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Pregnancy is associated with physiologic changes that help compensate for the
increasing demands of the fetus and placenta. Clinically, pregnancy acts as a stress
test that unmasks maternal disease and may have long term implications for
maternal and fetal health. General obstetricians are often hesitant to care for
complex medical problems, and internists to care for pregnant patients, which
may create a gap into which sick pregnant women will fall at a time when they
are most vulnerable.

Investigation and treatment of pregnant patients with pulmonary disorders is
often hindered by both a fear of doing harm to the fetus and by the paucity of data
needed to make recommendations. At Women and Infants Hospital, the tertiary
women’s teaching hospital at Brown University, 10,000 deliveries occur every year.
The editors of this textbook are members in the division of obstetric and
consultative medicine, a group of obstetric internists and medical specialists that
provide consultation to obstetricians on complex medical and pulmonary
problems. Most pulmonary and critical care training programs provide little
exposure to this population. Despite this, pulmonologists and intensivists are
often called upon to provide consultation to critically ill pregnant women.

As editors, our hope was to gather pulmonologists, intensivists, obstetric
internists, high risk obstetricians and obstetric anesthesiologists from across the
globe to shed light on some common or complex pulmonary issues occurring in
pregnancy. The book is divided into three parts. The first few chapters introduce
the reader to the normal physiologic changes that occur during pregnancy. The
chapter on high altitude is included to illustrate the consequences of chronic
hypoxia on maternal and fetal outcomes, to help extrapolate to the effects of
chronic pulmonary conditions. The second part reviews general management
principles, including diagnostic imaging and prescribing in pregnancy. The final,
longest part includes multiple chapters on specific pulmonary disorders. The
specific chapters are intended to summarize the available literature, linking
science to bedside, and make management recommendations whenever possible.
Our goal is that the careful reading of this text will stimulate further investigation
into this fascinating and under explored area of medicine.

Ghada Bourjeily, MD
Karen Rosene-Montella, MD

Preface
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1

Physiological Transition from Fetal
to Neonatal Life in Pregnancy

Keywords: gestation, fetal circulation, lung growth and development, surfactant,
embryology, fetal respiration, fetal hemoglobin

Evolution of Air-Breathing Respiration

More than 3 billion years after the formation of the earth, vertebrate life first originated
in the sea. Jawless eel-like vertebrates and placoderms (primitive fish, now extinct)
evolved initially, and 100 million years later in the Devonian period of the Paleozoic era,
cartilaginous fish (the shark families) and boney fishes first appeared in the sea. By the
end of the 40 million year Devonian period, boney fishes similar in many ways to the
lungfish of today first crawled onto land. These evolved into the crossopterygian fishes,
which had some capacity to breath air and use their fins to move across the remaining
one third of the world not previously inhabited by vertebrates—dry land (1, 2).

Instead of surviving on the paltry amounts of oxygen dissolved in the sea, air
contained more than 20% oxygen. The prospects for improved energy utilization were
boundless. Full air breathing was slow to evolve; in all, more than 100 million years
passed between the first land-visitation boney fishes and the first fully air breathing
mammals, the reptiles. Reproduction on land is a remarkable adaptation. Progeny
born to non-mammalian aquatic species still extract oxygen from water. In land
mammals that retain their fetuses in utero until the moment of birth, conversion of
respiration for non-aquatic life must occur in a matter of minutes. Fetuses receiving
their oxygen supply by placental diffusion from the maternal circulation change their
entire mode of cardiovascular circulation, expand their lungs, and become
air-breathing neonates. The process is as flawless as it is spectacular, and the mechan-
isms enabling this transformation remain incompletely understood. Some of the
physiological events, however, can be described. This information is useful in under-
standing not only fetal survival during gestation, but also in understanding mechan-
isms of disease later in life, e.g., cor pulmonale and pulmonary hypertension during
hypoxemia in adults. These events are outlined in brief detail in this chapter. Much of
this work is taken from several chapters of a textbook written by the author and a
colleague (3). Considerations of lung regeneration in disease are derived in large part
from the Proceedings of the American Thoracic Society: Lund Conference VI on Lung
Growth and Regeneration in Human Disease (4).

G. Bourjeily, K. Rosene-Montella (eds.), Pulmonary Problems in Pregnancy, Respiratory Medicine,

DOI 10.1007/978-1-59745-445-2_1 © Humana Press, a part of Springer Science+Business Media, LLC 2009

Alan R. Leff



4 A.R. Leff

Fetal Respiration

The embryo grows from a single cell to a fully formed fetus during a 40-week
intrauterine life. The fetal metabolic rate exceeds substantially that of the mother,
and fetal oxygen consumption provides the energy for growth and development.
Gas exchange occurs in the fetus solely through diffusion. There is no physiological
admixture of maternal and fetal blood. In cases where potential admixture in Rh
blood groups might have occurred during pregnancy, immunoglobulin directed at
Rh incompatibilities is administered immediately postpartum to the mother to
prevent immune processing and development by the mother of blood type incom-
patibility in subsequent pregnancies.

As well as immune globulins, nutrients, e.g., glucose, essential minerals, and
vitamins, and amino acids, also diffuse across the placenta. Hemoglobin in fetal
blood derives its iron stores from the mother. All of this exchange occurs through
the placenta, which is made by the fetus, and through large sinusoids at the uterine-
placental interface. Finger-like chorionic villi aid the exchange process (Figure 1.1),
and oxygen is transferred from the mother to the fetus by gas exchange across fetal
and maternal capillary membranes. An astonishing cascade of hypoxemic events
develops in the oxygen exchange process from the fetus to the mother (Figure 1.2).
The uterus receives fully oxygenated maternal blood containing 20 ml O,/100 ml
blood (vol.%). The uterus consumes approximately 5 vol.% arterial blood, redu-
cing venous oxygen content to 15 vol.%. This corresponds to a decrease in PO, to
about 40 mmHg in the umbilical vein. Accordingly, the maternal contribution to
fetal arterial blood oxygenation is blood for gas exchange having a PaO, of
<40 mmHg. At the same time, the umbilical artery having a fetal venous saturation
of 20 mmHg equilibrates with the placenta to produce a PaO» in the fetus of slightly

Epithelium of amnion

m ﬁ Connective tissue
- T —— of amnion

I R - " Connective tissue
Cytotrophoblast - - — .
yiotrop b ' 4 . " of chorion

Floating villus
Amniotic cavity

Uterine cavity Extraembryonic coelom

Intervillous space

Chorionic villus J
e Syncytio-

Anchoring villus trophoblast

Peripheral syncytium

Decidua parietalis 4
Trophoblast

.+ = Maternal blood sinus

\ IAL
Cervical plug

Figure 1.1 Aquatic respiration in fetal life. Gas exchange occurs across maternal and fetal
membranes. There is no intermixing of blood. From: Leff A. and Schumacker P. Respiratory
Physiology: Basics and Applications. Philadelphia: Saunders, 1993. Chapter 10 (137-148).
By release of copyright to the authors
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Inspired 149 L

Uterine artery }
Uterine vein

Alveolus 100 torr
Maternal{ Arterial 95 torr

Venous flow 40 torr

Umbilical vein 30

Umbilical artery 20

Figure 1.2 Cascade of hypoxemia from maternal to fetal circulation. Uterine extraction
accounts for the greatest decrease in PO,, which falls to 40 torr before equilibration with fetal
umbilical arterial blood, which has a PO, of 20 torr following tissue extraction and admixing
of non-reoxygenated blood From: Leff A. and Schumacker P. Respiratory Physiology:
Basics and Applications. Philadelphia: Saunders, 1993. Chapter 10 (137-148). By release
of copyright to the authors

greater than 30 mmHg, which is delivered into the umbilical vein of the fetus
through the ductus venosus as it joins the inferior vena cava (Figure 1.3).

Blood returning from the superior (fully non-oxygenated) and inferior vena
cavas returns to the right heart and is shunted away from the fetal lung, which is
not engaged in the process of respiration. Most of the blood going to the pulmon-
ary arteries of the fetus through the right ventricle is shunted directly into the aorta
through the ductus arteriosus. The ductus arteriosus closes shortly after birth, but
occasionally remains patent, requiring a relatively minor surgical intervention. The
hypoxic content of the fetal blood is sensed by the pulmonary arteries as well, which
through an elaborate mechanism initiates pulmonary hypoxic vasoconstriction
and increases the hydrostatic pressure within the right heart. This causes shunting
of blood flow away from the lungs, e.g., from the right atrium into the left atrium
through the foramen ovale, a flap-like window in the atrial septum. After birth,
when the fetus develops adult-level PaO,, pulmonary vasodilation occurs and the
system pressure of the left circulation exceeds that on the right, closing the window
that was the patent foramen ovale.

The hypoxemic response of the pulmonary arterial circulation is retained for
life. Under circumstances of significant hypoxemic events (PaO, < 50 mmHg),
pulmonary vasoconstriction returns. This may cause selective right heart failure
(cor pulmonale). In most cases, the foramen ovale has sealed itself over the years
between fetal and adult life, but occasionally the foramen does not seal—it merely
remains closed because left heart pressure exceeds right heart pressure in normal
circumstances. Under circumstances of extreme pulmonary hypertension, non-
reoxygenated blood may be shunted directly into the adult pulmonary circulation.
In primary pulmonary hypertension, an idiopathic disease of pulmonary vascular
sclerosis, right heart pressures may become quite high because of a pathological
(obliterative) increase in the pulmonary resistance. In the presence of a patent
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Left atrium

Ductus arteriosus
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ovale

Right atrium

Superior vena cava

™ Pulmonary artery

— Left ventricle

Ductus venosus Right ventricle
Inferior vena cava

(i [

\

Umbilical
vein
Portal vein
1
From “ Umbilical
placenta \ arteries @,
\
\\ —
To T —— — -
placenta -‘_g U

Figure 1.3 The fetal circulation. Blood returning from the placenta with a PO, of barely
more than 30 torr is shunted into the inferior vena cava where it mixes with fully unoxge-
nated blood returning from the superior vena cava. Shunted away from the lung by the
foramen ovale and ductus arteriosus, this “arterial” blood is sufficient nonetheless to meet
fetal oxygen demands because of the contour of the oxygen-hemoglobin dissociation curve,
which is determined by fetal hemoglobin (Figure 1.4). From: Leff A and Schumacker P.
Respiratory Physiology: Basics and Applications. Philadelphia: Saunders, 1993. Chapter 10
(137-148). By release of copyright to the authors

foramen ovale, the high pressure also may cause shunt of venous blood directly into
the arterial circulation.

