accordance with the Frank-Starling curve, which indicates
that ventricular distention lengthens the diastolic fibers and
results in augmented contractility. A number of studies have
indicated that the fetal heart has a limited capacity to increase
its stroke volume in response to an increase in preload (e.g.,
intravenous fluid infusion).”””* By contrast, other studies have
observed that the fetal heart can accommodate increases in
preload and afterload in a manner consistent with the Frank-
Starling curve.”””® These seemingly contradictory findings
may be partially explained if the fetal heart functions in vivo
near the peak of the Frank-Starling curve. However, the left
ventricular stroke volume is known to double at birth, which
would not be in agreement with this hypothesis. A more plau-
sible explanation is that cardiac compliance increases owing
to myocardial functional maturity with increased gestation;
this has been suggested by a decreasing ratio of mitral peak
early diastolic filling velocity to early diastolic mitral annular
velocity (E/e’) as the fetus matures.”” Another explanation
is that ventricular constraint, arising from tissues that sur-
round the heart (chest wall, pericardium, and lungs), limits
fetal ventricular preload and overall cardiac function in utero.
Relief of this constraint at birth, as a result of lung aeration
and clearance of liquid from the lungs, may then allow for
an increase in left ventricular preload and subsequent stroke
volume in the newborn.”

Studies investigating the effects of afterload on fetal
ventricular function have observed a significant decrease
in right ventricular stroke volume in response to increases
in arterial pressure.” The same phenomenon occurs in the
left ventricle, although to a lesser degree. In a study of fetal
lambs, in which gradual constriction of the descending aorta
was applied, stroke volume was maintained until high mean
arterial pressures were achieved, after which decreases were
observed. This decrease in stroke volume in the presence
of high mean arterial pressure may represent the exhaus-
tion of “preload reserve,” which will typically allow the
maintenance of stroke volume in the setting of increased
afterload.”

Cardiac Output and Distribution

In postnatal life, the right and left ventricles operate in series
and their output is approximately equal; as a consequence,
cardiac output is defined through measurements of output
from either ventricle. However, in the fetus, the systemic circu-
lation receives blood from both the left and right ventricle in
parallel (i.e., the sum of the right and left ventricular outputs,
with the exception of a proportion of the right ventricular
output that is delivered to the fetal lungs). At mid-gestation,
the combined ventricular output (CVO) is approximately
210 mL/min, and it increases to approximately 1900 mL/
min at 38 weeks’ gestation (500 mL/min/kg).”****" During
fetal life, the right ventricular volume is greater than the left
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Fig. 5.5 Redistribution of combined ventricular output in fetal lambs
during hypoxemia caused by reduced uterine blood flow. (Modified
from Jensen A, Roman C, Rudolph AM. Effects of reducing uterine
blood flow on fetal blood flow distribution and oxygen delivery. J Dev
Physiol. 1991;15:309-323.)

ventricular volume during both systole and diastole, but
stroke volume does not differ significantly between the two
ventricles.”

Fetal cardiac output is sensitive to changes in fetal heart
rate. As heart rate increases, cardiac output increases. As fetal
heart rate decreases, fetal stroke volume increases only slightly,
in part because of low fetal myocardial compliance. Although
fetal bradycardia results in an extended diastolic filling time,
the stiff fetal cardiac ventricles have limited ability to distend.
Therefore, fetal bradycardia is associated with a marked drop
in fetal cardiac output.

The distribution of the CVO in near-term fetal lambs
and resting adult humans is shown in Fig. 5.5. The majority
of fetal lamb CVO is distributed to the placenta (41%), the
bone and skeletal muscle (38%), the gastrointestinal system
(6%), the heart (4%), the brain (3%), and the kidneys (2%).
In both fetal and adult animals, approximately equal volumes
of blood are delivered to oxygen-uptake organs (i.e., the
placenta before delivery, the lungs after delivery) and the
oXxygen-consuming organs.

The distribution of the CVO changes over the course of
gestation and in certain conditions, such as hypoxia and
hypovolemia. Interpretation of CVO data should be evalu-
ated with the understanding that significant interspecies dif-
ferences exist. For example, whereas lungs in the lamb fetus
receive 10% or less of CVO, those in the human fetus receive
approximately 20%. In human fetuses at 10 to 20 weeks’
gestation, the brain receives approximately 15% of CVO,”
but this fraction may be increased during circumstances of
decreased placental perfusion, acidosis, and increased Pco,.
In the rhesus monkey, the fraction of CVO devoted to cere-
bral blood flow was observed to increase from 16% to 31%
during a hypoxic challenge.”

Fetal Blood Pressure

Fetal blood pressure increases with gestational age. Intracar-
diac (intraventricular) pressure recordings in the human
fetus suggest that systolic pressure increases from 15 to
20 mm Hg at 16 weeks” gestation to 30 to 40 mm Hg at 28
weeks’ gestation.”® Substantial variation in blood pressure
may be observed. The diastolic ventricular pressures undergo
similar, albeit slower and smaller increases, from 5 mm Hg or
less at 16 to 18 weeks’ gestation to 5 to 15 mm Hg at 19 to 26
weeks’ gestation.”

Regulation of Fetal Circulation

Fetal cardiovascular function continuously adapts to varying
metabolic and environmental conditions through regulation
by the neurologic and endocrine systems. The predominant
form of neuroregulation occurs in response to baroreceptor
and chemoreceptor afferent input to the autonomic nervous
system and through modulation of myocardial adrenergic
receptor activity. Thus, the autonomic nervous system func-
tions to reversibly redirect blood flow and oxygen delivery as
required.

Arterial baroreceptor function has been demonstrated
in several different fetal animal models. The predominant
baroreceptors are located within the vessel walls of the aortic
arch and at the bifurcation of the common carotid arteries.
These receptors project signals to the vasomotor center in
the medulla, from which autonomic responses emanate. The
baroreceptors are functional early in fetal development and
undergo continuous adaptation to the increases in blood
pressure observed over time.* A sudden increase in fetal
mean arterial pressure—as occurs with partial or complete
occlusion of the umbilical arteries—results in cholinergic
stimulation and subsequent fetal bradycardia.

Peripheral chemoreceptors are present within the vessel
walls of the aortic arch and at the bifurcation of the common
carotid arteries. In some animal species, peripheral chemo-
receptors are transiently present in the adrenal gland but
disappear after birth.” The fetal aortic chemoreceptors are
responsive even to small changes in arterial oxygenation,*®
which contrasts to the less active fetal carotid chemorecep-
tors. Dawes et al.*® concluded that the carotid chemoreceptors
are important for postnatal respiratory control, whereas the
aortic chemoreceptors are more involved in the control of car-
diovascular responses and the regulation of oxygen delivery.
Central chemoreceptors, located in the medullar oblongata,
appear to play little if any role in fetal circulatory responses.

The neural control of the fetal circulation is far more
dependent on chemoreceptor-mediated responses than
neural control of the adult circulation.*” Acute fetal hypoten-
sion often stimulates a reflex response, which can include
both bradycardia and vasoconstriction. Vasoconstriction
is dependent on increases in both sympathetic autonomic
activity and the rate of secretion of several vasoactive hor-
mones, including arginine, vasopressin, renin, angiotensin,
and aldosterone. Fetal bradycardia is most likely caused by
activation of peripheral chemoreceptors.”
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Fig. 5.6 The growing influence of the parasympathetic nervous system on fetal heart rate as gestation pro-
gresses. This parasympathetic activity is reversible with administration of atropine. (From Schifferli P, Calde-
yro-Barcia R. Effects of atropine and beta-adrenergic drugs on the heart rate of the human fetus. In Boréus
LO, ed. Fetal Pharmacology. New York, NY: Raven Press; 1973:264.)

Autonomic Nervous System

The autonomic nervous system is present early in gestation
and plays a critical role in maintaining cardiovascular homeo-
stasis. In the fetal chick heart, evidence of cholinergic inner-
vation occurs as early as 3 days after fertilization (average
incubation, 22 days). In the mammalian heart, inotropic and
chronotropic responses to adrenergic agents have been mea-
sured as early as 4 to 5 weeks’ gestation,” and the fetal myo-
cardial pacemaker can be inhibited at this time by the
cholinergic agonists carbamylcholine and acetylcholine.”

In comparing the parasympathetic cholinergic and sym-
pathetic adrenergic nervous systems during gestation, the
majority of studies indicate that the parasympathetic system
appears earlier (8 weeks’ gestation versus 9 to 10 weeks’ gesta-
tion),”*”*” becomes more dominant as pregnancy progresses,
and is more functionally complete at birth (Fig. 5.6). As
a result, the baseline fetal heart rate is slower at term than
at 26 weeks’ gestation. The administration of atropine can
result in fetal tachycardia by 15 to 17 weeks’ gestation, which
occurs before fetal bradycardia can be demonstrated with the
administration of a beta-adrenergic receptor antagonist.”

Both parasympathetic and sympathetic systems undergo
significant maturation during postnatal life, and full matura-
tion of the vagal response is not observed until 1 to 2 months
after delivery.”*” Similarly, although the contractile response of
the fetal vasculature is less functional than the adult response,
the fetal administration of an alpha-adrenergic receptor
agonist can result in the redistribution of blood flow away from
the kidneys, skin, and splanchnic organs and toward the heart,
brain, placenta, and adrenal glands.”® At birth, the autonomic
nervous system can mediate a number of hemodynamic
adjustments, including changes in heart rate and peripheral
vascular resistance, and a redistribution of blood flow.”

FETAL PULMONARY SYSTEM

The lungs begin as small, saccular outgrowths of the ventral
foregut endoderm. Although sacculi with type I and II

pneumocytes and ventilatory capacity are present during the
last trimester, true alveoli develop at approximately 36 weeks’
gestation. The majority of alveolar development occurs post-
natally, within the first 6 to 18 months of life, when further
maturation of the microvasculature and the air-blood barrier
occurs.”

The pulmonary vasculature develops early in gestation,
with continuity between its capillary plexus and the heart
occurring as early as 34 days’ gestation.”®” The size and
number of pulmonary arteries and veins increases over time;
however, vessel reactivity to local and hormonal influences is
not detectable until after 20 weeks’ gestation.'”'"" From 20 to
30 weeks’ gestation, the growth in the size of the pulmonary
vascular bed combined with a reduction in pulmonary vascu-
lar resistance results in greater pulmonary blood flow (i.e.,
from 10% to 15% of the CVO to 25% of the CVO). During
this time, alterations in maternal oxygenation have no effect
on the fetal pulmonary vasculature.””'"” However, after 30
weeks’ gestation, blood flow to the lungs decreases slightly
owing to a significant increase in pulmonary vascular resis-
tance, diminishing the fraction of CVO to approximately
20%. Contemporaneously, the vasomotor tone and reactivity
of the fetal circulation begins to respond to maternal hyper-
oxygenation with a decrease in pulmonary vascular resistance
and an increase in pulmonary blood flow.”'” A study in
near-term fetal lambs observed a 10-fold increase in pulmo-
nary blood flow when fetal oxygen tension was increased
from 24 to 46 mm Hg (3.2 to 6.1 kPa) because of pulmonary
vasodilation'’’; however, this acute response is not sustained
during prolonged exposures, suggesting the development of
vasoregulatory mechanisms that oppose vasodilation.'”

At birth, with the onset of breathing, a significant reduc-
tion in pulmonary vascular resistance occurs and the pulmo-
nary blood flow increases from 21% to 100% of cardiac
output to enable gas exchange in the lung.'” A number of
mechanical and molecular processes contribute to this peri-
natal pulmonary vasodilation. In utero, the fetal lungs are
filled with fluid to maintain an appropriate level of expansion
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for normal pulmonary development.'” The expulsion of lung
liquid, particularly with a vaginal birth, likely decreases
extraluminal pressure on the pulmonary vasculature and
leads to a decrease in pulmonary vascular resistance.'”
Breathing movements, shear stress created by an abrupt surge
in pulmonary blood flow, and the development of alveolar
surface tension are other mechanical factors that can decrease
pulmonary vascular resistance.'” Finally, the relative pre-
dominance of vasodilators (e.g., endothelium-derived nitric
oxide, prostacyclin) versus vasoconstrictors (e.g., platelet-
activating factor) at birth may also significantly decrease
pulmonary vascular resistance.'””'”®

The amount and composition of pulmonary surfactant
changes over the course of gestation. For example, the ratio of
phosphatidylglycerol to phosphatidylinositol, and the ratio of
lecithin to sphingomyelin, increases with gestation and may
be used as markers of fetal lung maturity.'” Fetal surfactant
production can be accelerated by a number of factors, includ-
ing glucocorticoids, thyroid hormones, and autonomic neu-
rotransmitters. A glucocorticoid surge in the last weeks of
gestation is required for normal lung development''’; birth
before this cortisol increase results in low levels of surfactant
with the subsequent development of infant respiratory dis-
tress syndrome (IRDS). Consequently, the American College
of Obstetricians and Gynecologists (ACOG) recommends a
single course of corticosteroids for pregnant women between
24 and 34 weeks’ gestation who are at risk for preterm
delivery.""

Antenatal corticosteroid treatment causes maturation of
pulmonary epithelial cells, differentiation of type II cells, and
activation of various components of surfactant (e.g., surfac-
tant proteins and phospholipids); the treatment causes addi-
tional pulmonary alterations in the structural components,
fluid metabolism, production of growth factors, and presence
of antioxidant enzymes and adrenergic receptors. The mater-
nal administration of glucocorticoids such as betamethasone
or dexamethasone has been associated with a 35% to 40%
reduction in respiratory distress syndrome in preterm infants
and a significant improvement in neonatal mortality.'"”

A disadvantage in respiratory morbidity and mortality of
male infants born prematurely can be partially attributed to
gender differences in surfactant production.'>'® Higher levels
of androgen and Miillerian-inhibiting substance in male
fetuses adversely affects surfactant production, whereas estro-
gen promotes surfactant production in female fetuses.'
Future therapies may need to be gender specific.

FETAL RENAL SYSTEM

Although fluid and electrolyte balance, and acid-base homeo-
stasis, are primarily regulated and maintained by the placenta,
the fetal kidneys play an important role in fetal development
through amniotic fluid production. Fetal glomeruli begin to
develop at 8 to 9 weeks’ gestation and start producing urine at
10 weeks’ gestation, which contributes significantly to amni-
otic fluid production.'”'"* By 20 weeks’ gestation, greater
than 90% of amniotic fluid is provided by the kidneys. Fetal

oliguria and anuria can lead to lung hypoplasia and skeletal
and tissue deformities (e.g., Potter sequence).'” Glomerular
filtration rate (GFR) increases over the course of gestation
but remains low during fetal and early neonatal life. At birth,
term newborns have a GFR of approximately 20 mL/
min/1.73 m?,""®""” which increases to approximately 50 mL/
min/1.73 m’ by 1 month of age.""” This early increase in GFR
is believed to result from a large increase in the glomerular
capillary surface area and the ultrafiltration coefficient,
together with a small increase in the filtration pressure.''®'"”
Thereafter, the GFR undergoes progressive increases and
reaches adult levels between 1 and 2 years of age.'*

The ability of the fetal kidneys to perform filtration, reab-
sorption, and secretion (i.e., tubular function) begins by 14
weeks’ gestation and continues to develop postnatally. Imma-
turity of tubular function in preterm infants can lead to aci-
dosis and salt wasting."*"'* Renal function in utero is regulated
by a variety of factors that control renal blood flow, glomeru-
lar filtration, and tubular function. The renin-angiotensin
system is particularly important for normal fetal renal growth
and development,'” and maternal use of angiotensin-
converting enzyme inhibitors or angiotensin receptor block-
ers is associated with renal agenesis and anomalies'*
angiotensin II helps regulate blood pressure and the volume
of fluid in the extravascular space.'”