In the fetus, the right atrium also receives blood that has supplied all organs
returning venous blood from the superior vena cava, but which never circulates
through the placenta for re-oxygenation (Figure 1.3). Consequently, the PaO, of
the fetus never significantly exceeds 30 mmHg.
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The situation is quite chaotic even upon close study. Poorly or non-reoxyge-
nated blood delivered into the fetal equivalent is mixed with already poorly
oxygenated blood that is derived from a venous maternal PaO, by the anatomical
arrangement by which the placenta begins its equilibration with the maternal
venous blood from the uterus. [By analogy to adult circulation, the umbilical artery
brings deoxygenated blood to the placenta and is the maternal equivalent of the
pulmonary artery, which sends venous blood to be oxygenated by the lung; and the
uterine vein is the maternal equivalent of the pulmonary vein, returning oxyge-
nated blood (however poorly accomplished) through this fetal equivalent of the
adult pulmonary vein.]

The process of oxygen diffusion is also more complex in the fetus than in the air-
breathing neonate. Diffusion is generally measured for carbon monoxide, but the
same principles apply for oxygen. The equation for the diffusing capacity for
carbon monoxide is written as the inverse of the conductance (i.e., as resistance),
so that serial diffusion barriers are additive. Diffusing capacity for carbon mon-
oxide, which is purely flow limited, is

1/DLeo = 1/Dy + 1/ 1/Ve

where DL is the total diffusing capacity, Dy, is the the diffusing capacity of the
alveolo-capillary membrane, 1/ is the diffusion constant, and 1/Vc is the blood
hemoglobin concentration. Assuming the diffusion constant remains roughly the
same in both circumstances (i.e., the affinity of hemoglobin for CO), any increase in
DM will increase the resistance to diffusion. For the mother, diffusion barriers
include the alveolar epithelium + the common basement membrane shared by the
epithelium of alveolar type I cells + the endothelium of the pulmonary capillary +
the maternal red blood cell membrane. For the fetus, all of the same barriers are
present, but there is transfer across the maternal red cell + the epithelial basement
membrane and chorionic membrane capillary + the fetal red blood cell membrane.
Although never specifically measured, it may be assumed that, unlike any human
condition in health or disease, fetal gas exchange is partially diffusion-limited for
oxygen to a degree that adult gas exchange is not. All of this serves to ensure that
fetal hemoglobin will never have greater than a PO, > 30 mmHg to supply the
mightily metabolic fetus in its growth and development demands.

Carbon dioxide also must be cleared by the same circulatory arrangement,
which is far less complicated by the situation by which it is transported. Most
COs is carried by plasma bicarbonate and equilibrates in the absence of the cascade
caused by uterine oxygen extraction by diffusion across the placenta to the mater-
nal circulation.

Returning to the fetal oxygen requirement, the critical question is how the fetus
extracts sufficient oxygen to survive, even to prosper and grow. This is accom-
plished by the differences in contour of the maternal and fetal oxygen—hemoglobin
dissociation curve. These curves are represented schematically in Figure 1.4. When
the mother extracts 5 vol.% oxygen, the corresponding PvO, is between 30 and
40 mmHg. The slope of the fetal oxyhemoglobin desaturation curves is extremely
friendly to these plasma concentrations of oxygen. Having a steeper slope and a
great oxygen-carrying capacity, fetal hemoglobin, which is retained throughout
gestation and for a while after delivery, is highly receptive to a PaO, of
30-35 mmHg. Its steep dissociation slope allows a mere change of 10 mmHg to
supply 4.6 vol.% oxygen to fetal tissues. The fetus may be very busy at the process
of gestation, but it has no other demands to meet, floating weightlessly in a
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Figure 1.4 Maternal and fetal oxygen-hemoglobin dissociation curve. Maternal blood gives
up only 5 volumes per cent (vol%) oxygen with a decrease of 60 torr in oxygen tension. By
contrast, fetal blood, with it steeper slope and greaer oxygen carrying capacity is able to
provide 4.6 vol% oxygen with a decrease of only 10 torr in oxygen tension. Thus, equilibra-
tion with the venous blood of the mother and the incremental placental barrier to diffusion
do not impair adequate oxygen uptake to the fetus. From: Leff A. and Schumacker P.
Respiratory Physiology: Basics and Applications. Philadelphia: Saunders, 1993. Chapter 10
(137-148). By release of copyright to the authors

non-exercising state in utero. This delivery of oxygen to tissues is thus most suitable
for growth and development. By comparing the fetal oxyhemoglobin curve to the
adult curve, it is clear that this curve is also highly suitable for survival in air
breathing. As the neonate exercises relatively little at birth, the persistence of fetal
hemoglobin suffices until it is replaced by adult hemoglobin, which has a contour
more suited to meet the metabolic demand of metabolism and locomotion in an air-
breathing world (5).

Lung Growth and Development

The lung buds from the foregut during the sixth week of fetal development. The
proximal portion develops as the larynx and trachea, which separate from the
esophagus. The initial bud from the terminal bronchus to the pleura is within 1 mm
of the pleura. As development continues, each branch sacrifices itself to become a
daughter branch and is precisely choreographed in time and space by a selective
genetic expression of appropriate growth and vascular-generating cytokines (6).
Stem cells in each budding generation respond to these signals, and the lung begins
a process of differentiation that will last > 8 years. Terminal bronchioles retreat
from the pleural margin as they are systematically replaced by respiratory bronch-
ioles and then respiratory saccules by the 28th week of gestation (Figure 1.5). The
evolution to alveolar growth starts at about 20 weeks.
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Figure 1.5 Development of gas exchange units. At 6 weeks, a primitive bud already
approaches the pleural surface. In morphogenesis, each parent unit develops advancing
daughter units that create successive generations of airways. As the daughter units
multiply and advance to become terminal saccules, the terminal bronchiole retreats
from the pleura to become a more central airway. Note that fetuses are born without
alveoli and full morphogenesis into adult units does not occur until about 8 years after
birth. From: Leff A. and Schumacker P. Respiratory Physiology: Basics and Applica-
tions. Philadelphia: Saunders, 1993. Chapter 10 (137-148). By release of copyright to the
authors

At birth, neonates do not have alveoli. Rather, they have terminal saccules,
which evolve over the next 8 or so years into the “cluster of grape” architecture that
characterizes the adult arrangement of alveoli. Alveoli are connected to each other
by microscopic pores of Kohn, which may play some role in preventing atelectasis
if there is proximal obstruction, although some dispute this role of the pores. By the
25th week of gestation, rapid division and growth of lung units involved in gas
exchange begins. At this time, the total number of collagenous airways and mucous
gland is fully differentiated. Maturation of the lung is fully determined hereafter by
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Figure 1.6 Scanning electron photomicrograph of an alveolus. Note that the vast amount of
surface area is take up by Type I alveolus, which functions to exchange gas. Type II alveoli (2
are shown) are <1% of the total surface area, but these cells synthesize the all-important
surfactant. From: Leff A. and Schumacker P. Respiratory Physiology: Basics and Applica-
tions. Philadelphia: Saunders, 1993. Chapter 12 (155-184). By release of copyright to the
authors

the rate of saccular development and maturation of type II alveolocytes. Type 1
alveolocytes eventually occupy 99% of the surface area of an alveolus; type II cells
occupy 1%, but these cells produce the all-important pulmonary surfactant that is
essential for respiration (Figure 1.6).

Importance of Surfactant

Surfactant overcomes surface cell forces that allow for lung expansion at birth and
allows the neonate to overcome the surface-active force for tidal respiration. The
ability of a pre-mature neonate to survive depends on both the maturation of lung
units and the maturation of surfactant production to permit ventilation. Without
surfactant, lung units close at tidal volume and cannot be reopened. This circum-
stance produces a shunt, whereby non-ventilated lungs are fully perfused. Venous
blood thus enters the arterial circulation. Unlike circumstances whereby ventila-
tion/perfusion mis-matching can be obviated by an increase in oxygen concentra-
tions, the closed ventilatory units of a shunt cannot be oxygenated at any
concentration of oxygen. Prior to the development of exogenous surfactant and
mechanical ventilation, premature infants could be treated only with pure oxygen.
Survival was poor, and many infants developed retrolental hyperplasia, a condi-
tion of ocular fibrosis causing permanent blindness that results from high sensitiv-
ity of neonates to 100% oxygen.

Surface Tension

The lung is a “wet organ.” The layer of liquid lining the epithelial surface of the
alveolus produces surface tension. Distention of the lung for inspiration requires
overcoming the normal elastic recoil of the lung inherent in lung elastic tissues and
the additional contribution of lateral surface tension forces imposed by the mutual
attraction that polar hydrogen (+) and oxygen (—) molecules have for each other.
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Figure 1.7 Compliance curve of a mouse lung in vivo. A: Comparison of compliance in a
lung fully immersed in saline and an excised lung having an air-water interface, as in life.
There are no surface tension forces in the fully immersed lung, which has considerably
greater compliance than the lung inflated in air. Note also the hysteresis of the inflation-
deflation curve of the air-water interface lung [see text for explanation]. B: Intergrated
area (equal to work of breathing) of the saline lung (representing work to overcome
tissue elastance; hatched area) and the average pressure-volume curve of the lung
inflated or deflated in air (representing the work to overcome surface tension forces;
dotted area). Note that surface tension force comprises at least 50% of the work of
breathing overall. From: Leff A. and Schumacker P. Respiratory Physiology: Basics and
Applications. Philadelphia: Saunders, 1993. Chapter 1 (3-23). By release of copyright to
the authors

With a thin layer of fluid at the alveolar surface, there are lateral forces that impose
upon each other based on this polarity to make the lung even more elastic, i.e., less
distensible. Figure 1.7 demonstrates the difference between the compliance curves
of a mouse lung immersed in saline and one having an air—water interface. Total
submersion of an excised lung during inflation requires substantially less distend-
ing pressure than the same tissue having an air-water interface, as it occurs in
nature. The incremental forces distending are those of surface tension. In Fig-
ure 1.7, the work of breathing is the integrated area of each plot of the lower
portion of the figure. Work is derived as follows: Volume is expressed in cubic
units, e.g., cm?; pressure is force/unit area (e.g., force/cm?). The integrated areas for
each curve (tissue forces; surface forces) of Figure 1.7 are expressed in units of
volume x pressure = cm® x force/cm? = force x distance = work. This figure
illustrates that at least half of the work of breathing, especially at low lung volumes,
is work required to overcome surface tension forces.
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Percent of Total
0.0% 10.0% 20.0% 30.0% 40.0% 50.0%
Dipalmitoyl Phosphatidylcholine
Monoenoic Phosphatidylcholine
Phosphatidyl Glycerol
Protein
Cholesterol
Glycerides + Glycolipids
PEA + Serine + Inositol
Lysolecithin

Sphingomyelin

Free Fatty Acids

Figur 1.8 Composition of surfactant. The phosphatidyl cholines are the predominant com-
ponents and account for detergent effect of surfactant. From: Leff A. and Schumacker P.
Respiratory Physiology: Basics and Applications. Philadelphia: Saunders, 1993. Chapter 1
(3-23). By release of copyright to the authors

Investigations performed approximately 50 years ago demonstrated that the
natural surfactant (Figure 1.8) was composed predominantly of phosphatidyl
choline. Other products taken from airway lavage fluid appear to play no critical
role in the surface tension breaking (i.e., detergent) properties of surfactant.
Surfactant also works best when its molecules are compacted. Figure 1.9 demon-
strates a Clements’ frame, which is used to measure surface tension when surface
fluid molecules are compacted or decompacted at different surface areas. By
moving the barrier inward, surfactant molecules floating on the top are com-
pressed, and the effect of compacting water molecules on surface tension can be

Force Platinum
transducer strip

Ribbon

Barrier

Teflon trough

Figure 1.9 A Clements’ Frame. Surface tension is measured by the force transducer attached
as the platinum blade interfaces with the first molecular layer at the surface. The ribbon
compresses or decompresses surface molecules to mimic the action of the lung during
inspiration and exhalation. From: Leff A. and Schumacker P. Respiratory Physiology:
Basics and Applications. Philadelphia: Saunders, 1993. Chapter 1 (3-23). By release of
copyright to the authors
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Figure 1.10 (A) Area-Surface tension diagram of water, commercial laundry detergent
and lung extract as a detergent (surfactant). Note that at low areas, comparable to
deflated lung volumes, surface tension is practically reduced to zero. Commercial deter-
gent is much less effective than naturally occurring surfactant. The natural surfactant
curve also has hysteresis as does the pressure-volume curve of the lung in real-life [see
text for explanation]. (B) The pressure-volume curve of a premature fetus, which lacks
maturation of type II alveolocytes to produce surfactant. Chapter 1 (3-23). By release of
copyright to the authors

measured. Water has a surface tension of 70 dynes/cm (Figure 1.10). Because water
molecules are already maximally compacted by their polar attraction to each other,
changing the surface area has no effect—the molecules cannot be either compacted
or decompacted by change in surface area. As shown in Figure 1.10, adding a
commercial laundry detergent allows the compound to get between some of the
surface hydrogen bonds and thus lessens surface tension, in this case to 30 dynes/
cm. However, adding surfactant obtained from bronchial washings causes near-
total abolition of surface tension.

The detergent properties of surfactant are highly area dependent. The more
compacted the molecules, the more effective the detergent force of surfactant.
At maximally compacted areas, naturally occurring surfactant is unsurpassed as
a detergent. Note the hysteresis in the expansion/compression curves of surfac-
tant, which corresponds to the hysteresis in Figure 1.7 for the lung having an
air-water interface. This reflects the initial difficulty in breaking surface tension
forces at low lung volumes, as distending pressure is applied; the detergent
forces of surfactant molecules begin to lower surface tension. Correspondingly,
the deflation curve has relatively lower surface tensions at the same correspond-
ing pressures. Without surfactant, distension of lung units is greatly impaired.
Figure 1.10 (right) is a schematic curve showing that surface tension forces are
increased over the full range of areas as a result of defective production of
surfactant in a premature neonate. These are the biophysical correlates of the
shunts that premature infants develop—infants who lack alveolar type II cells
or surfactant product. Artificial surfactants and treatment of the mother prior
to birth with corticosteroids that cross the placental barrier contribute hugely
to the salvage of infants born during the critical phase of gas exchange units.
Overall, survival is possible even before the 28th week with modern technology,
which includes mechanical ventilation. Prognosis improves greatly with each
week that the neonate ages toward term. At 32 weeks, prognosis may be quite
encouraging; by 36 weeks, prognosis is not significantly different than for term
infants.
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Cellular Morphology and Morphogenesis

Cells Derived from Entoderm

Goblet and serous cells are cells that line the conducting airways of the lung.
Together, these cells determine the nature of the ciliary blanket of mucus that
lines the conducting airways of the lung. This lining exists in a sol-gel state, which
must be optimal. Mucus secretions that are too thick will trap foreign particles
from reaching the delicate small airways of the lung, but cannot be swept to the
mouth by the mucociliary escalator because the cilia cannot propel mucus of high
viscosity. Such is the case in cystic fibrosis (CF), where infection is constant as
bacteria are trapped in excessively viscous mucus. Ultimately, most CF patients
succumb to respiratory failure and severe infection from the genetic transport
defects in the CFTR. Mucus is rarely too thin to be effective; but in such cases,
transport also would be ineffective, as the cilia would just wave through liquid
without sufficient ability to produce a watery agent. Goblet cells and mucous
glands, which are autonomically innervated, exist in the epithelium of the large
conducting airways of the lung. In these units there is no gas exchange. Condition-
ing of air to proper temperature and cleansing the airways of infectious agents and
particulates are the functions of these airways (Figure 1.11). There is a gradual
transition, with loss of mucus-producing cells and cartilaginous support structures
from the conducting airways to the alveolus, which is the thinnest of all possible
membranes, designed to dialyze the alveolar gas by removing carbon dioxide and
replenishing oxygen.

Ciliated cells are seen first at the 13th week. These cells follow one of the oldest
morphologically conserved patterns in nature. In all tissues of all species from all
ages, cilia are arranged in a 9 + 2 pattern (Figure 1.12). The central dynein
arms contain ATPase, which is essential for contraction. These tubules thus are

Smooth muscle

Epithelium — |

Large conducling airway Small conducting airway Alveolus

Figure 1.11 Schema of the anatomical reorganization of the airway from conducting air-
ways, which are supportive structures that trap particulates and infectious agents from
reaching delicate alveoli, to the ultra-thin and fragile alveolar-capillary membrane. Chapter
12 (155-184). By release of copyright to the authors
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Figure 1.12 The highly conserved 9 + 2 pattern of airway cilia. The identical pattern is seen in
flagella on one-cell organisms. Chapter 12 (155-184). By release of copyright to the authors

likely responsible as well for coordination of the ciliary beat, the coordinated
wave that propels continuously the secretions of the lung away from the help-
less alveoli and toward the mouth. In the absence of the dynein arms, cilia are
dysfunctional and cannot beat. Best known among inherited syndromes of
ciliary motility is Kartagener’s syndrome. This mutation is often associated
with partial or complete situs inversus, which may have its attendant problems,
especially in cases of partial situs inversus. Kartagener’s syndrome is associated
with the development of bronchiectasis over life and reproductive sterility, due
to lack of ciliary motility in the sperm.

Clara cells remain more of a curiosity and lack a fully defined function. It is
believed that Clara cells may be important in the regeneration of injured epithelial
cells in the bronchi.

Kulchitsky cells are neuroendocrinological elements, which appear by week 15 in
the fetus and become less numerous in adult life. These cells produce some bioac-
tive amines, the significance of which is not established. Kulchitsky cells are the
parent cells in bronchial carcinoid tumors, where secretion of bioactive amines is
thought to cause the characteristic symptoms of carcinoid syndrome in adults.
Kulchitsky cells are more abundant in the gastrointestinal tract, as is the origin of
carcinoid syndrome.

Alveolocytes have been covered in detail in preceding sections and are listed for
the sake of embryological completeness. To summarize, the massive area of the
type I alveolocytes is the gas exchange surface of the lung. The 1% of the alveoli
dedicated to type II cells is the site of surfactant production.

Cells Derived from Mesoderm

Smooth muscle cells. Smooth muscle in airways is the likely evolutionary vestige of
the swim bladder. Some degree of basal smooth muscle tone exists in all persons,
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largely due to tonic parasympathetic activity. Parasympathetic nerves innervate
human airway smooth muscle to the very distal conducting airways. Parasym-
patholysis causes a decrease in airway resistance. Airway resistance after morpho-
genesis is complete, is 1-2 cm H,O/l/s. Airway resistance is greater in normal
infants. The decrease in resistance with maturation has been attributed both to
enlargement of conducting airways (80-90% of the resistance to airflow in the lung
is derived from the first six generations of airways) and to progressive branching,
which occurs until 8 years of age.

As airway smooth muscle has no known function in humans, there has been
little evolutionary pressure to eliminate it. Smooth muscle contraction causes
asthma, but humans are the only species that get true asthma. The reason for this
remains unclear. If there is an evolutionary advantage to this polygenomic syn-
drome, such evidence has not been presented.

Smooth muscle also exists in pulmonary blood vessels and is responsible for the
distribution of blood flow in the lung. This has been discussed in detail earlier.
Development of vascular smooth muscle in the fetus is nearly complete by week 14
of gestation.

Vascular endothelium is the rough functional homolog of airway epithelium. Itis
the single cell layer lining the vessel. Capillary endothelial cells are about 50% of
the cells lining the lung and have an intimate association with type I pneumocyte in
alveolar gas exchange. Both endothelium and epithelium have numerous complex
physiological and signaling functions in adults, a discussion beyond the purview of
this review.

Fibroblasts. These cells of the interstitium secreted collagen and elastin. The
collagenous skeleton of the lung is the limiting factor determining the elastic limit
of lung distensibility.

Cartilage is the supporting structure of the larger conducting airways. Rigidity
of these airways prevents collapse during expiration.