FETAL HEMATOLOGIC SYSTEM

Red blood cells, platelets, neutrophils, monocytes, and mac-
rophages are all derived from a common progenitor cell."”* In
the developing embryo, hematopoiesis occurs at several ana-
tomic sites in multiple waves. The first wave occurs in the yolk
sac 30 days after conception and produces mostly primitive
erythroid cells, but also macrophages and megakaryocytes.'”
The second wave also arises in the yolk sac but creates the
same cells found in the adult human (i.e., erythroid, mega-
karyocyte, and several myeloid lineages). The third wave
emerges from hematopoietic stem cells located within the
major arteries of the embryo, yolk sac, and placenta. Hemato-
poietic stem cells migrate to the fetal liver and eventually seed
the bone marrow, where they will reside for the remainder of
life. The final wave of hematopoiesis produces all hematopoi-
etic cell lineages, including B- and T-lymphocyte progenitor
cells."”*'”” In utero exposure to various agents when hemato-
poietic stem cells are initially emerging can lead to program-
ming alterations that impact the blood and immune systems
throughout life'”’; for example, genome profiling of cord
blood hematopoietic progenitor cells from neonates born to
smokers demonstrates dysregulated gene pathways involved
in hematopoietic cell lineage differentiation.'”’

Erythroid cells (red blood cells) are the first blood cells to
develop. There are two developmentally and morphologically
distinct erythroid lineages: primitive (embryonic) and defini-
tive (adult). Cells of the primitive lineage support the transi-
tion from the rapidly growing embryo to fetus; primitive
megaloblastic erythrocytes are much larger than definitive
erythrocytes, express different globin genes, and differ in their
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Fig. 5.7 Oxyhemoglobin saturation curves for fetal (A) and adult (B)
human blood. The Pg is indicated by the dashed vertical line. (Modi-
fied from Delivoria-Papadopoulos M, DiGiacomo JE. Oxygen trans-
port. In Polin RA, Fox WW, eds. Fetal and Neonatal Physiology. Vol 1.
Philadelphia, PA: WB Saunders; 1992:807.)

oxygen-carrying capacity and response to low oxygen tension.
By contrast, definitive erythrocytes are important during the
transition from fetal to extrauterine life at birth. They are
produced continuously from hematopoietic stem cells in the
bone marrow and participate in a variety of normal physio-
logic processes throughout postnatal life.'**"*’

Fetal and adult human erythrocytes can be distinguished
by their hemoglobin (hemoglobin F and A, respectively). The
tetramer for hemoglobin F consists of two alpha (o) chains
and two gamma (y) chains (02y2), whereas the tetramer for
hemoglobin A includes two alpha (o) chains and two beta ()
chains (0,3,). The gamma chain and the beta chain contain
the same number of amino acids (146), but their sequences
differ by a total of 39 amino acids."”' The change in expression
from fetal to adult beta-globin genes begins at approximately
32 weeks’ gestation and is completed after birth.'*

Hemoglobin F has a greater affinity for oxygen and a lower
affinity for 2,3-disphosphoglycerate (DPG) and exhibits a
leftward shift in the oxyhemoglobin dissociation curve com-
pared with hemoglobin A (Fig. 5.7)."” These differences
result in greater arterial oxygen saturation in fetal versus
maternal blood for any given arterial oxygen pressure. This
difference in oxygen affinity can be explained by a decreased
interaction between the gamma chains of hemoglobin F and
intraerythrocyte 2,3-DPG, the latter acting to lower oxygen
affinity by binding and stabilizing the deoxygenated hemo-
globin tetramer. As a consequence, 2,3-DPG decreases the
oxygen affinity of hemoglobin F less than that of hemoglobin
A."”* Although fetuses and adults have similar intraerythro-
cyte 2,3-DPG concentrations, fetal blood exhibits a lower
oxygen tension at which hemoglobin is 50% saturated (Ps).
Hemoglobin F levels begin to decrease toward the end of

pregnancy, resulting in a corresponding increase in the Ps, At
term, hemoglobin A accounts for approximately 25% of total
hemoglobin, and the Py, is approximately 19 mm Hg.'”
Hemoglobin A levels begin to increase and 2,3-DPG con-
centrations transiently increase above usual fetal and adult
levels during the first few months of life. During this time, the
affinity of neonatal blood for oxygen is equivalent to that of
the adult despite the persistence of 25% fetal hemoglobin."*>'*

FETAL GASTROINTESTINAL SYSTEM

The gastrointestinal tract develops from the primitive diges-
tive tube, which includes the foregut, midgut, and hindgut.
The foregut receives its vascular supply from the celiac axis
and gives origin to the oral cavity, pharynx, esophagus,
stomach, and upper duodenum. The midgut, which receives
its vascular supply from the superior mesenteric artery, devel-
ops into the distal duodenum, jejunum, ileum, cecum, appen-
dix, and transverse colon. The hindgut receives its vascular
supply from the inferior mesenteric artery, and it differenti-
ates into the descending colon, the sigmoid colon, and the
upper two thirds of the rectum." Intestinal villi appear by 7
weeks’ gestation, and active absorption of glucose and amino
acids occurs by 10 and 12 weeks’ gestation, respectively.'”’
Peristaltic waves and gastrointestinal motility are initiated by
8 weeks’ gestation. Teniae, the three longitudinal ribbons of
smooth muscle on the outside of the colon, appear by 12
weeks’ gestation and contract to produce the haustra (bulges)
in the colon." In the small intestine, Auerbach and Meissner
plexuses of parasympathetic nerves provide motor and secre-
tomotor innervation, respectively; the two plexuses are
present as early as 8 weeks’ gestation."”” Aggregations of lym-
phoid nodules (i.e., Peyer patches) develop by 20 weeks’ ges-
tation in the ileum."”

Although the fetal environment and neonatal gut were
once believed to be sterile, in utero transmission of microbes
from mother to infant likely occurs. Jimenez et al."* demon-
strated that specific bacteria introduced to the gut of pregnant
animals could be recovered in the offspring at the time of
sterile cesarean delivery. Similarly in humans, Collado et al."'
observed shared microbiota features in placental, amniotic
fluid, and infant meconium samples obtained during elective
cesarean delivery, suggesting in utero microbial gut coloniza-
tion. The early life microbiome is involved in immune system
development, metabolic programming, neurodevelopment,
and neonatal susceptibility to diseases.'*”

Swallowing

The fetus starts swallowing at approximately 15 weeks’ gesta-
tion, and at term the fetus ingests 500 to 750 mL of amniotic
fluid per day.'*’ Fetal swallowing plays an important role
in amniotic fluid homeostasis,'” and the swallowed fluid
appears to provide nutritional support for mucosal develop-
ment within the gastrointestinal tract.'* Intestinal growth
occurs by duplication of intestinal crypts, a process that
is promoted by the presence of trophic factors in amniotic
fluid; these factors include epidermal growth factor (EGF),
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hepatocyte growth factor, transforming growth factor o
(TGF-0.) and TGF-B, Insulin like growth factor-1 (IGF-1)
and IGF-2, erythropoietin, granulocyte colony-stimulating
factor (G-CSF), and cytokines.'* Avila et al."*® found that
surgical obstruction of ingested fluid within the upper
gastrointestinal tract resulted in restricted development of
the gastrointestinal tract, liver, and pancreas.

The ingestion and intestinal absorption of nutrient-rich
amniotic fluid also appears to play an important role in
general fetal growth and development. In the fetal rabbit
model, disorders of the upper gastrointestinal tract (e.g.,
esophageal obstruction, gastroschisis) lead to decreased
intestinal nutrient absorption and decreased birth weight and
crown-rump length."” Similar findings have been reported in
human neonates with congenital esophageal atresia.'*

Meconium

Meconium, which consists of water, intestinal secretions, squa-
mous cells, lanugo hair, bile pigments, and blood, first appears
in the fetal intestine between 10 and 12 weeks’ gestation.'*’
By 16 weeks’ gestation, meconium moves into the colon.
Between 14 and 22 weeks’ gestation, fetal colonic contents, as
indicated by the presence of high levels of intestinal enzymes
(i.e., disaccharidases, alkaline phosphatase), appear in the
amniotic fluid.”" After 22 weeks’ gestation, a subsequent
decline in the concentration of these gastrointestinal enzymes
within the amniotic fluid is observed, which coincides with
the development of anal sphincter tone."”"'”*

Meconium is continually cleared by fetal swallowing,
leading to relatively clear amniotic fluid in the majority of
pregnancies. The presence of meconium-stained amniotic
fluid may therefore represent either decreased clearance or
increased passage of meconium, which is observed in the
presence of fetomaternal stress factors such as hypoxia and
infection, independent of fetal maturation.”” Meconium-
stained amniotic fluid occurs more frequently with advanced
gestational age and is common in post-term pregnancies.'”’

Although many fetuses with meconium-stained amniotic
fluid are born without adverse sequelae, meconium can have
detrimental effects on fetal organs and the placenta. Meco-
nium may cause umbilical cord vessel constriction, vessel
necrosis, and the production of thrombi, which can lead to
altered coagulation, cerebral palsy, and neonatal seizures."
In addition, meconium may reduce the antibacterial proper-
ties of amniotic fluid by altering zinc levels."* Fetal aspiration
of meconium also may neutralize the action of surfactant,
promote lung tissue inflammation through the activation
of neutrophils, and possibly result in meconium aspiration
syndrome (see Chapter 9). Finally, in the presence of peri-
natal hypoxia, meconium also may contribute to vascular
hypertrophy and possible pulmonary hypertension.'*

150

FETAL NERVOUS SYSTEM

Over the course of gestation, the human brain and central
nervous system begin to develop from a few embryonic cells
to a complex system in which billions of neurons are arranged

and interconnected; small, seemingly minor changes may
have profound implications. For example, animal studies
suggest that intrauterine exposure to a variety of drugs and
medications, including certain anesthetic agents, at specific
time intervals appears to result in anatomic, functional, and
behavioral changes following birth (see Chapter 10).

Structural and Functional Brain Development

Primary neuromodulation and neural tube formation occur
by 4 weeks’ gestation. By 8 weeks, the rostral end of the
neural tube gives rise to the prosencephalon, or forebrain;
the mesencephalon, or midbrain; and the rhombencepha-
lon, or hindbrain. These three segments further subdivide:
the prosencephalon divides into the telencephalon and the
diencephalon, and the rhombencephalon divides into the
metencephalon and myelencephalon. These five subdivisions
establish the primary organization of the central nervous
system.'”

The human subplate, the developmental anlage of the
cerebral cortex, develops between 13 and 15 postconceptional
weeks (PCW). The subplate layer is created to fulfill a critical,
albeit transient, role as a location for synapses with cortical
and thalamic projections; the subplate layer disintegrates
between 24 and 28 weeks’ gestation. A significant increase in
cortical development, organization, and synapse formation
begins by 20 weeks’ gestation and continues postnatally;
during the third trimester alone, the cerebral cortex volume
increases fourfold.”*"”

The first fetal movements are witnessed near the end of the
first trimester. These initial movements have simple patterns
and originate from spontaneous discharges within the spine
and brainstem. The fetal movements become more orga-
nized and complex as the pregnancy progresses, with higher
brain centers modulating the activity of the brainstem and
spine.

The exact onset of electrocortical activity is unknown,
but electroencephalographic (EEG) activity can be recorded
in preterm infants as early as 24 weeks’ gestation. Fetal EEG
activity differs from that in the adult and is characterized by
the presence of intermittent bursts of activity separated by
periods of complete suppression. With maturation, these
suppressed episodes become shorter and less frequent before
completely disappearing in postnatal life. The early electrical
activity within the nervous system controls several develop-
mental processes, such as neuronal differentiation, migra-
tion, synaptogenesis, and formation of neuronal networks.
For example, the initial spontaneous spinal and subcortical
discharges are believed necessary for somatosensory develop-
ment. As they elicit movements in the periphery, afferent
signals establish topographic representation on the sensory
Cortex'l58—]ﬁﬂ

Alterations in fetal brain and nervous system develop-
ment can lead to major malformations. The Zika virus has
been associated with an increase in the number of newborns
with microcephaly, retinal abnormalities, hearing loss,
and other neurologic complications, such as convulsions
and hypotony, hydrocephalus, agyria, ventriculomegaly, and
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brain calcifications.'”' The Zika virus is highly neurotropic

and causes cell death in neuroprogenitor cells and immature
cortical neurons.'*

Cerebral Metabolism

The immature brain, similar to the adult brain, relies mostly
on oxidative metabolism for the production of energy.
However, owing to the limited capacity for mitochondrial
oxidative phosphorylation and the lower partial pressures of
oxygen observed in utero, anaerobic glycolysis exhibits a
greater role during this developmental period than after
delivery.'”'** In the presence of aerobic conditions, glucose is
converted to pyruvic acid (glycolysis), which enters the Krebs
cycle and the mitochondrial cytochrome system to create
chemical energy; this process converts 1 mole of glucose into
36 moles of ATP. By contrast, during anaerobic conditions,
glycolysis is much less efficient, yielding only 2 moles of ATP
for each mole of glucose.'”

Although glucose represents the primary and predomi-
nant source of cerebral energy, the perinatal brain is uniquely
capable of metabolizing other substrates, such as lactic acid
and ketone bodies (i.e., B-hydroxybutyrate and acetoacetate).
Lactic acid concentrations in the peripartum period are sig-
nificantly elevated and may support over 50% of total cerebral
oxidative metabolism in certain conditions such as hypo-
glycemia and hypoxia.'®®'”” During hypoxic conditions, the
fetal brain will also significantly decrease its energy consump-
tion, as evidenced by fewer fetal movements and a slower EEG
wave pattern.'®®

Cerebral Blood Flow

The development of the neural tube begins with formation of
endothelium-lined vascular channels; by 10 weeks’ gestation,

an extensive network of leptomeningeal arteries covers the
fetal brain, allowing vessels to sprout and penetrate the brain
parenchyma. Subsequent vascular growth is most pronounced
in rapidly developing areas of the brain.'”