Cells Derived from Ectoderm make up the neural components of the lung. Neural
ganglia develop as early as week 7 in fetal life. Autonomic innervation of airways
includes at least four different systems: the parasympathetic nervous system, which
directly innervates and promotes contraction of airway smooth muscle and mucous
gland secretion; the sympathetic nervous system, which, in humans, does not
innervate airway smooth muscle but likely controls the liquidity of airway secre-
tions; the non-adrenergic, non-cholinergic inhibitory system, which relaxes airway
smooth muscle, but has no known physiological stimulus; and the non-adrenergic,
non-cholinergic stimulatory system, which likely acts through antedromal trans-
mission of neurokinins through dorsal root ganglia and may play a role in exercise
and/or cold-induced bronchoconstriction.

Material for this section of this chapter is largely taken from the textbook of Leff
and Schumacker (3 ), where considerably more detail for each of these components
may be found.

Summary of Lung Development In Utero and Beyond

Table 1.1 is a temporal summary of the stages of growth and development, which
are summarized schematically in Figure 1.13. In short summary, preparation for
air-breathing life requires development of gas exchange airways, which commences
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Table 1.1 Anatomical development of the lung.

Time Event
Prenatal
Day 26 Tracheoesophageal septum develops.
Day 28 Buds of mainstem bronchi appear.
Day 33 Buds of lung lobes appear.
Day 41 Bronchopulmonary segments develop; lung becomes lobulated.
Day 52 Pleural cavity is closed.
Week 8 Pseudoglandular phase occurs.
Week 16 Canalicular phase occurs.
Week 24 Saccular phase occurs and continues until birth.
BIRTH
Postnatal
2 months Alveolar development begins.
2 years Regular growth begins in place of septal formation.
7 years Lung architecture is remodeled to adult pattern.
8 years Alveolization ends; no further alveoli are formed during growth.
15 years Normal growth is complete.
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Figure 1.13 Schematic representation of lung maturation in its various stages. By 25

weeks, all generations of glandular and support tissues are differentiated. However,

differentiation of gas exchange units is barely begun at this poin

t. Hence, survival at

this stage is much challenged By 36 weeks, sufficient numbers of gas exchange units have
developed to virtually ensure that air-breathing respiration will be successful. The critical

period between 28-and 34 weeks defines increasing likelihood for
natal period. Note that adult architecture of the lung is not comple
of life

an uneventful post-
ted until the 8th year

after the 25th week of gestation, at which time all other critical structures of the
lung are formed. Development of respiratory saccules provides the lung units and

surfactant-producing cells by rapid division and differentiation

from the 27th week

onward to birth. The process is completed in post-natal life and adult architectural

changes are completed by the eighth post-natal year.
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Respiratory Physiology in Pregnancy

Meredith C. McCormack and Robert A. Wise

Keywords: lung mechanics, oxygenation, ventilation, respiratory physiology,
pregnancy

Introduction

Pregnancy is a normal but altered physiologic state that results in significant hormo-
nal, mechanical, and circulatory changes. The increases in progesterone and estrogen
associated with pregnancy contribute to vascular and central nervous system effects,
changes in the balance of bronchoconstrictor and bronchodilator prostanoids, and
increases in peptide hormones that alter connective tissue characteristics. The course
of pregnancy is accompanied by structural changes to the ribcage and abdominal
compartments as a consequence of the hormonal changes and the enlarged uterus.
Cardiac output, pulmonary blood flow, and circulating blood volume are all
increased due to increased metabolic demands. This increase in blood volume with-
out an increase in red cell mass results in a decreased hemoglobin concentration.
There is a reduction in plasma oncotic pressure due to both increased blood volume
and a decrease in albumin concentration. The combination of increased pulmonary
blood flow, increased pulmonary capillary blood volume, and decreased oncotic
pressure all promote the formation of edema in the periphery and in the lung. Given
the dramatic physical and hormonal alterations of pregnancy, perhaps the most
remarkable aspect of respiratory physiology is the relatively minor impact that
pregnancy has on the function of the lung. To be able to accurately identify and
diagnose respiratory abnormalities in pregnant patients, the clinician must first
understand normal physiologic changes of pregnancy. Over the years, there have
been several excellent reviews of the effects of pregnancy on the respiratory system in
health and disease (/—6). This chapter provides an updated overview of respiratory
physiology in healthy pregnant women (6).

Chest Wall and Lung Mechanics in Pregnancy
During pregnancy, the ribcage undergoes structural changes in response to hor-
monal changes (7). Progressive relaxation of the ligamentous attachments of the

ribs cause the subcostal angle of the rib-cage to increase from 68° to 103° early in

G. Bourjeily, K. Rosene-Montella (eds.), Pulmonary Problems in Pregnancy, Respiratory Medicine, 19
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pregnancy before the uterus is substantially enlarged. This change persists for
months after the end of pregnancy when the uterus returns to normal size. The
increased elasticity of the rib-cage is probably the result of the same factors that
induce changes in the elastic properties of the pelvis. One of the important media-
tors is thought to be the polypeptide hormone relaxin which is increased during
pregnancy. This substance is responsible for the softening of the cervix and the
relaxation of the pelvic ligaments (8, 9).

Pregnancy causes the diaphragm to elevate about 4 cm and the circumference of
the lower rib-cage to increase about 5 cm (/0). The lower end-expiratory lung
volume leads to an increased area of apposition of the diaphragm to the chest wall,
which improves the coupling of the diaphragm and chest wall (/). Thus, the
increased tidal volume in pregnancy is achieved without an increase in the respiratory
excursion of the diaphragm. The enlarging uterus results in increasing abdominal
pressure which decreases chest wall compliance, which falls about 35-40% (12).

The decrease in chest wall compliance causes a reduction in functional residual
capacity (FRC). Reductions in the FRC and the expiratory reserve volume are the
most consistent changes in static lung volumes with pregnancy. As the uterus
enlarges, FRC falls by 10-25% of the previous value, starting about the 12th
week of pregnancy (/3). The normal reduction in FRC in the supine position is
further accentuated in pregnancy (14, 15). By contrast, the total lung capacity is
usually preserved or minimally decreased as a result of the mild increase in the
inspiratory capacity. The residual volume tends to fall slightly, leading to a small
increase or stability of the vital capacity (16, 17, 10, 13, 18-21). The lung
compliance remains normal during pregnancy but chest wall compliance is slightly
reduced because of the effect of the enlarging uterus leading to a distention of the
abdominal cavity. Expiratory muscle strength is in the low-normal range (19).

Airflow Mechanics

Pregnancy has no significant effect on FEV, or the FEV|/FVC ratio (22, 23, 24).
Peak expiratory flow rates remain close to the normal range and do not change during
pregnancy (25). The shape of the flow-volume curve and absolute flow rates at low
lung volumes are normal in pregnant women (/7, 26 ). Thus, it is possible to use non-
pregnant reference values to evaluate lung function in pregnant women. A reduction in
FEV, or FVC should not be attributed to pregnancy alone. This is important for
clinicians to understand, particularly as they are following patients with underlying
lung diseases, such as asthma (27, 28). Measurement of airway conductance by
several methods demonstrates normal or increased large airway conductance (79,
23). A relatively recent epidemiologic study has raised the possibility that pregnancy
may induce changes in the lung that improve airway function and persist throughout
life (29). Small airway function as measured by closing volume is normal (30-32).
However, because the FRC is low, airways may close during tidal breathing and
increase the alveolar-arterial oxygen gradient in the supine position.

Ventilation and Gas Exchange
Resting minute ventilation increases during pregnancy (33—35). This is primarily

due to an increase in tidal volume with a relatively constant breathing rate and
pattern. Because the dead space-tidal volume ratio remains normal during
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pregnancy, the increased tidal volume leads to increased alveolar ventilation (36).
Dead space may be decreased in pregnancy because of increased cardiac output
and better perfusion to the apices, so ratio of VD/VT is even more advantageous.

Most studies find that this hyperventilation (increase in tidal volume) is a
progesterone effect that occurs early in pregnancy during the first trimester, and
stays constant or increases slightly as pregnancy progresses (37). Typically, resting
minute ventilation is increased about 30% during pregnancy compared to the post-
partum value. This primary increase in minute ventilation is enhanced secondarily,
by an increase in metabolic rate and carbon dioxide production. During pregnancy,
carbon dioxide production at rest increases by about 30-300 ml/min. Despite this
increase in production, overcompensation results in a low to normal CO, during
pregnancy.

The increase in minute ventilation exceeds that which is required to maintain a
normal arterial carbon dioxide level. As a result, the arterial PaCO, falls from
40 mmHg in the non-pregnant state to 32-34 mmHg in pregnancy (38). The
kidney excretes excess bicarbonate to compensate for the respiratory alkalosis and
maintains a serum bicarbonate level of about 15-20 meq/L to preserve a normal
arterial pH. Likely contributes to a rightward shift in the oxyhemoglobin dissocia-
tion curve the chronic alkalosis stimulates 2,3-diphosphoglycerate synthesis and
this, in conjunction with anemia, that favors the unloading of oxygen in the
periphery, presumably aiding oxygen transfer across the placenta (39). There is
general agreement that the main cause of the increased respiratory drive that causes
the hyperpnea of pregnancy is the elevation of serum progesterone, a direct
respiratory stimulant. The progesterone-induced increase in chemosensitivity
results in an increase in the slope and a leftward shift of the CO, ventilatory
response curve. The increase in chemosensitivity occurs early in pregnancy and
remains constant up until delivery. The respiratory center output, which integrates
both chemical and mechanical stimuli, is measured by the mouth pressure 100 ms
following airway occlusion (Pg ). This measure increases progressively throughout
pregnancy, compatible with the idea that the hyperpnea of pregnancy is the result
of both increased chemosensitivity and the metabolic and mechanical loads
imposed by the gravid state. Shortly after delivery, the respiratory drive returns
to normal with the fall in progesterone levels and the reduction in metabolic and
mechanical loads induced by pregnancy.

The evidence that progesterone is a respiratory stimulant is strong (40). When
administered to non-pregnant individuals, progesterone increases minute ventila-
tion, CO, chemosensitivity, and airway occlusion pressure (4/-43). It has been
debated whether progesterone acts through a direct stimulatory effect on the
respiratory center or through an increase in the gain of the chemoreceptors (44).
The most recent evidence shows that both the threshold for hypercapnic ventilation
as well as the gain in ventilation is increased in pregnancy, suggesting that both
intrinsic and chemically-driven responses are more sensitive in the pregnant hor-
monal milieu (45).

The hypoxic ventilatory response is increased in pregnancy to about twice the
normal level (46). This occurs despite the blood and cerebrospinal fluid alkalosis
that tends to suppress hypoxic drive. In contrast to the response to carbon dioxide,
the hypoxic ventilatory response in pregnancy is not well correlated with proges-
terone levels. It is thought that the increased sensitivity to hypoxia is due to the
increases in both estrogen and progesterone (47, 48).

Arterial oxygen tensions are slightly increased in pregnancy as a result of the
pregnancy-induced hyperpnea, with a normal pregnant level of 100-105 mmHg
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(36). This high level of oxygen tension may facilitate oxygen transfer across the
placenta by diffusion. However, the increased metabolic rate and the low oxygen
reservoir in the lung at end-expiration make the pregnant woman particularly
susceptible to develop hypoxemia in the presence of respiratory depression or
apnea (49, 50). In some women, the low end-expiratory lung volume may predis-
pose them to decreasing oxygen tensions in the supine position in the late stages of
pregnancy (51).

The overall effect of pregnancy on diffusing capacity for carbon monoxide
(Dco) is determined by the relative contributions of opposing physiologic
changes. Pulmonary blood volume and cardiac output are increased in preg-
nancy, which should recruit capillary surface area and thereby increase Dco.
This is offset by the dilutional reduction in hemoglobin concentration that
occurs, leading to a constant or slightly diminished Dco in the majority of
pregnant patients (22). The normal increase in Dco that occurs in the supine
position is absent in pregnancy, which might indicate that the gravid uterus
prevents the normal increase in systemic venous return, or that the pulmonary
capillary bed is already fully recruited (26). The latter explanation is less
plausible because exercise causes a normal increase in Dco in pregnant people
(52). One study suggests that there are different effects of pregnancy on Dco in
high-altitude dwellers. Pregnant women dwelling at high altitude have a higher
Dco than those at sea-level, but during the third-trimester they have a lower Dco
than non-pregnant altitude dwellers. At sea-level, the Dco is similar throughout
pregnancy compared to non-pregnant controls (53). High altitude also acts
additively with progesterone and ventilation is increased to a greater extent in
high altitude residents compared to low altitude residents. The increase in venti-
lation, along with increased hemoglobin concentrations, appears to raise arterial
oxygen saturation to levels similar to those of low altitude dwellers (54).

Physiologic Dyspnea of Pregnancy

The increase in minute ventilation that accompanies pregnancy is often perceived
as shortness of breath. About 75% of pregnant women have exertional dyspnea
by 30 weeks of gestation (55-58). Shortness of breath at rest or with mild
exertion is so common that it is often referred to as “physiologic dyspnea.” The
proposed causes of dyspnea are the increased drive to breathe and the increased
respiratory load. The increase in minute ventilation and the load imposed by the
enlarging uterus cause an increase in the work of breathing. Other factors that are
thought to contribute to the sensation of dyspnea include increased pulmonary
blood volume, anemia, and nasal congestion. Studies of the psycho-physiology of
dyspnea in pregnancy indicate that the dyspnea can be accounted for by the
increased effort of breathing rather than an increased sensitivity to mechanical
loads (59).

The cardiovascular response to endurance exercise in late pregnancy is
relatively unchanged compared to the post-partum state (60). Similarly,
exercise efficiency (change in oxygen consumption per change in work load)
is unchanged (61, 62). However, ventilation at any level of oxygen consump-
tion or carbon dioxide production is increased in pregnancy which leads to
increased perception of respiratory effort. This excess exercise ventilation and
sensation of breathlessness can be somewhat reduced by aerobic training
(63). In general, fetal responses to short duration of exercises are usually
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moderate and return to baseline in the post-exercise state and moderate
prenatal physical conditioning does not significantly affect fetal growth (6).

It can be challenging for a physician to differentiate the normal dyspnea of
pregnancy from that due to disease pathology. Findings that raise the question
of pathologic dyspnea include: increased respiratory rate greater than 20 breaths
per minute, arterial PCO» less than 30 or greater than 35, hypoxemia or abnor-
mal measures on forced expiratory spirometry, or cardiac echocardiography.
The time course of symptoms is also helpful in differentiating pathologic
conditions. Abrupt or paroxysmal episodes of dyspnea suggest an abnormal
condition.

Summary and Conclusions

In summary, an understanding of the normal changes that occur in respiratory
physiology during pregnancy (Table 2.1) is fundamental to recognizing how the
presentation of lung diseases is altered by pregnancy. Although these changes in
cardiovascular and respiratory physiology are remarkably well tolerated, there is
diminished reserve capacity to deal with intercurrent respiratory insults. Thus,
prompt recognition and treatment of altered respiratory function is needed to
protect the health of the mother and fetus.

Table 2.1 Normal respiratory physiologic changes in pregnancy.

Chest Wall/Lung Mechanics

Chest wall compliance Decreased
Thoracic diameter Increased
Diaphragm Elevated
Lung compliance Unchanged

Lung Volumes
Total Lung Capacity
Vital capacity
Inspiratory capacity
Functional residual capacity
Residual volume
Expiratory reserve volume
Spirometry
FEV,
FVC
FEV,/FVC

Gas Exchange
Dco
Ventilation
Minute ventilation
Tidal volume
Respiratory rate
Blood gas
pH
P302
PaC02
Bicarbonate

Unchanged or slightly decreased
Unchanged or slightly increased
Slightly increased

Decreased

Slightly decreased

Decreased

Unchanged

Unchanged

Unchanged

Unchanged or slightly decreased
Increased

Increased

Unchanged

Normal (7.39-7.42)

Slightly elevated (100-105 mmHg)

Slightly decreased (32—34 mmHg)
Slightly decreased (15-20 meq/L)
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Abbreviations

cm Centimeters

Dco Diffusing capacity for carbon monoxide
FEV, Forced expiratory volume in one second
FRC Functional residual capacity

FvC Forced vital capacity
PaCO,  Partial pressure of carbon dioxide in arterial blood
PaO, Partial pressure of oxygen in arterial blood

RV

Residual volume

TLC Total lung capacity
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High Altitude, Chronic Hypoxia,
and Pregnancy

Keywords: high altitude, chronic hypoxia, preeclampsia, low birth weight,
growth restriction, uteroplacental circulation

Although placental and pregnancy physiology are not the focus of this book,
many patients and their providers have concerns about the potential impact of
altitude on fetal oxygenation. Understanding the effect of high altitude on the
placenta and the potential adverse effects on the pregnancy and the fetus may
help the clinician appreciate the potential effects of some advanced lung diseases
and chronic hypoxia on the pregnancy and the fetus. This chapter is a succinct
review of the effect of high altitude on lung function in pregnancy and placental
complications.

The most obvious effect of high altitude on pregnancy outcomes is chronic
hypoxia. High altitude associated chronic hypoxia affects 140 million persons
in the world living at 8,000 feet or higher. This makes hypoxia at high altitude
in pregnancy the most common ctiology of maternal-fetal hypoxia (7).

Respiratory Physiology at High Altitude

Given the high morbidity and mortality associated with pregnancy and fetal
complications, an understanding of the respiratory physiology at high altitude
as well as the mechanisms affecting oxygen delivery is essential. Lung function
changes in pregnancy have been discussed under respiratory physiology in
Chapter 2. Respiratory function in pregnancy has been studied at high alti-
tude and compared to that of pregnant women at sea level and non-pregnant
controls both at sea-level and high altitude (2). Total lung capacity (TLC),
residual volume (RYV), expiratory reserve volume (ERV), inspiratory capacity
(IC), and functional residual capacity (FRC) were greater in pregnant women
at high altitude than pregnant women at sea level. In addition, forced expira-
tory volume in 1’s (FEV;) and forced vital capacity (FVC) were also signifi-
cantly higher in gravidas at high altitude but the FEV;/FVC was lower. Peak
expiratory flow rates were not significantly different (2). In a similar study,
McAuliffe found that diffusion capacity was significantly higher in pregnant
and non-pregnant women living at high altitude compared to their sea-level
counterparts (3).
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Studies of alveolar ventilation and oxygenation in pregnancy at high altitude
have shown that pregnant women hyperventilate even further than pregnant
women at sea level. A study by Hellegers et al. (4) of three healthy pregnant
women living at high altitude examined patients tested periodically in the second
and the third trimesters. In this study, it is not known whether pregnant women
were smokers or not, but the authors mention that the subjects refrained from
smoking one hour prior to testing. The mean PaCO, in the pregnant patients in 13
measurements was 22.93 + 0.64 mmHg compared to 27.94 + 0.44 mmHg in 12
measurements on four non-pregnant controls. The mean PaO, in that same study
was found to be 59.01 £ 0.77 mmHg in pregnancy compared to 50.71 +
0.68 mmHg in the non-pregnant controls. These findings are consistent with
prior reports of lower PaCO, in pregnant women living at high altitude. PaO,
measured at term in other studies at an altitude of 4,000 m was 60.75 £ 2.2 mmHg
(5). Another study has evaluated pregnant women at high altitude for ABG values,
oxygen content, and minute ventilation and showed significant differences between
pregnant women at high altitude and at sea level (see Table 3.1). This rise of the
mean PaO, of 9 mmHg in pregnancy compared to non-pregnant controls likely
carries a more significant effect at high altitude than at sea level since the oxygen
saturation is lower in pregnancy at high altitude than at sea level. It is noteworthy
though, that despite a significantly lower PaO, and oxygen saturation, oxygen
content in pregnant women at high altitude is significantly higher than at sea level.
This rise in oxygen content is related to the higher hemoglobin associated with the
stimulation of erythropoietin in relation to the chronic hypoxic state. In addition,
the final PO, achieved in mixed venous blood of subjects at high altitude is not
greatly diminished (6). Despite these compensatory mechanisms that improve
oxygen content at high altitude, a significant obstacle to oxygen delivery is the
fact that cardiac output is lower at high altitude in pregnancy. In fact, a study of
cardiac parameters by echocardiography in high altitude pregnancies showed

Table 3.1 Mean (SD) blood gases and ventilation in pregnant and non-pregnant
women at sea level and at high altitude. (Used with permission.)