The fetal systemic circulation has unique features that
ensure optimal oxygen delivery to the brain. Well-oxygenated
blood from the umbilical vein and ductus venosus is prefer-
entially shunted through the foramen ovale to the left side of
the heart and the ascending aorta to supply the cerebral and
coronary circulations. Hypoxia results in acute changes in
fetal and placental vascular resistance, which leads to intense
peripheral vasoconstriction (likely mediated by stimulation
of chemoreceptors) and further shunting of umbilical venous
blood through the ductus venosus. The fetal circulatory
system is much more sensitive to hypoxemia than that in the
adult, which helps maintain oxygen delivery to the develop-
ing brain and myocardium (Fig. 5.8).'"""""

The redistribution of blood flow to the most actively
developing regions of the fetal brain is at least partially the
result of an adenosine-mediated mechanism. Adenosine, the
breakdown product of ATP, accumulates during failure of
ATP resynthesis and causes vasodilation of blood vessels and
suppression of neuronal activity.'” Other substances (e.g.,
nitric oxide, endogenous opioids, adrenomedullin) may also
play a role in cerebral blood redistribution, but the exact
mechanisms are incompletely understood.'”?

Nociception

Cutaneous sensory receptors are present in the human
fetus at approximately 7 weeks’ gestation, and a widespread
network is established by 20 weeks. At term gestation, the
density of cutaneous nociceptive receptors in the fetus is
comparable to, and may even exceed, that of the adult.
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Fig. 5.8 The redistribution of cardiac output to the heart and central nervous system during hypoxemia in fetal
lambs. Each symbol represents a measurement from an individual fetal lamb. (Modified from Sheldon RE,
Peeters LLH, Jones MD Jr, et al. Redistribution of cardiac output and oxygen delivery in the hypoxic fetal

lamb. Am J Obstet Gynecol. 1979;135:1071-1078.)
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Although the development of sensory fiber-to-dorsal horn
interneuron synapses has been reported to occur as early as
6 weeks’ gestation,'” differentiation of dorsal horn neurons
begins at approximately 13 weeks’ gestation; the laminar
arrangement of dorsal horn neurons, replete with synaptic
interconnections and neurotransmitter vesicles, is present in
some regions of the spinal cord by 30 weeks’ gestation.'* At
this time, the A-delta and C fibers make connections at the
spinal cord level and with the surrounding dermatomes.

The neurons of the cerebral cortex develop by 20 weeks’
gestation, and synaptogenesis of the thalamocortical con-
nections is established between 20 and 24 weeks’ gestation.
Thalamocortical axons reach the somatosensory cortex at 24
to 26 weeks’ gestation. Myelination of the pain pathways of
the spinal cord and brainstem is completed during the second
and third trimesters of gestation'”’; however, the process con-
tinues postnatally in other areas of the brain and in periph-
eral nerve fibers. Although optimal pain processing requires
myelination of pain pathways, cortical maturation, dendritic
arborization, and thalamocortical fiber synaptogenesis, it is
unclear when nociception, the capacity to feel pain, develops
within the fetus. As early as 18 weeks’ gestation, human
fetuses demonstrate pituitary-adrenal, sympathoadrenal,
and circulatory stress responses to noxious stimuli.'”*"”* In
studies of intrauterine blood transfusion in the human fetus,
surgical needling of the intrahepatic vein (compared with
needling of the insensate umbilical cord) is associated with
evidence of a stress response, including increases in plasma
beta-endorphin and cortisol levels and a diminution in the
middle cerebral artery pulsatility index.'"”” Administration of
fentanyl 10 pg/kg blunts this stress response to intrahepatic
needling."

The immaturity of thalamocortical connections before 25
weeks’ gestation suggests that cortical processing of external
input before 25 weeks’ gestation is unlikely.'"®' However, as
early as 25 weeks’ postmenstrual age, near-infrared spectros-
copy has demonstrated cortical activity in response to noxious
stimuli in preterm neonates.'*'" Facial responses to painful
stimuli (similar to those seen in adults) can be provoked in
preterm neonates born and assessed as early as 25 weeks’

__ KEY POINTS

gestation, which suggests the development of functional
pathways from the spinal cord to the brain.'™'® However,
the withdrawal from noxious stimuli or an increased release
of stress hormones does not necessarily reflect an awareness
of pain, because local spinal reflexes and hormonal release
can occur without cortical involvement."® The experience
of pain is a conscious subjective experience with emotional
and affective components that requires higher-level cortical
processing. Nociceptive processing begins in the peripheral
neurons, which relay signals through the spinothalamic tract,
the thalamus, and ultimately the cerebral cortex, where con-
scious perception of pain occurs.'”’

After birth, neonates appear to be more sensitive to pain,
with lower pain thresholds, poor discriminative abilities,
and a greater tendency to exhibit central sensitization in
response to later noxious stimuli than adults. Early sensory
experiences in the neonate can influence the development
of nociceptive pathways.'* Neonates and especially preterm
infants who undergo numerous procedures in the neonatal
intensive care unit and/or surgery have been observed to
demonstrate altered pain perceptions later in life.'"” In the
rodent model, tissue injury in early neonatal life results in
an increased magnitude and duration of hyperalgesia after
reinjury in later life, compared with those with no early
life pain experience." Collectively, these observations have
prompted some investigators to conclude that noxious
events in neonates, when pain pathways are still undergoing
a learning or “tuning process,” may result in structural func-
tional and behavioral alterations in adult pain processing.
Some of these long-term consequences may be attenuated by
preemptive analgesia.'”

The foregoing neuroanatomic and neurochemical evi-
dence, in addition to the well-characterized behavioral and
physiologic responses to pain, indicate that both the fetus
and newborn infant have nociceptive pathways capable of
communicating nociceptive stimuli from the periphery to
the cerebral cortex and regulating the response via efferent
inhibitory pathways. Current evidence suggests that fetal
nociception at the level of the cortex occurs after the mid-
point of pregnancy (i.e., between 24 and 30 weeks’ gestation).

+ Amniotic fluid serves a number of vital roles, including the
facilitation of fetal growth, the provision of a microgravity
environment that cushions the fetus, and the generation of
a defense mechanism against invading microbes.

+ The fetus depends on the mother and the placenta for
its basic metabolic needs, such as nutrient delivery, gas
exchange, and electrolyte and acid-base homeostasis.

+ Fetal arterial blood Po, ranges from 20 to 30 mm Hg (2.7
to 4.0 kPa), and fetal development exists in a state of rela-
tive hypoxia compared with adult oxygen tension.

+ Despite a lower fetal oxygen tension, the fetal arterial
blood oxygen content is not much lower than that of the

adult. This results from a higher oxygen-carrying capac-
ity (hemoglobin concentration of 18 g/dL) and a higher
affinity of hemoglobin F for oxygen, when compared with
hemoglobin A.

+ The fetus produces approximately twice as much heat
(on a weight-adjusted basis) and maintains a tem-
perature 0.5° C higher than the mother during the third
trimester.

+ The fetal circulation receives output from both the left and
the right ventricle, with the ventricles working in parallel.
Systemic blood flow consists of the sum of the right and
left ventricular outputs, with the exception of the small
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amount of blood delivered to the fetal lungs by the right
ventricle.

Fetal blood flow is characterized by three important
communications between the left and right circulation:
the ductus venosus, the foramen ovale, and the ductus
arteriosus.

Acute hypotension in the fetus stimulates a reflex response,
which includes both bradycardia and vasoconstriction.
The sympathetic nervous system at birth is not as well
developed as the parasympathetic nervous system;
however, it plays an important role in the hemodynamic
adjustments at birth.

Although fetal fluid and electrolyte balance, and acid-base
homeostasis, are primarily regulated and maintained by
the placenta, the fetal kidneys play an important role in
fetal development through amniotic fluid production.
The pulmonary surfactant system is one of the last systems
to develop before birth. Surfactant assembly occurs in the
type II alveolar cells, and components of surfactant are
first detected between 24 and 28 weeks’ gestation.

Fetal hemoglobin has a greater oxygen affinity than adult
hemoglobin, owing to a decreased interaction between
hemoglobin F and 2,3-DPG. The P50 of fetal blood is
significantly lower than that of adult blood.

Fetal hypoxemia leads to a significant redistribution of
cardiac output to the heart and the brain. This results in
both a global increase in cerebral blood flow and a redis-
tribution of blood flow within the fetal brain.

Fetal swallowing plays an important role in amniotic fluid
homeostasis, and the swallowed fluid appears to provide
nutritional support for mucosal development within the
gastrointestinal tract.

The fetus has nociceptive pathways capable of communi-
cating painful stimuli from the periphery to the cerebral
cortex. Current evidence suggests that fetal nociception at
the level of the cortex occurs after the midpoint of preg-
nancy (i.e., between 24 and 30 weeks’ gestation).
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Obstetric care providers have two patients, the mother and
the fetus. Although assessment of maternal health is relatively
straightforward, assessment of fetal well-being is far more
challenging. Several tests have been developed to assess the
fetus during pregnancy, including some that are recom-
mended for all pregnancies (e.g., ultrasonography for preg-
nancy dating) and others that are reserved only for women
with pregnancy complications (e.g., middle cerebral artery
Doppler velocimetry in pregnancies with isoimmunization).
In addition, a limited number of fetal interventions are
employed to improve fetal outcome, including some that are
used more frequently and others rarely, such as maternal
corticosteroid administration and intrauterine fetal proce-
dures, respectively. A review is presented here of the tests
available to assess fetal well-being in both low- and high-risk
pregnancies and of the fetal therapies used during the ante-
partum period.

PRENATAL CARE IN LOW-RISK
PREGNANCIES

Determination of Gestational Age

The mean duration of a singleton pregnancy is 280 days (40
weeks) from the first day of the last normal menstrual period

in women with regular 28-day menstrual cycles. Term, defined
as the period from 37 weeks’ (259 days’) to 42 weeks’ (294
days’) gestation, is the optimal time for delivery. However,
both preterm births (defined as delivery before 37 weeks’
gestation) and postterm births (delivery after 42 weeks’ gesta-
tion) are associated with increased perinatal and neonatal
morbidity and mortality, with variation occurring within this
5-week gestational age range. For this reason, the designations
of early term (37 0/7 to 38 6/7 weeks’ gestation), full term (39
0/7 to 40 6/7 weeks’ gestation), and late term (41 0/7 to 41 6/7
weeks’ gestation) were adopted.' Evaluation of fetal growth,
efficient use of screening and diagnostic tests, appropriate
initiation of fetal surveillance, and optimal timing of delivery
all depend on accurate dating of the pregnancy.
Recommendations for determining the gestational age
and estimated due date (EDD) have been established by the
American College of Obstetricians and Gynecologists, the
Society for Maternal-Fetal Medicine, and the American Insti-
tute of Ultrasound in Medicine (Box 6.1).” Determination
of gestational age is most accurate when ultrasonographic
measurement of the fetus or embryo is performed in the first
trimester (up to and including 13 6/7 weeks’ gestation). For
pregnancies achieved by assisted reproductive technology
(ART), the EDD should be assigned based on the age of the

97
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BOX 6.1 Clinical Criteria Commonly Used

to Confirm Gestational Age

e Reported date of last menstrual period (estimated due date
can be calculated by subtracting 3 months and adding 7
days to the first day of the last normal menstrual period
[Naegele's rule]) or date of assisted reproductive technol-
ogy (intrauterine insemination or embryo transfer)

e The size of the uterus as estimated on bimanual examina-
tion in the first trimester, which should be consistent with
dates

e The perception of fetal movement (“quickening”), which
usually occurs at 18 to 20 weeks in nulliparous women and
at 16 to 18 weeks in parous women

e Fetal heart activity, which can be detected with a nonelec-
tronic fetal stethoscope by 18 to 20 weeks and with
Doppler ultrasonography by 10 to 12 weeks

e Fundal height, which at 20 weeks in a singleton pregnancy
should be approximately 20 cm above the pubic symphysis
(usually corresponding to the umbilicus)

e Ultrasonography to determine fetal crown-rump length
during the first trimester, or fetal biometry (biparietal diam-
eter, head circumference, and/or femur length) during the
second trimester

Data from the American College of Obstetricians and Gynecologists.
Antepartum fetal surveillance. ACOG Practice Bulletin No. 9.
Washington, DC, 1999 (reaffirmed 2009); American College of
Obstetricians and Gynecologists. Management of postterm
pregnancy. ACOG Practice Bulletin No. 55. Washington, DC, 2004
(reaffirmed 2009).

embryo and the date of transfer. Importantly, the EDD should
be determined as soon as the last menstrual period (LMP) is
recorded and the first accurate ultrasonographic examination
is performed, and the EDD should be communicated to the
patient and documented in the medical record. Assigning the
EDD by the first day of the LMP is limited by inaccurate recall
of the LMP, irregular cycle length, and variation in the timing
of ovulation. One study reported that reliance on LMP alone
leads to a false diagnosis of preterm birth and postterm preg-
nancy in one-fourth and one-eighth of cases, respectively.’
For these reasons, ultrasonographic measurement of the
embryo or fetus can improve the accuracy of the EDD, even
when the LMP is known, and the earlier in pregnancy the
ultrasonographic examination is performed, the greater the
accuracy. In the first trimester, before 14 0/7 weeks’ gestation,
the mean of three crown-rump length (CRL) measurements
should be used to establish or confirm the gestational age. In
the second and third trimesters, at 14 0/7 weeks’ gestation and
beyond, biometric measurements should be used for dating.
Measurements of the biparietal diameter, head circumfer-
ence, femur length, and the abdominal circumference are
used in a regression formula to calculate the gestational age
and EDD. Assessment of gestational age in the third trimester
(28 0/7 weeks’ gestation and beyond) is the least accurate.’
Guidelines for revising the EDD of pregnancy are based on
the initial ultrasonographic examination. If the CRL dating
differs by more than 5 days from the LMP dating before 9

0/7 weeks’ gestation, then the EDD should be revised based
on the CRL measurement. A difference of greater than 7 days
between 9 0/7 and 15 6/7 weeks’ gestation, greater than 10 days
between 16 0/7 and 21 6/7 weeks’ gestation, greater than 14
days between 22 0/7 and 27 6/7 weeks’ gestation, and greater
than 21 days at 28 0/7 weeks’ gestation and beyond should be
revised based on the ultrasonographic examination.”

Because the accuracy of gestational age assessment
decreases with increasing gestational age, pregnancies without
an ultrasonographic examination confirming or revising the
EDD before 22 0/7 weeks’ gestation should be considered
suboptimally dated.”* These pregnancies may benefit from a
follow-up ultrasonographic examination 3 to 4 weeks after
the initial ultrasonographic examination to confirm gesta-
tional age and assess interval growth to screen for fetal growth
restriction.

Importantly, once the EDD is established it should rarely
be revised, as discrepancies between gestational age and fetal
measurements could indicate an abnormality in fetal growth,
such as macrosomia or fetal growth restriction.’

Routine Ultrasonography

An ultrasonographic examination is recommended for all
pregnancies,”” given its ability to accurately determine ges-
tational age, viability, fetal number, and placental location,
and screen for fetal structural abnormalities in the second
trimester.