Non-pregnant Pregnant
High High

Variables Sea level altitude Sea level altitude
PO, (mmHg) 93 (9) 48 (4)* 98.5 (10) 53 (3)*
PCO, (mmHg) 40 (2.5) 27 (2.0)* 32 (3.0) 23 (1.6)*
pH 7.43(0.02) 7.48(0.03)* 7.45(0.02)  7.495(0.03)"
Saturation (%) 98 (0.8) 88 (3.0)* 98.5(0.7) 89.9 (2.4)*
Haemoglobin (gr/dl) 14 (1.6) 16 (1.7)* 11.8 (1.4) 14.3 (1.5)*
HCO3; (mMol/L) 25.3(1.2) 19.9 (1.3)* 21.7 (1.6) 17.5 (1.2)*
Base Excess 1.37 (0.9) -0.7(1.4* —0.69(1.3) —2.06(1.3)*
O, content (ml/100 ml whole 1.82(0.2) 1.89 (0.2) 1.58 (0.2) 1.75(0.2)*

blood)
Minute ventilation (L/min) 10.5 (4) 12.4 (4) 13.3(3.8) 16.7 (7)*
Respiratory rate/min 15.7 (4.8) 18.9 (5.3) 18.6 (5.9) 20.9 (6.6)°
Tidal volume (L) 0.7 (0.3) 0.7 (0.2) 0.8 (0.3) 0.8 (0.4)
4P <0.01.

b P <0.05.
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values that were significantly lower than sea level pregnancies for cardiac output,
stroke volume, heart rate, and ejection fraction (7). All of these parameters
increased progressively during gestation to a peak at about 22-25 weeks. However,
the percent increase in cardiac output compared to non-pregnant controls was
lower at high altitude than at sea level (17% versus 41%) (7). The smaller increase
in cardiac output, left atrial diameter, and end diastolic diameter suggests that the
intravascular space does not expand as well in pregnancy at high altitude. The rise
in systemic vascular resistance (SVR) at high altitude likely contributes to this
limitation as well.

Pregnancy Outcomes Associated with High Altitude

Outcomes proposed to be related to altitude and likely to chronic hypoxia include
effects on birth weight, preeclampsia, and stillbirths.

Many studies have shown that in pregnant women who reside at high altitudes,
infant birth weight falls an average of 100 g for every 1,000 m of altitude gain (8, 9).
In Colorado, the effect of altitude on birth weight is at least as great as the effect of
low maternal weight gain, preeclampsia, or smoking (8). Low birth weight (LBW)
and small for gestational age occurred in 10.2% and 13.7%, respectively in a study
of 1,121 vaginal deliveries in Tibet (10). Timing of growth limitation is, however,
delayed in the course of gestation and only becomes apparent starting at 25-29
weeks of gestation (11).

Although earlier reports suggest that neonatal and infant mortality is lower in
LBW babies born at high altitude than LBW babies born at low altitudes
(12, 13), more recent reports seem to show that high altitude does not have a
protective effect against significant morbidity in LBW newborns born at 2,500 m
or above (14).

Another important outcome that seems to be observed more often at high
altitudes is preeclampsia. The rate of preeclampsia/gestational hypertension
occurred in 18.9% of vaginal deliveries in Tibet (/0). Reports of a twofold to a
fourfold increase in the incidence of preeclampsia have been described using both
strict (primiparas, hypertension, and proteinuria that resolve post-partum) and less
strict diagnostic criteria (hypertension with evidence of other organ involvement
such as thrombocytopenia, abnormal liver function tests, or neurological
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Graph 3.1 High altitude and PE decrease birth weitht. Contributions of hypertensive
complications of pregnancy and altitude to reduction in birth weight in grams, controlling
for gestational age, parity, and maternal weight. *p < 0.01

(From: ref. (14 ), with permission from Wolters Kluwer Health/Lippincott Williams & Wilkins)
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symptoms) (15 ). This increase in the prevalence of preeclampsia may contribute, in
turn, to the development of intra-uterine growth restriction (IUGR) (8, 14, 16 ) (see
Graph 3.1).

Other effects of high altitude, likely combined with the higher incidence of
preeclampsia, include an increased frequency of stillbirths (/4). In a study
that consisted of a large chart review of women residing in Bolivia at 300
versus 3,600 m, higher rates of all pregnancy, fetal, and newborn complica-
tions surveyed were encountered (/4). Of note, fetal distress and newborn
respiratory distress occurred much more frequently at high altitude (see
Table 3.2).

Interestingly, however, the effects of altitude on pregnancy and fetal
outcomes are not consistently encountered. Outcomes were found to vary
significantly by population studied. For instance, populations that had
originated at high altitudes were less likely to develop altitude-related com-
plications such as growth restriction than populations that had emigrated to
high altitudes (Andeans versus Europeans and Tibetans versus Han)
(17, 18). After accounting for the influences of maternal hypertensive com-
plications of pregnancy, parity, body weight, and number of prenatal visits,
European ancestry increased the frequency of small for gestational age
babies at high altitude nearly fivefold when compared to Andean ancestry
(18). Other factors that likely affect the heterogeneity in the effect of
altitude on these outcomes may be genetic. Many methods of genetic testing
used have suggested that the degree of protection that a Tibetan or Andean
background offers to the offspring may be secondary to different phenotypic
adaptive responses to high-altitude hypoxia. Four traits have been described
in a review by Beall (19) and include resting ventilation, hypoxic ventilatory
response, oxygen saturation, and hemoglobin concentration. In fact, an
autosomal dominant major gene for oxygen saturation was found in the
Tibetan population and is associated with higher offspring survival, strongly
suggesting a natural selection process (20).

Despite that, further studies in Andean residents of high altitude have shown
that there are factors that are unrelated to oxygen content that could be protective
(21,22).

Table 3.2 Maternal, fetal, and neonatal complications. (From: ref. (/4), with
permission from Wolters Kluwer Health/Lippincott Williams & Wilkins)

Low altitude n High altitude n
Bleeding first-third trimester (%) 0.1(-0.1t00.4) 1476 3.1 (2.2-4.0)* 801
Premature rupture of membranes (%) 0.4 (0.0-0.8) 1518 4.0 (3.0-4.9)* 802
Preterm labor (%) 3.6 (2.3-4.8) 1494 6.5 (5.3-7.7)* 765
Oligo or polyhydramnios (%) 0.2(-0.1t00.6) 1488 2.2 (1.6-3.0)* 800
Placental abruption or previa (%) 0.4 (0.0-0.8) 1494 1.7 (1.1-2.3)* 800
Fetal distress (%) 1.6 (0.7-2.5) 1275 13.2(11.6-14.9* 787
Nuchal cord (%) 0.4 (0.0-0.8) 1275 3.4 (2.54.2)* 787
Newborn respiratory distress (%) 1.4 (0.6-2.1) 1518 9.1 (7.7-10.5)* 802
Congenital anomalies (%) 0.1(-0.1t00.4) 1499 1.4(0.8-2.0)* 801

Values are mean = SEM or proportions with 95% ClI (in parentheses).
*p < 0.01 compared with low altitude.
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Uteroplacental Circulation and Oxygen Transport

The human placenta is hemochorial, meaning that the chorion is in direct contact
with maternal blood. Oxygen transport in human placentae occurs by diffusion
from the maternal blood in the intervillous space to fetal blood in capillaries of the
terminal villi. Maternal spiral arteries enter the myometrial wall and then turn into
flaccid uteroplacental vessels that have the ability to dilate to accommodate the
increased blood flow. The maternal blood bathes the chorionic villi, enters the
intervillous space, and flows toward the chorionic plate. After running through a
fetal lobule, maternal blood drains into the uterine vein. Oxygen diffuses across
placental microvilli into the superficial capillaries of the fetus and then converges to
drain into the umbilical vein, which delivers oxygenated blood to the fetus (see
Figure 3.1 and Table 3.3).

fetal
umbilical vein  circulation ~ umbilical arteries  decidua parietalis

smooth chorion \
intervillous space  amnion \

main stem  stump of\
main stem villus 71
| ¢

placental

septum . )
Anchoring Villus

decidua
basalis

\
myometrium endometrial  endometrial
veins arteries-Spiral

maternal circulation

Figure 3.1 Uteroplacental circulation. With permission from S. Ramanathan, http://
ramanathans.com/uteroplacental %20circulation.htm

Table 3.3 Oxygen transport. SaO2: arterial oxyhemoglobin saturation; PaO2:
arterial oxygen tension; SvO2: mixed venous oxyhemoglobin saturation; PvO2:
venous oxygen tension; Q: cardiac output.

Arterial oxygen content: CaO2 (mL O2/dL) = (1.34 x hemoglobin concentration x Sa02)
+ (0.0031 x PaO2)

Venous oxygen content: CvO2 (mL O2/dL) = (1.34 x hemoglobin concentration x SvO2) +
(0.0031 x PvO2)

Oxygen delivery: DO2 (mL/min) = Q x Ca0O2

Oxygen consumption: VO2 (mL O2/min) = Q x (Ca02-CvO2)

Oxygen extraction: Ca02-Cv0O2/Ca02
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Chronic Hypoxia and Effect on the Placenta

Normal pregnancy affects all oxygen determinants to the uteroplacental circula-
tion. Because of increasing demands of the growing fetus and the conception
products, oxygen consumption and delivery are increased in pregnancy. However,
the increase in oxygen delivery is not related to a higher oxygen content, since
oxygen content is actually lower in pregnancy because of lower hemoglobin and a
relatively stable oxygen saturation. This increase is rather due to a rise in blood
flow to the uteroplacental circulation (an increase of about 35-fold). Many
mechanisms are responsible for this increase and include a higher nitric oxide
(NO) production (23), a decline in sympathetic tone, and the vasoconstrictor
endothelin-1 (24). Vascular endothelial growth factor (VEGF) also plays an
important role in endothelial cell survival.

At high altitude, compensatory mechanisms occur during pregnancy such as a
rise in minute ventilation that results in higher oxygen saturation and an oxygen
content that is at least at sea-level values (25, 26). For that reason, growth
restriction is thought to be related to the reduced flow rather than oxygen content
in hypoxia-induced [IUGR.

Chronic hypoxia and the reduced flow affect fetal outcomes by different
mechanisms. A systemic effect may be secondary to the fact that cardiac output
is lower at high altitudes than at sea level, likely because of a lower blood volume
but also a higher SVR. A change in the balance of vasoconstrictors and vasodila-
tors may be a factor in this increase. This reduction in cardiac output contributes to
a reduction in overall oxygen delivery at high altitude, despite a higher oxygen
content. This decline in oxygen delivery has been observed irrespective of ancestry
in a study that compared Andeans at sea level and high altitude to Europeans at sea
level and high altitude (27). Although minute ventilation and arterial oxygenation
are certainly important, there are data supporting the overall conclusion that
oxygen delivery does not cause the progressive reduction in fetal growth observed
after 24 weeks of pregnancy at high altitude (/7). Other studies support the
presence of other factors that would be protective against the development of
LBW that are not related to arterial oxygen content (27 ). Rather, fetal extraction
of oxygen, increased substrate delivery related to greater blood flow, placental
transport, or the fetomaternal utilization of substrate may be more important than
oxygen delivery to maintain fetal growth in high altitude pregnancies.

Consequently, the uteroplacental circulation itself is likely a major culprit in
maternal/fetal outcomes. Both short term and long term hypoxia lead to higher
catecholamine levels. In fact, blood flow velocities in fetal arterial circulation are
lower in all vessels studied at high altitude than at sea level (28, 29). The effect is
most prominent in the umbilical artery flow. In addition, Andean residents of high
altitude in La Paz, Bolivia, were shown to have a greater uterine artery diameter,
cross-sectional area, and blood flow near term and thus a 1.6-fold greater uter-
oplacental oxygen delivery than residents of the same altitude who had European
ancestry (22).

The inhibition of the NO-induced vasorelaxation to acetylcholine as well as the
inhibition of the pregnancy-associated endothelial nitric oxide synthase protein in
whole vessel homogenates has been proposed as a possible mechanism for the
reduction in blood flow under hypoxic conditions (30). More so, experiments in
rats have shown that blocking endothelin-A receptor prevents the development of
TUGR, suggesting a role of endothelin-A in the development of growth restriction
(31). However, when endothelial function was assessed by flow-mediated dilation



3 High Altitude, Chronic Hypoxia, and Pregnancy

of the brachial artery at high altitude in pregnancy, there was no evidence to
suggest endothelial function impairment (32).

On the other hand, in conditions such as preeclampsia, which is more commonly
found in altitude-associated chronic hypoxia, elevated levels of the membrane
bound VEGF receptor (better known as sFlt-1) bind VEGF and placental-like
growth factor (PIGF) and therefore inhibit endothelial cell proliferation and reduce
vasorelaxation response (33). However, it is not clear whether hypoxia directly
affects vasodilators such as VEGF or PIGF. One study has shown that placental
sFlt-1 (VEGF receptor-1) expression is increased by both physiologic and patho-
logic low levels of oxygen (34). This oxygen-induced effect is mediated via the
nuclear transcription factor HIF-1 (hypoxia inducible factor) (34). In addition to
mediating the effect of hypoxia on placental sFlt-1, HIF-1 may also facilitate
placental oxygen transport at high altitude by increasing erythropoiesis and pla-
cental angiogenesis (35).

In addition to low velocity in the uteroplacental circulation, pregnant women
residing at high altitude were found to have a higher blood viscosity than their
sea-level counterparts (7). Hyperviscosity and an elevated hematocrit have been
suggested to be associated with preeclampsia and growth restriction (36).The
combination of the hyperviscosity associated with the high hemoglobin (7) may
lead to cell aggregation and affect fetal perfusion.

In summary, chronic hypoxic conditions such as high altitude have been asso-
ciated with adverse fetal and maternal outcomes. Mechanisms responsible for these
outcomes relate mainly to the uteroplacental circulation. High altitude is the most
studied chronic hypoxic condition in pregnancy and extrapolation from these data
may help understand the consequences of chronic hypoxia in pregnancy and direct
the management of certain conditions.
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Sleep Physiology in Pregnancy
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Sleep Physiology in Pregnancy

Sleep is a universal behavior that has been convincingly shown to occur in mam-
malian, avian and reptilian species. Sleep is also one of the most important of
human behaviors, occupying roughly over one third of human life. Although the
exact functions of sleep are poorly understood, the antiquated idea that sleep is a
purely passive state and simply reflects fatigue is now strongly refuted. Sleep is
currently thought to be as complex as wakefulness. The functions of mammalian
sleep remain unclear.

Most theories suggest a role for non-rapid eye movement (NREM) sleep in
energy conservation and in nervous system recuperation, and for rapid eye move-
ment (REM) sleep with periodic brain activation, localized recuperative processes,
and emotional regulation. Protein synthesis in the brain is increased during slow-
wave sleep and new neurons are generated in adult animals. Short-term (2- to 3-
day) total sleep deprivation blocks subsequent proliferation of cells in some parts
of the brain.

Sleep is also clearly necessary for survival, since prolonged sleep deprivation
leads to severe physical and cognitive impairment and, finally, death. Deprivation
of a part of the sleep cycle known as REM sleep has also been shown to be fatal in
rats after a few weeks (7). In humans, sleep deprivation is associated with daytime
sleepiness and fatigue, lack of concentration, cognitive dysfunction, poor work
performance, impaired immunity, and perturbed neuroendocrine function—insu-
lin resistance, glucose intolerance, and possibly obesity.

Overview of Sleep Stages

Since 1968, sleep has been divided into two main stages: rapid eye movement stage
(REM) and non-rapid eye movement (NREM) (2). NREM sleep is further divided
into four sub-categories.
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Rapid eye movement sleep recurs every 90—120 min of sleep and is characterized
by rapid eye movement, generalized muscle atonia with inactivity in all voluntary
muscles except the ocular muscles, and low-voltage, fast wave EEG pattern resem-
bling that of the awake stage.

Non-rapid eye movement sleep stage 1 consists of relatively fast EEG waves
(theta), 4—7 Hz, and is the transition between wakefulness and the deeper stages of
sleep, occupying 2-5% of total sleep time. Stage 2 sleep is characterized by slowing
and an increase in the amplitude of EEG waves and accounts for about 40-50% of
total sleep time. Stages 3 and 4 are known as slow wave or deep sleep stages and
typically show slow delta waves on EEG. Both stages occupy no more than 20% of
total sleep time.

Sleep stages occur in cycles of 90—120 min with 4-5 cycles occurring in a typical
night. Sleep architecture changes with age with lighter sleep and less time spent in
the deep sleep stages.

The Sleep-Wakefulness Cycle

The sleep-wakefulness cycle follows a circadian rhythm that is mainly controlled by
the ventral-anterior region of the hypothalamus, more specifically the suprachias-
matic nuclei. The suprachiasmatic nucleus is sensitive to both melatonin and the
light-dark cycle and helps regulate the sleep-inducing neurons in the absence of
sensory stimuli. Sleep initiation may begin with the emergence of inhibitory signals
directed caudally toward the brainstem reticular core and posterior hypothalamus.
The preoptic nucleus inhibits the histaminergic posterior hypothalamic tuberoin-
fundibular region (3) through ~ aminobutyric acid (GABA) neurons (4) and
probably acetylcholine.

Rapid eye movement sleep is generated by mesencephalic and pontine choliner-
gic neurons (5). As REM sleep initiates, monoadrenergic locus ceruleus and
serotonergic raphe neurons become inactive (6.

The sleep-wake cycle also influences the hypothalamic structures responsible for
the release of certain hormones resulting in a circadian rhythm. Some of these
circadian hormones in fact affect sleep.

Overview of Sleep in Pregnancy

Sleep is notoriously disturbed in pregnancy for many obvious reasons. This fact
has been known for decades. In fact Hippocrates’ pregnancy test consisted of
giving hydromel (a drink consisting of a mixture of honey and water) at sleep
initiation to women suspected of being pregnant. Women who woke up because
of an abdominal discomfort were diagnosed as being pregnant and those
who slept through the night were thought to be non-pregnant. These findings
suggest that sleep disturbances related to pregnancy were recognized centuries
ago.

More recently, sleep was recognized as a common issue in pregnant women and
the American Academy of Sleep Medicine has introduced “pregnancy-associated
sleep disorder” as a separate entity (7). This disorder includes both insomnia and
excessive sleepiness that develop in the course of the pregnancy.

Sleep depth is reduced in the third trimester making women more likely to be
woken up by noise in the environment (8). In addition, many of the physiologic
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changes that occur in pregnancy predispose to the development of sleep changes,
interruptions, and disturbances. These include mechanical, anatomical, and hor-
monal factors that develop at different stages of pregnancy.

Mechanical and Somatic Factors Affecting Sleep Initiation
and Sleep Maintenance

Gastroesophageal Factors

Gastroesophageal reflux starts early in pregnancy and is related to multiple factors.
The increased levels of progesterone have a muscle-relaxing effect on the lower
esophageal sphincter making it less competent. Gastric emptying is also delayed in
pregnancy predisposing to reflux. In addition, as the pregnancy progresses, the
enlarging uterus exerts pressure on the stomach causing it to be displaced and
leading to a disadvantaged gastroesophageal angle predisposing to reflux. During
sleep, the recumbent position adds to the factors causing reflux and may lead to
awakening.

Urinary Factors

Urine excretion is usually decreased during sleep. However, nocturia is a common
occurrence in pregnancy. The major cause of nocturnal frequency of micturition in
the first and second trimesters of gestation is an increase in overnight urine flow;
the increment of nocturnal micturition is large when compared with the change in
the 24 h output (9). Overnight sodium excretion is also augmented and is mainly
responsible for the increase in urine flow (9). In addition, decreased bladder
capacity secondary to the effects of the growing uterus on the bladder is another
cause for frequent nocturnal micturition. Sleep interruptions are therefore inevi-
table (10).

Musculoskeletal Factors

As the pregnancy progresses, the musculoskeletal system undergoes many changes.
The polypeptide hormone relaxin, which is increased during pregnancy, is respon-
sible for the softening of the cervix and the relaxation of the pelvic ligaments (11,
12). The symphysis pubis widens to prepare for a larger outlet. The width of the
pelvis is also increased and the hips are outwardly displaced. In the late stages of
pregnancy, women complain of back aches and a discomfort in the pelvic area
related to these changes and many have difficulties finding a comfortable position
at night.