Some studies have shown an improvement in perinatal
outcome with the use of ultrasonography.”’ In a prospective
trial of 9310 low-risk women randomly assigned to an ultra-
sonographic examination for screening at 16 to 20 weeks’
gestation or for obstetric indications only, a significantly
lower perinatal mortality rate was observed in the group
undergoing screening (4.6 vs. 9.0 per 1000 births, respec-
tively).'’ The screening examination allowed for earlier detec-
tion of major fetal malformations and multiple gestations,
which enabled more appropriate care, and improved preg-
nancy dating and a lower rate of labor inductions for post-
term pregnancies. In contrast, a subsequent large multicenter
randomized clinical trial involving 15,151 low-risk women in
the United States, designated the RADIUS study, concluded
that screening ultrasonography did not improve perinatal
outcomes and had no impact on the management of the
anomalous fetus.'"" Although this trial was adequately
powered, the highly selective entry criteria (less than 1% of
pregnant women in the United States would have been eligi-
ble) and inappropriate primary outcomes for a low-risk
population (perinatal morbidity and mortality) have been
criticized.” Importantly, in the routine ultrasonography
group, only 17% of major congenital anomalies were detected
before 24 weeks” gestation. There is significant variability in
the sensitivity of routine ultrasonographic examinations for
the detection of fetal anomalies; in a large review of 36 studies
with over 900,000 fetuses, the detection rate for fetal anoma-
lies ranged from 15% to 80%."" The detection rates for mal-
formations are improved when performed by an experienced
operator at a tertiary center,'* are higher for central nervous
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system and urinary tract versus cardiac anomalies, and are
lower in patients with a high body mass index (BMI)."

Evaluation of Fetal Growth

Normal fetal growth is a critical component of a healthy
pregnancy and the subsequent long-term health of the child.
An increased risk for delivering a small-for-gestational-age
baby and/or having a preterm delivery is associated with low
maternal gestational weight gain, while a higher risk for
delivering a large-for-gestational-age baby and/or cesarean
delivery is associated with excessive gestational weight gain.'®
The current recommendations for maternal weight gain in
pregnancy were revised by the Institute of Medicine (IOM) in
2009 and are based on maternal prepregnancy BMI (Table
6.1)." The guidelines recommend that: (1) underweight and
normal weight women gain approximately 1 pound (0.5 kg)
per week in the second and third trimesters; (2) overweight
and obese women gain approximately one-half pound
(0.25 kg) per week in the second and third trimesters; and (3)
all women try to be within the normal BMI range when they
conceive.

The size, presentation, and lie of the fetus can be assessed
with abdominal palpation. A systematic method of examina-
tion of the gravid abdomen was first described by Leopold
and Sporlin in 1894." Although the abdominal examination
has several limitations (especially in the setting of a small
fetus, maternal obesity, multiple pregnancy, uterine fibroids,
or polyhydramnios), it is safe, is well tolerated, and may add
valuable information to assist in antepartum management.
Palpation is divided into four separate Leopold maneuvers
(Fig. 6.1). Each maneuver is designed to identify specific fetal
landmarks or to reveal a specific relationship between the
fetus and mother. The first maneuver, for example, involves
measurement of the fundal height. The uterus can be palpated
above the pelvic brim at approximately 12 weeks’ gestation.
Thereafter, fundal height should increase by approximately
1 cm per week, reaching the level of the umbilicus at 20 to 22
weeks’ gestation (Fig. 6.2). Between 20 and 32 weeks’ gesta-
tion, the fundal height (in centimeters) is approximately
equal to the gestational age (in weeks) in healthy women of
average weight with an appropriately growing fetus. However,
there is a wide range of normal fundal height measurements.
In one study, a 6-cm difference was noted between the 10th
and 90th percentiles at each week of gestation after 20 weeks."”
Moreover, maximal fundal height occurs at approximately 36

TABLE 6.1 Recommendations for Weight

Gain in Pregnancy

Mother’s Body Mass Index Recommended Weight Gain

18.5-24.9 kg/m? (normal 11.2-15.9 kg (25-35 Ib)
weight)

25-29.9 kg/m? (overweight)

> 30 kg/m? (obese)

6.8-11.2 kg (15-25 Ib)
5.0-9.0 kg (11-20 Ib)

Data from the Institute of Medicine. Nutritional status and weight
gain. In Nutrition during Pregnancy. https://www.ncbi.nlm.nih.gov/
books/NBK235222/. Accessed April 2018.

weeks’ gestation, after which time the fetus drops into the
pelvis in preparation for labor. For all of these reasons, reli-
ance on fundal height measurements alone fails to identify
more than 50% of fetuses with fetal growth restriction (also
known as intrauterine growth restriction).” Serial fundal
height measurements by an experienced obstetric care pro-
vider are more accurate than a single measurement and will
lead to better diagnosis of fetal growth restriction, with
reported sensitivities as high as 86%.”

Fig. 6.1 Leopold maneuvers for palpation of the gravid abdomen.

20 to 22
weeks

Fig. 6.2 Fundal height measurements in a singleton pregnancy with
normal fetal growth.
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If clinical findings suggest a fetal growth discrepancy
between size and dates, ultrasonography is the modality of
choice to evaluate and offer alternative explanations, such as
multifetal pregnancy, polyhydramnios, fetal demise, and
uterine fibroids. For many years, obstetric ultrasonography
has used fetal biometry to define fetal size by weight estima-
tions. This approach has a number of limitations. First,
regression equations used to create weight estimation formu-
las are derived primarily from cross-sectional data for infants
being delivered within an arbitrary period after the ultraso-
nographic examination. Second, these equations assume that
body proportions (fat, muscle, bone) are the same for all
fetuses.”’” Finally, growth curves for “normal” infants
between 24 and 37 weeks’ gestation rely on data collected
from pregnancies delivered preterm, which are abnormal and
probably complicated by some element of uteroplacental
insufficiency, regardless of whether the delivery was sponta-
neous or iatrogenic. Despite these limitations, if the gesta-
tional age is well validated, the prevailing data suggest that
prenatal ultrasonography can be used to verify an alteration
in fetal growth in 80% of cases and to exclude abnormal
growth in 90% of cases.”

Ultrasonographic estimates of fetal weight are commonly
derived from mathematical formulas that use a combination
of fetal measurements, especially the biparietal diameter,
abdominal circumference, and femur length.”* The abdominal
circumference is the single most important measurement and
is weighted more heavily in these formulas. Unfortunately, the
abdominal circumference is also the most difficult measure-
ment to acquire, and small differences in the measured value
result in large changes in the estimated fetal weight (EFW).
The accuracy of the EFW depends on a number of variables,
including gestational age (in absolute terms, EFW is more
accurate in preterm or growth-restricted fetuses than in term
or macrosomic fetuses), operator experience, maternal body
habitus, and amniotic fluid volume (ultrasound measure-
ments are more difficult to acquire if the amniotic fluid volume
is low). The EFW may differ from the birthweight by up to
20% in 95% of cases, and greater than 20% in the remaining
cases.” Indeed, an ultrasonographic EFW at term is no more
accurate than a clinical estimate of fetal weight made by an
experienced obstetric care provider or the mother’s estimate
of fetal weight if she has delivered before.”® Ultrasonographic
estimates of fetal weight must therefore be evaluated within
the context of the clinical situation and balanced against the
clinical estimates. Serial ultrasonographic evaluations of
fetal weight are more useful than a single measurement in
diagnosing abnormal fetal growth. The ideal interval for fetal
growth evaluations is every 3 to 4 weeks, because more fre-
quent determinations may be misleading due to variations in
the ultrasonographic measurements; however, in some cases,
such as with fetuses suspected of growth restriction, evalua-
tions can be performed every 2 weeks. The use of population-
specific fetal growth curves based on maternal (e.g., weight or
race”) or environmental factors have been demonstrated to
improve the accuracy of ultrasonographic EFW, particularly
in the setting of abnormal fetal growth. For example, growth

curves derived from a population that lives at high altitude,
where the fetus is exposed to lower oxygen tension, will be
different from those derived from a population at sea level.
However, the use of customized fetal growth curves has not
yet been shown to improve outcomes.” Abnormal fetal
growth can be classified as insufficient (fetal growth restric-
tion) or excessive (fetal macrosomia).

Fetal Growth Restriction

Fetal growth restriction is associated with a number of sig-
nificant adverse perinatal outcomes, including intrauterine
demise, neonatal morbidity, and neonatal mortality.” In
addition, growth-restricted fetuses are at increased risk for
cognitive delay in childhood and chronic diseases, such as
obesity, type 2 diabetes, coronary artery disease, and stroke
in adulthood.””

The definition of fetal growth restriction is an EFW less
than the 10th percentile for gestational age; by contrast, the
term small for gestational age (SGA) is reserved for new-
borns with a birth weight less than the 10th percentile for
gestational age.” Distinguishing the healthy, constitutionally-
small-for-gestational age fetus from the pathologically
growth-restricted fetus has been particularly difficult. Fetuses
with an EFW less than the 10th percentile are not necessar-
ily pathologically growth restricted or at risk for an adverse
outcome. Conversely, an EFW above the 10th percentile does
not necessarily mean that an individual fetus has achieved
its growth potential, and such a fetus may still be at risk for
perinatal mortality and morbidity.”

Fetal growth restriction results from suboptimal
uteroplacental perfusion and fetal nutrition caused by differ-
ent conditions that can be divided into maternal, fetal, and
placental etiologies (Box 6.2).” Maternal disorders associated
with fetal growth restriction include any condition that can
potentially result in vascular disease, such as pregestational
diabetes, hypertension, antiphospholipid antibody syndrome,
autoimmune diseases and renal insufficiency, malnutri-
tion, and substance abuse. Fetal conditions that may result
in growth restriction include teratogen exposure, including
certain medications; intrauterine infection; aneuploidy, most
often trisomy 13 and trisomy 18; and some structural mal-
formations, such as abdominal wall defects and congenital
heart disease. Placental pathology resulting in poor placental
perfusion can lead to fetal growth restriction. Umbilical cord
abnormalities, such as velamentous or marginal cord inser-
tion, have also been implicated in cases of fetal growth restric-
tion.” In more than half of cases of growth restriction, the
etiology may be unclear even after a thorough investigation.”

Fetal growth restriction is associated with an increased risk
for stillbirth.”” When the EFW measures less than the 10th
percentile, the risk for stillbirth is 1.5%, which is twice the
background risk for appropriately grown fetuses. The risk
for stillbirth increases to 2.5% when the EFW is less than the
5th percentile.*"** The risk for stillbirth is further increased
when fetal growth restriction occurs in the context of oligo-
hydramnios or abnormal diastolic blood flow in the umbilical
artery.”’
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BOX 6.2 High-Risk Pregnancies

Maternal Factors

e Preeclampsia (gestational proteinuric hypertension)
e Chronic hypertension

e Diabetes mellitus (including gestational diabetes)

e Maternal cardiac disease

e Chronic renal disease

e Chronic pulmonary disease

e Active thromboembolic disease

Fetal Factors

e Nonreassuring fetal testing (fetal compromise)
e Fetal growth restriction

e |soimmunization

e |ntra-amniotic infection

e Known fetal structural anomaly

e Prior unexplained stillbirth

e Multiple pregnancy

Uteroplacental Factors

e Premature rupture of fetal membranes
e Unexplained oligohydramnios

e Prior classic (high vertical) hysterotomy
e Placenta previa

e Placental abruption

e \/asa previa

Early and accurate diagnosis of fetal growth restriction
coupled with appropriate intervention leads to an improve-
ment in perinatal outcome. If fetal growth restriction is
suspected clinically and on the basis of ultrasonography, a
thorough evaluation of the mother and fetus is indicated.
Referral to a maternal-fetal medicine specialist should be
considered. Every effort should be made to identify the cause
of the fetal growth restriction and to modify or eliminate
contributing factors. The growth-restricted fetus should be
monitored closely because of the increased risk for perinatal
mortality. Monitoring should include serial ultrasonographic
examinations for growth and amniotic fluid volume, and
antenatal surveillance with umbilical artery velocimetry and
antepartum testing (nonstress tests or biophysical profiles).
The timing of delivery should be based on gestational age, the
underlying etiology if known, results of antepartum testing
and interval growth scans, and any additional risk factors for
an adverse outcome, including maternal co-morbidities.”

Fetal Macrosomia

Fetal macrosomia, defined as growth beyond an absolute
birth weight of 4000 g or 4500 g regardless of gestational
age,* should be differentiated from the term large for gesta-
tional age (LGA), which implies a birth weight greater than or
equal to the 90th percentile for a given gestational age. By defi-
nition, in the United States, 10% of all fetuses are LGA, 8% of
all live-born infants weigh 4000 g or more, and 1.1% weigh
more than 4500 g.*’

In general, the risk for labor abnormalities (e.g.,
cephalopelvic disproportion, dysfunctional labor), maternal
morbidity (e.g., cesarean delivery, postpartum hemorrhage,

significant vaginal lacerations), and newborn complications
(e.g., Apgar score less than 4 at 5 minutes, birth injuries,
assisted ventilation greater than 30 minutes, neonatal
intensive care unit admission) increases with birth weights
between 4000 and 4499 g; newborn and maternal morbidity
increases significantly with birth weights between 4500 and
4999 g; and perinatal mortality (e.g., stillbirth and neonatal
mortality) increase with birthweights greater than 5000 g.*
Shoulder dystocia, defined as a failure of delivery of the fetal
shoulder(s) after initial attempts at downward traction, is
the most serious consequence of fetal macrosomia, and
requires additional maneuvers to effect delivery.”” The fetal
injuries associated with shoulder dystocia include fracture of
the clavicle and damage to the nerves of the brachial plexus,
resulting in Erb-Duchenne paralysis, of which the vast major-
ity resolve by 1 year of age. Compared with a prevalence of
0.2% to 3.0% for all vaginal deliveries, the risk for shoulder
dystocia at birthweights of 4500 grams or more is 9% to 14%,
and increases further in the setting of maternal diabetes to
20% to 50%."*

Fetal macrosomia can be determined clinically by abdomi-
nal palpation (e.g., Leopold maneuvers) or with ultrasonog-
raphy; although these two techniques appear to be equally
accurate,” the ability to predict fetal macrosomia is poor,
with a false-positive rate of 35% and a false-negative rate of
10%.*" Estimated fetal weight measurements are less accu-
rate in macrosomic fetuses than in normally grown fetuses,
and factors such as low amniotic fluid volume, advancing
gestational age, maternal obesity, and fetal position can
compound these inaccuracies. Indeed, clinical examination
has been shown to underestimate the birth weight by more
than 0.5 kg in almost 80% of macrosomic fetuses.”” A number
of alternative ultrasonographic measurements have therefore
been proposed in an attempt to better identify the macroso-
mic fetus, including fetal abdominal circumference alone,”
umbilical cord circumference,” cheek-to-cheek diameter,”
and subcutaneous fat in the mid humerus, thigh, abdominal
wall, and shoulder.”* However, these measurements remain
investigational.

Despite the inaccuracy in the prediction of fetal macro-
somia, an EFW should be documented by either clinical
estimation or ultrasonography in all high-risk women at
approximately 38 weeks’ gestation. Suspected fetal macro-
somia is not an indication for induction of labor, because
induction does not improve maternal or fetal outcomes and
may increase the risk for cesarean delivery.* The American
College of Obstetricians and Gynecologists (ACOG) recom-
mends performance of an elective cesarean delivery when the
suspected birth weight exceeds 4500 g in a diabetic woman or
5000 g in a nondiabetic woman.** Similarly, a cesarean deliv-
ery is recommended in laboring women when the suspected
birth weight exceeds 4500 g in the setting of a prolonged
second stage of labor or arrest of descent in the second stage.*

Assessment of Fetal Well-Being

All pregnant women should receive regular antenatal care
throughout their pregnancy, and fetal well-being should be
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evaluated at every visit. Fetal heart activity should be assessed
and the fetal heart rate (FHR) estimated. A low FHR
(< 100 bpm) is associated with an increased risk for preg-
nancy loss, although congenital complete heart block should
be excluded. In the latter half of pregnancy, physical examina-
tion of the abdomen should be performed to document fetal
lie and presentation.

Fetal movements (“quickening”) are typically reported at
18 to 20 weeks’ gestation by nulliparous women and at 16 to
18 weeks’ gestation by parous women; the presence of fetal
movements is strongly correlated with fetal health. Although
the mother appreciates only 10% to 20% of total fetal move-
ments,” such movements are almost always present when she
does report them.” Factors associated with a diminution in
perceived fetal movements include increasing gestational age,
smoking, decreased amniotic fluid volume, anterior placen-
tation, and antenatal corticosteroid therapy. Decreased fetal
movements may also be a harbinger of an adverse pregnancy
event (e.g., stillbirth) that can be averted if detected early. For
these reasons, a subjective decrease in perceived fetal move-
ments in the third trimester should prompt an immediate
investigation.

Published studies support the value of fetal movement
charts (“kick counts”) in the detection and prevention of fetal
complications (including stillbirth) in both high- and low-
risk populations.”™ The normal fetus exhibits an average
of 20 to 50 (range of 0 to 130) gross body movements per
hour, with fewer movements during the day and increased
activity between 9:00 pm and 1:00 am.” Several different
schemes have been proposed to determine the baseline fetal
activity pattern for an individual fetus after 28 weeks’ gesta-
tion and to evaluate activity patterns that may represent fetal
compromise. One commonly used scheme (“count-to-10”)
instructs the mother to rest quietly on her left side once each
day in the evening (between 7:00 pm and 11:00 pm) and to
record the time interval required to feel 10 fetal movements.
Most patients with a healthy fetus will feel 10 movements in
approximately 20 minutes; 99.5% of women with a healthy
fetus feel this amount of activity within 90 minutes.”' Under
this scheme, failure to appreciate 10 fetal movements in 2
hours should prompt immediate fetal assessment. In one
large clinical trial, institution of this fetal activity monitoring
scheme resulted in a significant increase in hospital visits,
labor induction, and cesarean deliveries, but also in a reduc-
tion in perinatal mortality from 44.5 to 10.3 per 1000 births."’
Taken together, these data suggest that daily or twice-daily
fetal “kick counts” should be performed after 32 weeks’ gesta-
tion in high-risk pregnancies. Currently there is insufficient
evidence to recommend this practice in low-risk pregnancies.

PRENATAL CARE IN HIGH-RISK
PREGNANCIES

Approximately 20% of all pregnancies should be regarded as
high risk (see Box 6.2). Because of the attendant risks to both
the mother and fetus, additional efforts should be made to
confirm fetal well-being throughout such pregnancies. In
addition to the testing outlined previously, high-risk preg-

nancies should be monitored closely and regularly by a mul-
tidisciplinary team, including subspecialists in maternal-fetal
medicine and neonatology, if indicated.

Goals of Antepartum Fetal Testing

The goal of antepartum fetal surveillance is the early iden-
tification of a fetus at risk for preventable neurologic injury
or death. Numerous causes of neonatal cerebral injury exist,
including congenital abnormalities, chromosomal abnor-
malities, intracerebral hemorrhage, hypoxia, infection, drugs,
trauma, hypotension, and metabolic derangements (e.g.,
hypoglycemia, thyroid dysfunction). Antenatal fetal testing
cannot reliably predict or detect all of these causes; however,
those specifically associated with uteroplacental vascular
insufficiency should be identified when possible. Antenatal
fetal testing makes the following assumptions: (1) pregnan-
cies may be complicated by progressive fetal asphyxia that
can lead to fetal death or permanent neurologic handicap; (2)
current antenatal tests can adequately discriminate between
asphyxiated and nonasphyxiated fetuses; and (3) detection
of asphyxia at an early stage can lead to an intervention that
is capable of reducing the likelihood of an adverse perinatal
outcome.

Unfortunately, it is not clear whether any of these assump-
tions are true, and nonreassuring fetal test results may reflect
existing but not ongoing neurologic injury. At most, 15% of
cases of cerebral palsy are thought to result from antepartum
or intrapartum hypoxic-ischemic injury.”*” Despite these
limitations, a number of antepartum tests have been devel-
oped in an attempt to identify fetuses at risk. These include
the nonstress test (NST), biophysical profile (BPP), and con-
traction stress test (CST). Such tests can be used either indi-
vidually or in combination. There is no consensus as to which
of these modalities is preferred, and no single method has
been shown to be superior.”

Antepartum Fetal Tests

All antepartum fetal tests should be interpreted in relation
to the gestational age, the presence or absence of congenital
anomalies, and underlying clinical risk factors.”” For example,
a nonreassuring NST in a pregnancy complicated by severe
fetal growth restriction and heavy vaginal bleeding at 32
weeks’ gestation has a much higher predictive value in identi-
fying a fetus at risk for subsequent neurologic injury than an
identical tracing in a well-grown fetus at 40 weeks, because of
the higher prevalence of this condition in the former situa-
tion. It should be remembered that, in many cases, the efficacy
of antenatal fetal testing in preventing long-term neurologic
injury has not been validated by prospective randomized
clinical trials. Indeed, because of ethical and medicolegal con-
cerns, there are no studies of pregnancies at risk that include
a nonmonitored control group, and it is highly unlikely that
such trials will ever be performed.

Nonstress Test

The fetal NST, also known as fetal cardiotocography, inves-
tigates changes in the FHR pattern with time and reflects
the maturity of the fetal autonomic nervous system; for this
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reason, it is less useful in the very preterm fetus (< 28 weeks’
gestation). The NST is noninvasive, simple to perform, inex-
pensive, and readily available in all obstetric units. However,
interpretation of the NST is largely subjective. Although
a number of different criteria have been used to evaluate
these tracings, most obstetric care providers have used the
definitions for FHR interpretation established in 1997, and
updated in 2008, by the National Institute of Child Health
and Human Development (NICHD) Research Planning
Workshop (Table 6.2).°%

By definition, an NST is performed before the onset of
labor and does not involve invasive (intrauterine) monitor-
ing. The test is performed by recording the FHR for a period
of 20 to 40 minutes; the recording is then evaluated for the
presence of periodic changes. The FHR is determined exter-
nally with use of Doppler ultrasonography, in which sound
waves emitted from the transducer are deflected by move-
ments of the heart and heart valves. The shift in frequency of

these deflected waves is detected by a sensor and converted
into heart rate. The FHR is printed on a strip-chart recorder
running at 3 cm/min. A single mark on the FHR tracing there-
fore represents the average rate in beats per minute (bpm)
of 6 fetal heart beats. The presence or absence of uterine
contractions is typically recorded at the same time with an
external tonometer. This tonometer records myometrial tone
and provides information about the timing and duration of
contractions, but it does not measure intrauterine pressure or
the intensity of the contractions. Results of the NST are inter-
preted as reactive or nonreactive. An FHR tracing is desig-
nated reactive if there are two or more accelerations that peak,
but not necessarily remain, at least 15 bpm for 15 seconds
in a 20-minute period (Fig. 6.3).°*"” For preterm fetuses (<
32 weeks’ gestation), an FHR tracing is designated as reac-
tive if there are two or more accelerations of at least 10 bpm
for 10 seconds. A reactive NST is regarded as evidence of
fetal health.**"

TABLE 6.2 Interpretation of Antepartum Nonstress Test Results

Criterion Definition

Baseline fetal heart rate (FHR)

Baseline FHR variability

Accelerations

> 15 sec but < 2 min.

but < 2 min.

acceleration.
Decelerations

Defined as the approximate mean FHR during a 10-min segment and lasting at least 2 min.

The normal FHR is defined as 110 to 160 bpm.

Described as fluctuations in the baseline FHR of > 2 cycles/min. It is quantified visually as the
amplitude of peak-to-trough in bpm. Variability is classified as follows:

e Absent: amplitude range undetectable

e Minimal: amplitude range detectable but <5 bpm

e Moderate: amplitude range 6 to 25 bpm

e Marked: amplitude range > 25 bpm

The normal baseline FHR variability is defined as moderate variability.

Defined as an abrupt increase in FHR above baseline.

e At and after 32 weeks' gestation, an acceleration is defined as > 15 bpm above baseline for

e Before 32 weeks' gestation, an acceleration is defined as > 10 bpm above baseline for > 10 sec

A prolonged acceleration is defined as an acceleration lasting = 2 min but < 10 min. If the
duration is longer than 10 min, it is referred to as a “change in baseline” and not a prolonged

Decelerations are not normal. However, some decelerations are a more serious sign of fetal
compromise than others. The following three types of decelerations are recognized:

e Early decelerations are characterized by a gradual decrease and return to baseline FHR
associated with a uterine contraction. The onset, nadir, and recovery of the deceleration are
coincident with the beginning, peak, and ending of the uterine contraction.

e Variable decelerations are characterized by an abrupt decrease in the FHR to > 15 bpm below
the baseline and lasting for > 15 sec but < 2 min. Abrupt is defined as < 30 sec from baseline to
the nadir of the deceleration. When variable decelerations are associated with uterine activity,
their onset, depth, and duration commonly vary with successive contractions.

e Late decelerations are characterized by a gradual decrease and return to baseline FHR
associated with a uterine contraction. Importantly, the deceleration is delayed in timing, with
the nadir of the deceleration occurring after the peak of the contraction. Onset, nadir, and
recovery of the deceleration occur after the beginning, peak, and ending of the uterine
contraction.

A prolonged deceleration is defined as a deceleration lasting = 2 min but < 10 min. If the
duration is longer than 10 min, it is referred to as a “change in baseline” and not a prolonged
deceleration.

Recurrent decelerations describe the presence of decelerations with more than 50% of uterine
contractions in any 20-min period.

Data from the National Institute of Child Health and Human Development Research Planning Workshop. Electronic fetal heart rate monitoring:
research guidelines for interpretation. Am J Obstet Gynecol. 1997;177:1385-1390.
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Fig. 6.3 A normal (reactive) fetal heart rate (FHR) tracing. The baseline FHR is normal (between 110 and
160 bpm), there is moderate variability (defined as 6 to 25 bpm from peak to trough), there are no decelera-
tions, and there are two or more accelerations (defined as an increase in FHR of > 15 bpm above baseline

lasting at least 15 seconds) in a 20-minute period.
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Fig. 6.4 An "at-risk” fetal heart rate (FHR) tracing. The baseline FHR is normal (between 110 and 160 bpm),
but the following abnormalities can be seen: minimal baseline FHR variability (defined as 0 to 5 bpm from
peak to trough), no accelerations, and decelerations that are late in character (start after the peak of the con-
traction) and repetitive (occur with more than half of the contractions).

A nonreactive NST does not achieve sufficient accelerations
within a 40-minute period; this finding does not necessarily
indicate a compromised fetus, as most often it is secondary to
a fetal sleep cycle.” The interpretation of a nonreactive NST
must consider the gestational age, the underlying clinical
circumstance, and the results of previous FHR tracings. Only
65% of fetuses have a reactive NST by 28 weeks’ gestation,
whereas 95% do so by 32 weeks.””” However, once a reactive
NST has been documented in a given pregnancy, the NST
should remain reactive throughout the remainder of the
pregnancy. A nonreactive NST at term is associated with poor
perinatal outcome in only 20% of cases. The significance of
such a result at term depends on the clinical endpoint under
investigation. If the clinical endpoint of interest is a 5-minute
Apgar score less than 7, a nonreactive NST at term has a
sensitivity of 57%, a positive predictive value of 13%, and a
negative predictive value of 98% (assuming a prevalence of
4%). If the clinical endpoint is permanent neurologic injury,
a nonreactive NST at term has a 99.8% false-positive rate.”

Visual interpretation of the FHR tracing involves the fol-
lowing components: (1) baseline FHR, (2) baseline FHR

variability, (3) presence of accelerations, (4) presence of
periodic or episodic decelerations, and (5) changes of FHR
pattern over time. The definitions of each of these variables
are summarized in Table 6.2.°°" The patterns are categorized
as baseline, periodic (i.e., associated with uterine contrac-
tions), or episodic (i.e., not associated with uterine contrac-
tions). Periodic changes are described as abrupt or gradual
(defined as onset-to-nadir time < 30 seconds or > 30 seconds,
respectively). In contrast to earlier classifications, this classifi-
cation makes no distinction between short-term and long-
term variability, and certain characteristics (e.g., the definition
of an acceleration) depend on gestational age.*”’

A normal FHR tracing is defined as having a normal
baseline rate (110 to 160 bpm), normal baseline variability
(i.e., moderate variability, defined as 6 to 25 bpm from peak
to trough), presence of accelerations, and absence of decelera-
tions. FHR accelerations typically occur in response to fetal
movement, and usually indicate fetal health and adequate
oxygenation.”” At-risk FHR patterns demonstrate absence
of baseline variability, combined with recurrent late or
variable decelerations or substantial bradycardia (Fig. 6.4).
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Intermediate FHR patterns have characteristics between
the two extremes of normal and at-risk tracings already
described.**’

Persistent fetal tachycardia (defined as an FHR > 160 bpm)
may be associated with fetal hypoxia, maternal fever, chorio-
amnionitis (intrauterine infection), administration of an
anticholinergic or beta-adrenergic receptor agonist, fetal
anemia, or tachyarrhythmia (see Table 6.2). Persistent fetal
bradycardia (FHR < 110 bpm) may be a result of congenital
heart block, administration of a beta-adrenergic receptor
antagonist, hypoglycemia, or hypothermia; it may also indi-
cate fetal hypoxia.®*”” Both tachyarrhythmias and bradyar-
rhythmias require immediate evaluation.

Baseline FHR variability, perhaps the most important
component of the NST, is determined on a beat-to-beat basis
by the competing influences of the sympathetic and parasym-
pathetic nervous systems on the fetal sinoatrial node. A vari-
able FHR tracing, characterized by fluctuations that are
irregular in both amplitude and frequency,**” indicates that
the autonomic nervous system is functioning and that the
fetus has normal acid-base status. Variability is defined as
absent, minimal, moderate, or marked (Fig. 6.5).°*” The
older terms short-term variability and long-term variability
are no longer used.” Normal (moderate) variability indicates
the absence of cerebral hypoxia. With acute hypoxia, vari-
ability may be minimal or marked. Persistent or chronic
hypoxia is typically associated with loss of variability. Reduced
variability also may be the result of other factors, including
maternal drug administration (Table 6.3), fetal arrhythmia,
and neurologic abnormality (e.g., anencephaly).**®

Vibroacoustic Stimulation

Fetal vibroacoustic stimulation (VAS) refers to the response
of the FHR to a vibroacoustic stimulus (82 to 95 dB) applied
to the maternal abdomen for 1 to 2 seconds in the region of
the fetal head. An FHR acceleration in response to VAS repre-
sents a positive result and is suggestive of fetal health. If VAS
fails to produce an acceleration in the FHR, it may be repeated
up to three times for progressively longer durations of up to 3
seconds.

VAS is a useful adjunct to shorten the time needed to
achieve a reactive NST and to decrease the proportion of
nonreactive NSTs at term, thereby precluding the need for
further testing. In one study of low-risk women at term, VAS
reduced the proportion of nonreactive NSTs over a 30-minute
period by 50% (from 14% to 9%) and shortened the time
needed to achieve a reactive NST by an average of 4.5
minutes.”” VAS has no adverse effect on fetal hearing. The
absence of an FHR acceleration in response to VAS at term is
associated with an 18-fold higher risk for nonreassuring fetal
testing in labor” and a 6-fold higher risk for cesarean
delivery.

Biophysical Profile

An NST alone may not be sufficient to confirm fetal well-
being. In such cases, a biophysical profile (BPP) may be per-
formed. The BPP combines an NST with an ultrasonographic

TABLE 6.3 Drugs That Affect the Fetal
Heart Rate Tracing

Effect on the Fetus Drug

Fetal tachycardia Atropine

Epinephrine (adrenaline)

Beta-adrenergic agonists (ritodrine,
terbutaline)

Antithyroid medications (including
propylthiouracil)

Beta-adrenergic antagonists (e.g.,
propranolol)

Intrathecal or epidural analgesia

Methylergonovine (contraindicated
before delivery)

Oxytocin (if associated with
excessive uterine activity)

Systemic opioid analgesia

Fetal bradycardia

Sinusoidal fetal heart
rate pattern

Diminished variability ~ Atropine

Anticonvulsants (but not phenytoin)

Beta-adrenergic antagonists

Antenatal corticosteroids
(betamethasone, dexamethasone)

Ethanol

General anesthesia

Hypnotics (including diazepam)

Insulin (if associated with
hypoglycemia)

Magnesium sulfate

Systemic opioid analgesia

Promethazine

scoring system performed over a 30-minute period. Initially
described for testing of the postterm fetus, the BPP has since
been validated for use in both term and preterm fetuses, but
not during active labor.”””® The five variables described in the
original BPP were (1) gross fetal body movements, (2) fetal
tone (i.e., flexion and extension of limbs), (3) amniotic fluid
volume, (4) fetal breathing movements, and (5) the NST
(Table 6.4).”” More recently, the BPP has been interpreted
without the NST.

The individual variables of the BPP become apparent in
the normal fetus in a predictable sequence: fetal tone appears
at 7.5 to 8.5 weeks’ gestation, fetal movement at 9 weeks, fetal
breathing at 20 to 22 weeks, and FHR reactivity at 24 to 28
weeks. In the setting of antepartum hypoxia, these character-
istics typically disappear in the reverse order of their appear-
ance (i.e., FHR reactivity is lost first, followed by fetal
breathing, fetal movements, and finally fetal tone).”” The
amniotic fluid volume, which is composed almost entirely of
fetal urine in the second and third trimesters, is not influ-
enced by acute fetal hypoxia or acute fetal central nervous
system dysfunction. Rather, oligohydramnios (decreased
amniotic fluid volume) in the latter half of pregnancy and in
the absence of ruptured membranes is a reflection of chronic
uteroplacental insufficiency and/or increased renal artery
resistance leading to diminished urine output.”” It predisposes
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Fig. 6.5 Components of baseline fetal heart rate (FHR) variability. A, Absence of variability. B, Minimal vari-
ability (0 to 5 bpm from peak to nadir). C, Moderate variability (6 to 25 bpm from peak to nadir). D, Marked
variability (> 25 bpm from peak to nadir).
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TABLE 6.4 Characteristics of the Biophysical Profile

Biophysical Variable Normal Score (Score = 2)

Abnormal Score (Score = 0)

Gross body movements

movement)
Fetal tone

Qualitative AF volume
two perpendicular planes
Reactive nonstress test

FBM At least one episode of FBM lasting at least 30 sec

At least three discrete body/limb movements in
30 min (episodes of active continuous
movements should be regarded as a single

At least one episode of active extension with
return to flexion of fetal limbs or trunk; opening
and closing of hand are considered normal tone

At least one pocket of AF that measures =1 cm in

At least two episodes of FHR acceleration of >
15 bpm lasting > 15 sec associated with fetal
movements over 30 min of observation

Absence of FBM altogether or no episode of FBM
lasting > 30 sec

Fewer than three episodes of body/limb
movements over a 30-min period

Slow extension with return to partial flexion,
movement of limb in full extension, or absence
of fetal movements

No AF pockets or an AF pocket measuring < 1 cm
in two perpendicular planes

Fewer than two episodes of FHR acceleration or
accelerations of < 15 bpm over 30 min of
observation

AF, Amniotic fluid; FBM, fetal breathing movement; FHR, fetal heart rate.

Data from Manning FA. Fetal biophysical assessment by ultrasound. In: Creasy RK, Resnik R, eds. Maternal-Fetal Medicine: Principles and

Practice. 2nd ed. Philadelphia, PA: WB Saunders; 1989:359.

to umbilical cord compression, thus leading to intermittent
fetal hypoxemia, meconium passage, or meconium aspira-
tion. An adverse pregnancy outcome (including a nonreas-
suring FHR tracing, low Apgar scores, and/or admission to
the neonatal intensive care unit) is more common when oli-
gohydramnios is present.”*”” Weekly or twice-weekly screen-
ing of high-risk pregnancies for oligohydramnios is important
because amniotic fluid can become drastically reduced within
24 to 48 hours.”

Although each of the five features of the BPP are scored
equally (2 points if the variable is present or normal and 0
points if absent or abnormal, for a total of 10 points), they are
not equally predictive of adverse pregnancy outcome. For
example, amniotic fluid volume is the variable that correlates
most strongly with adverse pregnancy events. The manage-
ment recommended on the basis of the BPP score is summa-
rized in Table 6.5.%" A score of 8 or 10 is regarded as reassuring;
a score of 6 is considered equivocal, and a score of 4 or less is
abnormal. A score of 0 or 2 suggests nonreassuring fetal status
(previously referred to as “fetal distress”) and should prompt
evaluation for immediate delivery.”*"

The modified BPP was developed to simplify and reduce
the time necessary to complete an examination by focusing
on the BPP components that are most predictive of outcome:
(1) an NST, as an indicator of acute acid-base status, and
(2) the amniotic fluid volume, as an index of uteroplacental
function.”” Composed of a reactive NST and a maximum
vertical pocket of amniotic fluid greater than 2 cm, a normal
modified BPP occurs in approximately 90% of examinations,
and is as reliable as a full BPP in the prediction of fetal well-
being. A full BPP is often performed if an abnormal result is
obtained.

Contraction Stress Test

Also known as the oxytocin challenge test (OCT), the con-
traction stress test (CST) assesses the response of the FHR to

TABLE 6.5 Recommended Management

Based on Biophysical Profile

Score Interpretation Recommended Management

8or 10 Normal No intervention
6 Suspect asphyxia Repeatin4to 6 h
Consider delivery for
oligohydramnios
4 Suspect asphyxia If > 36 weeks' gestation or
mature pulmonary indices,
deliver immediately
If < 36 weeks' gestation,
repeat BPP in 4 to 6 h versus
delivery with mature
pulmonary indices
If score persistently < 4,
deliver immediately
Oor2 High suspicion of  Evaluate for immediate
asphyxia delivery

Data from Manning FA. Fetal biophysical assessment by ultrasound.
In Creasy RK, Resnik R, eds. Maternal-Fetal Medicine: Principles
and Practice. 2nd ed. Philadelphia, PA: WB Saunders; 1989:359.

uterine contractions induced by either intravenous oxytocin
administration or nipple stimulation (which causes release of
endogenous oxytocin from the maternal neurohypophysis). A
minimum of three contractions for at least 40 seconds in a
10-minute period is required to interpret the test. A negative
CST (no late or severe late decelerations with contractions) is
reassuring and suggestive of a healthy, well-oxygenated fetus.
A positive CST (late or severe variable decelerations with at
least 50% of the contractions) is suggestive of a fetus suffering
from impaired maternal-to-fetal oxygen exchange during
uterine contractions and is associated with adverse perinatal
outcome in 35% to 40% of cases (Fig. 6.6). A CST is defined
as equivocal if FHR decelerations occur with contractions
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Fig. 6.6 A positive contraction stress test (CST) result. There are at least three contractions in a 10-minute
period. The baseline fetal heart rate (FHR) is 130 bpm, there is minimal baseline FHR variability (defined as 0
to 5 bpm from peak to trough), and there are decelerations that are late in character (start after the peak of
the contraction) and repetitive (occur with more than half of the contractions).

more frequently than every 2 minutes or lasting longer than
90 seconds, equivocal-suspicious if there are intermittent late
decelerations or significant variable decelerations, and unsat-
isfactory if there are fewer than three contractions in 10
minutes or the FHR tracing is uninterpretable.” The combi-
nation of a positive CST and absence of FHR variability is
especially ominous. Consideration should be given to imme-
diate and urgent delivery of a fetus with a positive CST, with
or without FHR variability. It should be noted, however, that
the false-positive rate of this test exceeds 50%.°° If the CST is
uninterpretable or equivocal, the test should be repeated in 24
to 72 hours. Studies suggest that more than 80% of results of
repeated tests are negative. The rate of antepartum intrauter-
ine fetal demise within 1 week of a negative CST is 0.04%.°*"'
Because this test is time-consuming, requires skilled nursing
care, and necessitates an inpatient setting owing to the possibil-
ity of precipitating fetal compromise requiring emergency
cesarean delivery, the CST is reserved for specific clinical indi-
cations. Moreover, there are a number of contraindications to
its use, including placenta previa, placental abruption, prior
classic (high-vertical) cesarean delivery, and risk for preterm
labor. Despite these limitations, the CST allows for indirect
evaluation of fetal oxygenation during periods of uterine con-
tractions and diminished uteroplacental perfusion and may
therefore provide a better assessment of fetal well-being and
fetal reserve than either the NST or the BPP (Table 6.6).°%%%

Doppler Velocimetry

Doppler velocimetry can be used for the noninvasive measure-
ment of fetal circulation, including the umbilical artery (UA),
middle cerebral artery (MCA), and ductus venosus (DV). As
one of the few arteries that normally has diastolic flow, the
UA is frequently evaluated during pregnancy. Normally, UA
resistance to blood flow from the fetus to the placenta falls
progressively throughout pregnancy, reflecting an increase
in the number of tertiary stem vessels. Factors that affect
placental vascular resistance include gestational age, placental
location, pregnancy complications (e.g., placental abruption,
preeclampsia), and underlying maternal disease (chronic

TABLE 6.6 False-Positive and False-
Negative Rates for the Nonstress Test,

Biophysical Profile, and Contraction
Stress Test

False-Positive  False-Negative Rate
Test Rate (%) (per 1000 live births)*
NST 58 1.4-6.2
BPP: 0.7-1.2
e Score 6/10 45
e Score 0/10 0
CST 30 0.4-0.6

BPP, Biophysical profile; CST, contraction stress test; NST,
nonstress test.

?Data are presented as perinatal mortality rate within 1 week of a
reactive NST, a BPP score of 8 or 10, or a negative CST after
adjustments for congenital anomalies and known causes.

Data from references 1, 84, 95, and 103.

hypertension).** Doppler velocimetry is consequently used to
evaluate growth-restricted fetuses, or growth discordance in
twin gestations.

Decreased diastolic flow with a resultant increase in the
systolic-to-diastolic (S/D) ratio suggests an increase in pla-
cental vascular resistance.”™" Severely abnormal UA Doppler
velocimetry (defined as absence of or reversed diastolic flow)
is consistent with the obliteration of 50% to 70% of the ter-
minal villi; this ominous observation is associated with poor
perinatal outcomes, particularly in the setting of fetal growth
restriction (Fig. 6.7).% % Delivery may be recommended for
the presence of absent UA end-diastolic flow after 34 weeks’
gestation, or reversed end-diastolic flow as early as 28 weeks’
gestation.

The role of MCA or DV Doppler velocimetry in the man-
agement of fetal growth restriction pregnancies is not well
defined. MCA Doppler velocimetry can evaluate if cerebral
blood flow increases in response to hypoxia, which can be a
useful adjunct to UA Doppler velocimetry. The cerebropla-
cental ratio, calculated by dividing the MCA pulsatility index
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Fig. 6.7 Umbilical artery Doppler velocimetry. A, Normal waveform in the umbilical artery as shown on
Doppler velocimetry. Forward flow can be seen during both fetal systole and diastole. B, Absent end-diastolic
flow. Forward flow can be seen during systole, but there is no flow during diastole.

Continued
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Fig. 6.7, cont’d C, Reverse diastolic flow. Forward flow can be seen during systole, but there is reverse flow
in the umbilical artery during diastole, which is suggestive of high resistance to blood flow in the placenta.

by the UA pulsatility index, is another means of assessing
cerebral blood flow. In fetuses with abnormal UA Doppler
velocimetry, DV Doppler velocimetry may improve the pre-
dicted risk for hypoxia and stillbirth.

Preparation for delivery—including administration of
corticosteroids for fetal lung maturity and transfer to a ter-
tiary delivery center—should be considered when Doppler
findings are severely abnormal in the setting of fetal growth
restriction, regardless of gestational age. However, in the pres-
ence of a normally grown fetus, it is unclear how to interpret
such findings. For these reasons, UA Doppler velocimetry
should not be performed routinely in women at low risk
for fetal abnormalities. Appropriate indications include
fetal growth restriction, cord malformations, unexplained
oligohydramnios, suspected or established preeclampsia, and,
possibly, fetal cardiac anomalies.

UA Doppler velocimetry has not been shown to be useful
in the evaluation of some high-risk pregnancies, including
diabetic and postterm pregnancies, primarily owing to a high
false-positive rate.”” Thus, in the absence of fetal growth
restriction, obstetric management decisions are not usually
made on the basis of Doppler velocimetry findings alone.
MCA peak systolic velocity provides a noninvasive evaluation
of fetal anemia, including moderate to severe cases resulting
from isoimmunization.”” When severe anemia develops in
a fetus, blood is preferentially shunted to the vital organs,
such as the brain, which results in an increase in MCA peak
systolic flow velocity.” This finding can help the perinatolo-
gist counsel affected patients about the need for cordocentesis

and fetal blood transfusion. Doppler studies of other vessels
(including the uterine artery, fetal aorta, ductus venosus, and
fetal carotid arteries) have contributed to our knowledge of
maternal-fetal physiology but as yet have resulted in few clini-
cal applications.

Multiple Modalities to Assess Fetal Well-Being

All standard tests to assess antepartum fetal well-being (i.e.,
NST, BPP, CST) are evaluated according to their ability to
predict the absence of fetal death during the 1-week period
after the test. The false-negative rate (defined as a reassuring
test result with a subsequent bad outcome) and false-positive
rate (an abnormal result with a subsequent normal outcome)
for each of these tests are listed in Table 6.6.°*" The false-
negative rates for all three tests are relatively low. Because the
NST has a high false-positive rate, some authorities consider
it a screening test to identify fetuses requiring further assess-
ment with either a BPP or a CST. No method of fetal assess-
ment is perfect, and clinical judgment plays a large role in any
management decision.

SPECIAL TECHNIQUES FOR ANTEPARTUM
FETAL SURVEILLANCE

Perinatal Ultrasonography

Ultrasonography uses high-frequency sound waves (3.5 to
5 MHz for transabdominal transducers and 5 to 7.5 MHz for
transvaginal transducers) that are directed into the body by a
transducer, reflected by maternal and fetal tissue, detected by
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a receiver, processed, and displayed on a screen. Increasing the
wave frequency results in greater display resolution at the
expense of diminished tissue penetration. Interpretation of
images requires operator experience. Widespread clinical
application of two-dimensional ultrasonography began in
the 1960s after pioneering work by researchers in the United
States and Great Britain.” Although no deleterious biologic
effects have been associated with obstetric ultrasonography,
the rates of false-positive and false-negative diagnoses based
on the images are a major limitation.

The American College of Obstetricians and Gynecologists,
the American College of Radiology, the American Institute of
Ultrasound in Medicine, the National Institute of Child
Health and Human Development, the Society of Maternal-
Fetal Medicine, and the Society of Radiologists in Ultrasound
have endorsed the following terminology for ultrasound
examinations in the second and third trimesters: standard,
specialized, and limited.” The standard examination involves
determination of fetal number, presentation, amniotic fluid
volume, cardiac activity, placental position, fetal biometry,
and an anatomic survey. If technically feasible, the maternal
cervix and adnexa should be evaluated. Most pregnancies can
be evaluated adequately with this type of examination alone.
If the patient’s history, laboratory abnormalities, physical
findings, or standard ultrasonographic results suggest an
increased risk for a fetal malformation, then a specialized
examination is performed.” Specialized examinations, which
include fetal Doppler assessments, BPP, fetal echocardiogram,
and additional biometric measurements, evaluate fetal struc-
tures in detail to identify and characterize any fetal malforma-
tions. Ultrasonographic markers of fetal aneuploidy (see later
discussion) can be evaluated as well. In some situations, a
limited examination may be appropriate to answer a specific
clinical question, such as fetal viability, amniotic fluid volume,
fetal presentation, placental location, and cervical length.”

Current debate centers on identifying those patients
who would benefit from an ultrasonographic evaluation
and determining what type of evaluation would be optimal.
Advocates of the universal application of ultrasonography
cite the advantages of more accurate dating of pregnancy (see
earlier discussion) and earlier and more accurate diagnosis of
multiple gestation, structural malformations, and fetal aneu-
ploidy (see later discussion). Opponents of routine ultraso-
nographic examination view it as an expensive screening test
that is not justified by published research, which suggests that
routine ultrasonography does not change perinatal outcome
significantly.""*”  Although routine ultrasonography for
all low-risk pregnant women is controversial, few would
disagree that the benefits far outweigh the costs for selected
patients. The ACOG has recommended that the benefits and
limitations of ultrasonography should be discussed with all
pregnant women.’

The indications for first-trimester ultrasonography,
which is performed before 14 0/7 weeks’ gestation, are dif-
ferent from those for second- and third-trimester ultraso-
nography’; most patients undergo a detailed fetal anatomic
survey at 18 to 20 weeks’ gestation to assess fetal growth and

screen for structural defects. Placental location should be
documented with the maternal bladder empty, because over-
distention of the bladder or a lower uterine contraction can
give a false impression of placenta previa. If placenta previa is
identified at 18 to 22 weeks’ gestation, serial ultrasonographic
examinations should be performed to follow placental loca-
tion. Only 5% of cases of placenta previa identified in the
second trimester persist to term.” The umbilical cord should
also be imaged and the number of vessels, placental insertion,
and fetal insertion should be noted. Evaluation of the amni-
otic fluid volume should also be performed. In pregnancies
at high risk for fetal cardiac anomalies or preterm birth, fetal
echocardiography and cervical length measurements, respec-
tively, should be performed.

Fetal anatomic surveys and EFW become less accurate
with greater gestational age, especially in obese women or
pregnancies complicated by oligohydramnios. However, fetal
biometry and detailed anatomic surveys are still performed
in late gestation, because certain fetal anomalies (e.g., achon-
droplasia, duodenal atresia) may become evident for the first
time during this period. Transvaginal ultrasonographic mea-
surement of cervical length (performed to identify women at
risk for preterm birth) is of little use after 30 to 32 weeks’
gestation.”

Screening for Fetal Chromosomal Abnormalities

Fetal chromosomal abnormalities are a major cause of
perinatal morbidity and mortality, accounting for 50% of
first-trimester spontaneous abortions, 6% to 12% of all
stillbirths and neonatal deaths, and 10% to 15% of structural
anomalies in live-born infants.'” The most common aneu-
ploidy encountered during pregnancy (autosomal trisomy)
results primarily from nondisjunction during meiosis I.
Women of advanced maternal age (> 35 years or older at
EDD) are at higher risk for having a pregnancy complicated
by fetal aneuploidy and are routinely offered noninvasive pre-
natal screening and an invasive diagnostic procedure (either
amniocentesis or chorionic villus sampling [CVS]). However,
because only 8% to 12% of all births occur in women 35 years
of age and older, at most 20% to 25% of all cases of trisomy
21 (Down syndrome) would be identified if all women of
advanced maternal age agreed to amniocentesis.'”' Klinefelter
syndrome (47, XXY) is the most common sex chromosome
aneuploidy with a prevalence of 1:500 males, and Turner
syndrome (45, X) is the only viable monosomy. Many older
women are now opting for serum analyte screening for fetal
aneuploidy, which is equally accurate in older women.'”
All women, regardless of age, should be offered aneuploidy
screening during early gestation.'”’

Fetal Aneuploidy Screening

Methods have been developed to help identify women at high
risk for fetal aneuploidy. The major focus of attention has
been the detection of Down syndrome, because it is the most
common chromosomal abnormality manifesting at term
and, unlike the less common disorders trisomy 13 and 18, its
diagnosis can be very difficult to make with ultrasonography.
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In all of these screening tests, one or more serum analytes are
used to adjust the a priori risk for fetal aneuploidy in a given
pregnancy, which depends primarily on maternal age.

First-trimester screening is performed between 10 0/7
and 13 6/7 weeks’ gestation. A measurement of the nuchal
translucency, the fluid-filled space on the posterior aspect
of the fetal neck, is combined with serum markers, human
chorionic gonadotropin (hCG) and pregnancy-associated
plasma protein A (PAPP-A), to calculate a specific risk esti-
mate (Table 6.7). A nuchal translucency greater than 3.0 mm,
or above the 99th percentile for the crown-rump length, is
associated with an increased risk for aneuploidy and struc-
tural malformations, most often congenital heart defects.'””
First-trimester screening has a detection rate for Down
syndrome of 82% to 87%, with a screen positive rate of 5%;
the use of this screening method has increased significantly,
given the benefits of being a single test performed in the first
trimester with abnormal results predictive of aneuploidy and
adverse outcomes (Table 6.8). However, tests that combine
first- and second-trimester results have higher detection
rates, and the measurement of nuchal translucency requires a
specialized ultrasonographic examination with a credentialed
sonographer and interpreting physician, which can limit its
availability.'”

TABLE 6.8 Relationship between First-
Trimester Pregnancy-Associated Plasma

Protein A Level at or below Fifth Percentile
(0.42 MoM) and Risks for Adverse
Pregnancy Outcomes

Adjusted 95% Confidence

Adverse Outcome Odds Ratio Interval

Spontaneous loss < 24 2.50 1.76-3.56

weeks

Fetal death > 24 weeks 2.15 1.11-4.15
Preterm birth < 37 weeks 1.87 1.61-2.17
Preterm birth < 32 weeks 2.10 1.69-2.76
Preeclampsia 1.54 1.16-2.03
Gestational hypertension 1.47 1.20-1.82
Placental abruption 1.80 1.15-2.84
Fetal growth restriction 3.22 2.38-4.36

MoM, Multiple of the median.

Data from Dugoff L, Hobbins JS, Malone FD, et al. First-trimester
maternal serum PAPP-A and free beta-subunit human chorionic
gonadotropin concentrations and nuchal translucency are associated
with obstetric complications: a population-based screening study
(the FASTER Trial). Am J Obstet Gynecol. 2004;191:1446-1451.

TABLE 6.7 Detection Rate of Down Syndrome Screening Tests

Screening Test Detection Rate (%)° False-Positive Rate (%)"
Maternal age > 35 yr 30-40 10-15
First Trimester
NT assessment 64-70 5-10
NT assessment, PAPP-A, and total or free f-hCG measurements 82-87 5-6
Second Trimester
Triple screen (measurements of MS-AFP, total or free B-hCG, unconjugated 69-77 9
estriol)
Quadruple screen (measurements of MS-AFP, total or free B-hCG, 79-83 6
unconjugated estriol, inhibin A)
Combined First and Second Trimesters
Integrated (NT assessment, PAPP-A measurement, quadruple screen) 93-96 1-2
Serum integrated (APP-A measurement, quadruple screen) 84-88 2-3
Stepwise sequential: 84-95 1
e |f first-trimester test result positive, diagnostic test offered
e |f first-trimester test result negative, second-trimester test offered, and
final risk assessment incorporates both first- and second-trimester results
Contingent sequential: 88-94 1
e |f first-trimester test result positive, diagnostic test offered
e |f first-trimester test result negative, no further testing
e |f first-trimester test result intermediate, second-trimester test offered, and
final risk assessment incorporates both first- and second-trimester results

B-hCG, Beta-human chorionic gonadotropin; MS-AFP, maternal serum level of alpha-fetoprotein; NT, nuchal translucency; PAPP-A, pregnancy-

associated placental protein-A.
?Assuming a 5% false-positive rate.
®Assuming an 85% detection rate.

Data from references 128 and 130-132.
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The quadruple (“quad”) screen ideally should be per-
formed between 16 and 18 (range 15 0/7 and 22 6/7) weeks’
gestation to optimize screening for an open neural tube
defect. It consists of measuring four maternal serum analytes:
alpha-fetoprotein (MS-AFP), total or free B-subunit hCG
(B-hCG), unconjugated estriol, and dimeric inhibin A. The
quad screen has a detection rate for Down syndrome of 81%,
with a screen positive rate of 5%, which is similar to first-
trimester screening.'” However, advantages of this method
include: (1) itis a single test that does not require a specialized
ultrasonographic examination; (2) it possesses the ability to
screen for open fetal defects, such as open neural tube defects
and abdominal wall defects; and (3) abnormal serum analyte
measurements help predict risk for other adverse pregnancy
outcomes, such as growth restriction, preterm delivery, still-
birth, and preeclampsia.

Screening tests that combine first- and second-trimester
results, including integrated, sequential, or contingent
screening, have a higher detection rate than first-trimester
screening and the quad screen.'” Integrated screening, which
combines a first-trimester nuchal translucency measurement
and PAPP-A with a second-trimester quad screen, results
in the highest detection rate (96% with a 5% false-positive
rate) of all the screening tests.'” Integrated screening can also
assess for open fetal defects, but does not assess all second-
trimester serum markers; moreover, if nuchal translucency
cannot be obtained, a lower Down syndrome detection rate
of 88% with a 5% false-positive rate is observed.'”* Sequential
screening differs from integrated screening by reporting first-
trimester testing results, which offers a potentially earlier
diagnosis of fetal abnormalities. Sequential screening has a
Down syndrome detection rate of 95%, with a false-positive
rate of 5%.'"

Screening for aneuploidy by analysis of fetal cell-free
short DNA segments released into maternal circulation from
the placenta is a newly available technology (see later discus-
sion); the DNA segments provide information about the three

most common trisomies (Down syndrome, trisomy 18, and
trisomy 13), fetal gender, Rh status in an Rh-negative mother,
and some autosomal dominant genetic abnormalities.''*

Aneuploidy screening in multifetal, versus singleton, preg-
nancies is not as accurate and is complicated by the number
of fetuses and the zygosity. Whereas monozygous twins often
have the same karyotype and thus an overall risk for aneu-
ploidy similar to the mother’s age-related risk, dizygous twins
each carry a risk for aneuploidy, resulting in an increased
risk.'” Each fetus in a multifetal gestation can be evaluated
for nuchal translucency, which has a Down syndrome detec-
tion rate of up to 75% with a 9% screen-positive rate.'” In
comparison, a quad screen has a 50% detection rate for Down
syndrome in a twin gestation with a 5% false-positive rate.'"
Cell-free DNA is currently not recommended for multifetal
pregnancies because of limited evidence regarding efficacy in
this population.'"'

Ultrasonographic Screening for Fetal Aneuploidy

First-trimester screening for aneuploidy includes a measure-
ment for thickened nuchal translucency (see earlier discus-
sion), which is associated with an increased risk for aneuploidy
and certain anomalies, such as cardiac defects, abdominal
wall defects, and diaphragmatic hernia.'” The presence of a
cystic hygroma, which is a thickened nuchal translucency that
extends the length of the fetus and contains septations (Fig.
6.8), is associated with a 50% likelihood of aneuploidy, most
often Down syndrome, 45,X, and trisomy 18; even those with
a normal karyotype will have a major structural malforma-
tion 50% of the time, often in the form of a cardiac anomaly,
diaphragmatic hernia, skeletal dysplasia, or some other
genetic syndrome. The presence of a cystic hygroma results in
a healthy, full term infant less than 20% of the time."” Diag-
nosis of thickened nuchal translucency measurement or a
cystic hygroma by first-trimester ultrasonographic examina-
tion should prompt genetic counseling, diagnostic testing for
aneuploidy, and a targeted ultrasonographic examination

A

Fig. 6.8 Magnetic resonance images of a fetus with holoprosencephaly. A, Sagittal view showing the probos-
cis (arrow). B, Coronal view showing the single ventricle and fused thalami (arrow). (Reprinted from Wenstrom
KD, Williamson RA, Weiner CP, et al. Magnetic resonance imaging of fetuses with intracranial defects. Obstet

Gynecol. 1991,77:529-532.)




PART lll Fetal and Neonatal Assessment and Therapy

and fetal echocardiogram in the second trimester.'” An
increased risk for Down syndrome has been associated with
the absence of the nasal bone, although this assessment is not
included as part of routine first-trimester ultrasound screen-
ing because the predictive value in high- or low-risk popula-
tions has been questioned.''*'"”

In the second trimester, major structural abnormali-
ties, such as those associated with trisomy 13 or 18, can be
detected more reliably by ultrasonographic examination.
Although 50% of fetuses with Down syndrome appear
structurally normal,""® more than 30% have major structural
abnormalities (e.g., endocardial cushion defect) that can
be detected by ultrasonography.'!''® The genetic sonogram
is a second-trimester screen for Down syndrome using the
identification of major structural malformations and minor
ultrasonographic soft markers of aneuploidy (Table 6.9).

TABLE 6.9 Second-Trimester Serum

Analyte (Marker) Screening and Adverse
Pregnancy Outcome

Adverse Outcome Marker Odds Ratio
Spontaneous loss < 24 weeks MS-AFP 7.8
Fetal death > 24 weeks Inhibin A 3.7
Preterm birth < 32 weeks Inhibin A 5.0
Preterm premature rupture of MS-AFP 1.9
membranes
Preeclampsia Inhibin A 3.8
Gestational hypertension Inhibin A 1.7
Placental abruption MS-AFP 1.9
Placenta previa (confirmed at MS-AFP 3.1
delivery)
Fetal growth restriction Inhibin A 3.0
Birth weight < 5th percentile Inhibin A 2.3
e Delivery < 37 weeks Inhibin A 8.0
e Delivery < 32 weeks Inhibin A 18.6

MS-AFP, Maternal serum level of alpha-fetoprotein.

Data from Dugoff L, Hobbins JS, Malone FD, et al. FASTER Trial
Research Consortium. Quad screen as a predictor of adverse
pregnancy outcome. Obstet Gynecol. 2005;106:260-267.

Whereas major cardiac anomalies can be identified in the
second trimester, duodenal atresia is typically not identified
until the third trimester. Ultrasonographic soft markers do
not necessarily represent malformations, but can signal
development of fetal abnormalities, such as hydronephrosis
developing into renal pyelectasis or an echogenic bowel
progressing to intestinal atresia. Soft markers are also
common in unaffected fetuses; as a consequence, their pres-
ence should prompt screening and testing for aneuploidy,
and a targeted ultrasonographic examination if the findings
are isolated.'”

Second-trimester ultrasonographic markers (Table 6.10)
are not part of standard algorithms to predict fetal aneuploidy
risk; however, these markers can assist in modifying risk
assessments for abnormalities. The clinical significance of
isolated ultrasonographic soft markers for Down syndrome
in a low-risk population is unclear.

Definitive Diagnosis of Fetal

Chromosomal Abnormalities

Although an abnormal screening test result or the presence of
ultrasonographic abnormalities may signal an increased risk
for Down syndrome or other chromosomal abnormality, the
majority of fetuses with such findings are chromosomally
normal. To provide a definitive diagnosis, an invasive proce-
dure is needed to obtain the fetal karyotype; generally amnio-
centesis or chorionic villus sampling (CVS) is used, although
in rare cases a cordocentesis is performed.

All invasive procedures are associated with risks to the
pregnancy. Risks common to all invasive procedures include
the chance of bleeding, isoimmunization (especially in
women who are Rh negative), and infection. All women who
are Rh negative should receive Rhy(D) immune globulin
before or after the procedure. Although the risk for vertical
transmission of viral infections (e.g., hepatitis B, hepatitis C,
human immunodeficiency virus) with invasive procedures is
believed to be low,'"” every effort should be made to avoid
invasive procedures in such patients, especially if there is a
high viral load in the maternal circulation.

TABLE 6.10 Accuracy Measurements of Second-Trimester Ultrasonographic “Soft Markers”

for Trisomy 21 (Down Syndrome) When Identified as Isolated Anomalies

Ultrasonographic Marker Sensitivity (95% CI) Specificity (95% Cl) Positive LR (95% CI) Negative LR (95% CI)
Thickened nuchal fold 0.04 (0.02-0.10) 0.99 (0.99-0.99) 17 (8.0-38.0) 0.97 (0.94-1.00)
Choroid plexus cyst 0.01 (0.00-0.03) 0.99 (0.97-1.00) 1.00 (0.12-9.40) 1.00 (0.97-1.00)
Short femur length 0.16 (0.05-0.40) 0.96 (0.94-0.98) 2.7 (1.2-6.0) 0.87 (0.75-1.00)
Short humeral length 0.09 (0.00-0.60) 0.97 (0.91-0.99) 7.5 (4.7-12.0) 0.87 (0.67-1.10)
Echogenic bowel 0.04 (0.01-0.24) 0.99 (0.97-1.00) 6.1 (3.0-12.6) 1.00 (0.98-1.00)
Echogenic intracardiac focus 0.11 (0.06-0.18) 0.96 (0.94-0.97) 2.8 (1.5-5.5) 0.95 (0.89-1.00)
Renal pyelectasis 0.02 (0.01-0.06) 0.99 (0.98-1.00) 1.9 (0.7-5.1) 1.00 (1.00-1.00)
(pelvicalyceal dilation)

Cl, confidence interval; LR, likelihood ratio.

Data from Smith-Bindman P, Hosmer W, Feldstein VA, et al. Second-trimester ultrasound to detect fetuses with Down syndrome: a meta-
analysis. JAMA. 2001;285:1044-1055; Vintzeleos AM, Campbell WA, Rodis JF, et al. The use of second-trimester genetic sonogram in guiding
clinical management of patients at increased risk for fetal trisomy 21. Obstet Gynecol. 1996,;87:948-952.
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Amniocentesis

Amniotic fluid is composed of fetal urine, lung fluid, skin
transudate, and water that is filtered across the amniotic
membranes. It contains electrolytes, proteins, and desqua-
mated fetal cells (amniocytes). Sampling of amniotic fluid
(amniocentesis) can be used to measure various substances
such as lecithin and sphingomyelin for assessing fetal lung
maturity, to look for pathogenic bacteria for confirmation of
an intra-amniotic infection, and to obtain fetal cells for deter-
mination of fetal karyotype or performance of specific genetic
analyses.

Cell culture with karyotype analysis typically takes 10 to 14
days, although a small chance exists that the cells will fail to
grow, resulting in an inconclusive result. Fluorescence in situ
hybridization (FISH) does not require that the cells be cul-
tured for any length of time, and its results can be obtained
within a few days. This technique uses a series of chromosome-
specific fluorescent probes to analyze the metaphase spread in
fetal cells to determine fetal gender and detect common triso-
mies (21, 18, 13, X, and Y). It can also be used to identify
chromosome deletions or duplications in pregnancies at risk
for a specific genetic disorder because of a family history or
suspicious ultrasonographic findings, such as the 22q11 dele-
tion in DiGeorge syndrome.""'* Although FISH is highly
specific (trisomy present on FISH testing is invariably present
in the fetus), it is not particularly sensitive, with a false-
negative rate of approximately 15%. For this reason, the
American College of Medical Genetics (ACMG) and the
American Society of Human Genetics (ASHG) recommend
that all FISH results be confirmed by complete karyotype
analysis.'*

The most common indication for second-trimester
amniocentesis is cytogenetic analysis of fetal cells, although
on occasion it is performed to determine amniotic fluid AFP
levels and acetylcholinesterase activity for the diagnosis of
fetal open neural tube defects. Amniocentesis later in preg-
nancy is usually performed for nongenetic indications, such
as (1) documentation of fetal pulmonary maturity before
elective delivery before 39 weeks’ gestation, (2) amnioreduc-
tion in pregnancies complicated by severe polyhydramnios,
(3) to confirm preterm premature rupture of membranes
(PROM) (amniodye test), or (4) to exclude intra-amniotic
infection.

Genetic amniocentesis typically involves the insertion of a
22-gauge spinal needle through the maternal abdominal wall
and into the uterine cavity at 15 to 20 weeks’ gestation. The
procedure is now commonly performed under ultrasono-
graphic guidance, which allows the operator to choose the
safest site, preferably away from the fetal face and umbilical
cord and when possible without passage of the needle through
the placenta. The greatest risk associated with amniocentesis
is spontaneous abortion; however, the procedure-related
pregnancy loss rate for genetic amniocentesis appears to be
only 1 in 300 to 500.''*° Of interest, the pregnancy loss rate
is not influenced by operator experience or needle placement
through the placenta'”®'” but is higher in the presence of
first-trimester bleeding or recurrent miscarriage, ultrasono-

graphic demonstration of chorioamniotic separation, discol-
ored amniotic fluid at the time of the procedure, and/or an
unexplained elevation in MS-AFP."**'*® Whether this risk is
higher in twin pregnancies is not clear. Transient leakage of
amniotic fluid can be seen in 1% to 2% of procedures. This
leakage usually stops after 48 to 72 hours, infection is
extremely rare (< 0.1% of cases), and the perinatal survival
rate after mid-trimester fluid leakage may be as high as
90%.]()(),]29—133

Compared with late second-trimester amniocentesis, early
amniocentesis (before 15 weeks’ gestation) is associated with
significantly higher procedure-related pregnancy loss rates,
ranging from 2.2% to 4.8%.'*""** This rate is fourfold higher
than that of late amniocentesis and twice as high as that of
CVS. Early amniocentesis has also been shown to be associ-
ated with higher rates of rupture of membranes, club foot,
and amniocyte culture failures (2% to 5%) than late
amniocentesis."”"'"** For these reasons, amniocentesis before
15 weeks’ gestation is not recommended.

If early karyotyping is desired, CVS is preferred over early
amniocentesis (see later discussion). Amniocentesis in the
third trimester is technically easier and is associated with
fewer complications. If a late amniocentesis is being per-
formed for any reason (e.g., to confirm fetal pulmonary
maturity), consideration should be given to obtaining the
karyotype if indicated, even though the pregnancy is too far
along to be ended electively.

Amniocentesis in multiple gestations can be performed
safely. Care must be taken to carefully map the fetal sacs so
that the amniotic fluid for each fetus is sampled separately. A
small amount of indigo carmine (3 to 5mlL) is typically
inserted into the first sac after the fluid is sampled to ensure
that the same sac is not sampled twice.

Chorionic Villus Sampling

Like that of amniocentesis, the goal of CVS is to provide fetal
cells for genetic analysis, although in this case the cells are
trophectoderm (placental) cells rather than amniocytes. The
technique entails ultrasound-guided aspiration of chorionic
villi by means of a 16-gauge catheter inserted transcervically
or a 20-gauge spinal needle inserted transabdominally into
the placenta. The 15 to 30 mg of villous material collected can
be examined in two ways: (1) by direct cytogenetic analysis
after an overnight incubation, which yields results in 2 to 3
days; and (2) by longer-term culture followed by cytogenetic
analysis, which yields results in 6 to 8 days.'” To provide rapid
and accurate results, many centers report the results of both
methods. The main advantage of CVS over amniocentesis is
that it allows for fetal karyotyping results in the first trimester,
thereby allowing decisions about pregnancy termination to
be made earlier if chromosomal abnormalities are detected.
Moreover, although rare, certain genetic disorders (e.g.,
osteogenesis imperfecta) can be diagnosed antenatally only
through analysis of placental tissue.

CVS is best performed between 10 and 12 weeks’ gestation.
CVS performed before 10 weeks’ gestation has been associ-
ated with limb reduction defects,”®'”” whereas no such
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association exists if the procedure is performed after 66 days’
gestation.” Transabdominal CVS can also be performed in
the second or third trimester and is a reasonable alternative to
cordocentesis for obtaining tissue for an urgent fetal
karyotype."”

The most common complication of CVS is vaginal spot-
ting, which occurs in 10% to 25% of patients within the first
few days after the procedure. Fortunately, the bleeding is
usually mild and resolves spontaneously with no long-term
sequelae. The incidences of amnionitis (0.3%) and rupture of
membranes (0.3%) after CVS do not differ significantly from
those seen with late amniocentesis and are significantly lower
than those reported after early amniocentesis.””® As with
amniocentesis, the most serious complication of CVS is spon-
taneous abortion. CVS appears to be associated with a higher
risk for pregnancy loss than late amniocentesis; the procedure-
related loss rate in CVS is reported as 1.0% to 1.5%."%"*"'*
This rate is significantly higher (0.6% to 0.8%) than that seen
after late amniocentesis, with an adjusted odds ratio of 1.30
(95% confidence interval [CI], 1.17 to 1.52)."** Factors that
increase the procedure-related loss rate are operator inexperi-
ence, number of needle passes, and a history of bleeding
before the procedure."** By contrast, the risk does not appear
to be increased in twin gestations or with the anatomic
approach used (i.e., transabdominal versus transcervical
catheter placement).'*>'** Some investigators have suggested
that the apparently higher pregnancy loss related to CVS
(compared with amniocentesis) is a function of the earlier
gestational age at which the procedure is performed.'”

One complication unique to CVS involves the interpreta-
tion of the genetic test results. Because the fetus and placenta
both arise from the same cell, it is assumed that the genetic
complements of these two tissues are identical, but this is not
always the case. Confined placental mosaicism refers to the
situation in which the karyotype of the chorionic villus is a
mosaic (i.e., it contains two or more populations of cells with
different karyotypes, usually one normal and one trisomic)
but the karyotype of the fetus is normal. The incidence of
confined placental mosaicism may be as high as 1% to 2%
with the direct cytogenetic analysis method, but most cases
are not confirmed by the long-term tissue-culture
method,”'"** suggesting a methodologic error. For this
reason, many centers report only the long-term culture
results. On occasion, it may be necessary to repeat the fetal
karyotype, either with a second CVS or with amniocentesis,
to resolve the dilemma. The reverse situation, in which the
CVS result is normal but the fetus has aneuploidy (a false-
negative result), has also been reported'”’ but is rare. It may
occur from contamination with maternal cells or from inad-
vertent sampling of a twin placenta.

Cordocentesis

In cases in which pregnancy complications or fetal abnor-
malities are discovered late in gestation, cordocentesis (also
known as percutaneous umbilical blood sampling) is an
option for rapid evaluation of the fetal karyotype. Cordocen-
tesis involves the insertion of a 22-gauge spinal needle

through the maternal abdominal and uterine walls and into
the umbilical vein, preferably at the insertion site on the pla-
centa, under direct ultrasonographic guidance. Considerable
training and expertise are needed to perform this procedure.
Karyotype analysis results can be obtained in 24 to 48 hours.
The first cordocentesis was reported in 1983."** Although
this procedure was originally considered superior to amnio-
centesis for a number of diagnostic indications, advances in
laboratory analysis have allowed more information to be
obtained through amniocentesis.'*’ For example, cordocente-
sis was commonly used to obtain a sample of fetal blood for
rapid karyotyping when a major structural anomaly or severe
fetal growth restriction was identified late in pregnancy;
however, this sample can be obtained as rapidly from amnio-
centesis or CVS samples using FISH analysis. Similarly, DNA
analysis of amniocytes can rapidly and accurately determine
the fetal Rh status and the presence of other red cell and
platelet antigens,"” which in the past was an absolute indica-
tion for cordocentesis. Now employed primarily for thera-
peutic indications, c