Leg cramps are also common in pregnancy and tend to occur mostly at night
adding to the factors that result in sleep interruptions.

Restless legs are a frequent complaint in pregnancy and can occur in as many as
15-27% of patients (13—15) and can result in significant sleep disruption. Restless
legs in pregnancy are discussed in more detail in Chapter 10.

Obstetric Factors

In the late stages of pregnancy, women start complaining of uterine contrac-
tions which may occur on a daily basis and may start at any time during
the day or night leading to awakening. However, given the fact that oxytocin



40

G. Bourjeily and V. Mohsenin

usually peaks at night, uterine contractions usually coincide (/6). Starting at
about 20 weeks of gestation, the uterus is close enough to the abdominal wall
that fetal movements are felt. Again, these movements may occur at any point
during the day or at night leading to awakening. Abdominal discomfort may
occur frequently in pregnancy and may be related to many benign factors
including ligament stretching or simply pressure from the growing uterus during
position changes at night.

More so, pregnant women are encouraged to avoid sleeping in the supine
position in the late stages of pregnancy to avoid postural vena caval compression
and are naturally unable to sleep in the prone position, limiting their ability to get
comfortable which may affect sleep initiation and maintenance.

Anatomic Changes Predisposing to Sleep-Disordered
Breathing

Upper airway Changes

Pregnancy is associated with hyperemia and glandular hyperactivity of the
upper airway and nasal mucosa. Increased edema and friability of the airway
has also been reported (7). These changes are likely to be related to the
direct effects of the increased plasma volume and the indirect effects of the
elevated levels of estrogens. Pharyngeal dimensions have been evaluated in
pregnancy using the Mallanpati scoring system and were found to be reduced
(18). In a more sophisticated study, Izci et al. (79) used the acoustic reflec-
tance method to measure upper airway size in pregnant women and compared
those to non-pregnant controls. The study found that the oropharyngeal
junction is smaller in pregnant compared to non-pregnant women. These
findings resolved after delivery. In another study, Izci (20) showed that
pregnant women with pre-eclampsia have a narrower airway than pregnant
women without pre-eclampsia and non-pregnant women. The above findings
are particularly important since upper airway patency is an important pre-
dictor of sleep-disordered breathing.

Hormonal Factors Affecting Sleep in Pregnancy

As discussed above, many hormones follow a circadian rhythm and some of those
have various effects on sleep. In addition, hormones such as progesterone, estro-
gen, cortisol, and others are increased in pregnancy and have been shown to have
an effect on sleep.

Progesterone

Progesterone is one of the main hormones in pregnancy. Progesterone starts
increasing following ovulation in a normal menstrual cycle (Figure 4.1) and con-
tinues to increase throughout pregnancy (Figure 4.2). Progesterone has sleep
inducing properties and has been repeatedly shown to increase REM sleep. Sub-
cutaneous injection of pregnenolone (a precursor of progesterone) in rats was
shown to enhance slow wave sleep (SWS) as well as increased the amount of
REM sleep (21). In addition, pregnenolone increased the amount of SWS without
a change in cortisol or growth hormone (GH) (22). When administered to male
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Figure 4.1 The human menstrual cycle. The coordination of (B) ovarian and (D) uterine
cycles is controlled by (A) the pituitary and (C) the ovarian hormones. During the follicular
phase the egg matures within the follicle and the uterine lining is prepared to receive a
blastocyst. The mature egg is released around day 14. If a blastocyst does not implant in the
uterus the uterine wall begins to break down, leading to menstruation (Permission was
received from Sinaur Associates-the publisher. The source was Gilbert, Developmental
Biology, Eighth Edition, Chapter 19, Hormones and Mammalian Egg Maturation.)

subjects in a double-blind placebo-controlled crossover study, progesterone led to
an increase in non-REM sleep, a decrease in slow wave frequency EEG activity
(0.4-4.3 Hz), and an increase in the higher frequency activity (>15 Hz) (23). The
effects of progesterone on REM latency and other measures of sleep architecture
have not been consistent in the literature. One study of polysomnographic mea-
sures throughout the menstrual cycle showed no significant variation across the
menstrual cycle for objective measures of total sleep time, sleep efficiency, sleep
latency, REM sleep latency, and SWS (24). Results from another study (25)
indicated that REM latency was significantly shorter during the postovulatory
(luteal) phase compared to the preovulatory (follicular) phase, but there was no
significant difference in latency to sleep onset or the percentage of REM sleep.
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Maternal Hormones in Human Pregnancy

~ 5§0,000- 100,000 1U/L

100 (4-8 mg/L) ~10 mg/L hPL—=, «— ~ 200 ug/L P
/ ~ 150 ug/L Total E
(~ 40 ug/L E1,
F ~10 ug/L E2,
I \ ~ 700 g Placental Weight -__7 ~100 ug/L E3)
2 ’ \ /,
<
> \ / Total
E ! hCG / oestrogen
= \ /,
= SOF I /
£ \
|| 7//\
: \
5 l / \
& Progesterone \ / \
~,
-
hP \
L PR
- 4
-~ 77 Placental weight
1 ]
20 40
Duration of pregnancy (weeks)
(Modified from Austin & Short (ed) Reproduction in M. Is, Book li: Hi I Control of Reproduction,

Cambridge University Press: Cambridge, UK, 1984.)

Figure 4.2 Changes in hormonal levels and placental weight during pregnancy. (Permission
was received from Kenneth L. Campbell, Phd who previously published this information.)

On the other hand, progesterone has a stimulating effect on the ventilatory
drive and increases upper airway dilator muscle electromyographic activity
(26). The respiratory stimulating properties of this hormone also enhance the
responsiveness of the upper airway dilator muscles to chemical stimuli during
sleep (27, 28) theoretically protecting against the development of sleep-
disordered breathing.

A study of upper airway resistance of premenopausal women throughout the
menstrual cycle (29) showed that during wake and stage 2 sleep, upper airway
resistance was significantly higher in the follicular phase than in the luteal phase, as
was the overall upper airway resistance combined for wake and across all sleep
stages. In another study of 11 premenopausal women through their menstrual
cycle, there was a trend toward less obstructive events in the “high progesterone
periods” of the cycle in patients without any history of sleep disturbances at base-
line (30 ), suggesting a possible protective effect of progesterone.

On the other hand, it has been suggested that the strong ventilatory drive may
result in a suction effect on the edematous upper airway and may lead to further
obstruction (37). Furthermore, it is plausible that the enhanced sensitivity of the
respiratory center to CO,, which occurs in pregnancy may predispose to central
sleep apnea (32).

It is possible that the effects of progesterone on breathing during sleep may be
dose dependent. A study by Yamazaki (33) has shown that a low dose of proges-
terone significantly decreased the number but not the duration of spontaneous
apneas and the post-sigh apneas in male rats. However, a higher dose (30 mg/kg) of
progesterone had no effect on the number of spontaneous apneas and post-sigh
apneas, while it prolonged the duration of post-sigh apneas.
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Estrogen

Ample evidence has shown that estrogen reduces REM sleep (34, 35, 36).
Studies have shown that REM is enhanced in rats following ovariectomy
(37) and reduced again following estrogen replacement. In humans, estrogen
replacement has been shown to increase SWS in postmenopausal women (38)
and improve sleep in women without hot flashes (39). Estrogen replacement
therapy was also shown to significantly reduce the apnea/hypopnea index in
patients with mild to moderate sleep-disordered breathing (40). The percent of
total sleep time and of total NREM sleep time with oxygen saturation less than
90% was reduced on estrogen treatment relative to baseline but those results
did not reach statistical significance. This trend was not present for estrogen
and progesterone treatment relative to baseline (40). This effect on sleep-
disordered breathing cannot be explained on the basis of changes in sleep
architecture or the effect on REM sleep since the time spent in REM and
NREM sleep was not different in the estrogen group compared to baseline. On
the other hand, D’Ambrosio et al. (4/) administered Leuprolide acetate to 12
healthy volunteers and evaluated patients with sleep questionnaires and poly-
somnograms. The study showed no evidence of sleep fragmentation or any
significant change in the apnea/hypopnea index in sex-hormone deficient sub-
jects. The studied subjects reported increased snoring after Leuprolide admin-
istration; those symptoms were, however, not confirmed by polysomnography.

Corticotropin Releasing Hormone (CRH) and Cortisol

Corticotropin releasing hormone (CRH) is a hypothalamic hormone that leads to
the stimulation of cortisol secretion. Intracerebroventricular administration of
CRH in rats leads to a reduction in SWS (42). Furthermore, pulsatile administra-
tion of intravenous CRH to young healthy males results in a decrease of the SWS
by means of an increase in cortisol secretion and blunting of GH secretion (43). In
another study, pulsatile cortisol injections enhanced the slow wave activity on EEG
spectral analysis in young normal men (44 ). On the other hand, in postmenopausal
women, urinary cortisol levels seem to negatively correlate with measures of
NREM sleep but not with REM sleep (45 ). In addition to its circadian variation,
cortisol has been shown to be associated with depression (46), which may con-
tribute to sleep disturbances (47).

In pregnancy, cortisol levels have been shown to progressively increase. For
instance, in the third trimester, levels are double those in the pre-pregnant state.
Levels rise to four times the pre-pregnancy state around labor and delivery.
This rise in serum cortisol may contribute to the reduction in SWS seen in
pregnancy. However, no studies have been directly performed to show a causal
effect.

The interaction of cortisol with pregnancy hormones was evaluated in one
study (45). Sleep and urinary free cortisol levels were compared in two groups
of post-menopausal women—one on estrogen replacement therapy (ERT) and
an untreated group. This study found that under mildly stressful situations,
women on unopposed ERT had greater time in stages 2, 3, and 4 and lower
cortisol levels. Although both estrogens and cortisol are increased in pregnancy,
no studies are available to examine the interaction of these hormones under
these conditions.
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Growth Hormone (GH)

Growth-hormone-releasing hormone (GHRH), also known as growth-hormone-
releasing factor (GRF or GHRF), is a 44-amino acid peptide hormone produced in
the arcuate nucleus of the hypothalamus. GHRH is carried by the hypothalamo-
hypophysial portal circulation to the anterior pituitary gland where it stimulates
GH secretion and production. GHRH is released in a pulsatile manner, stimulating
similar pulsatile release of GH.

Sleep promoting effects of GHRH are well established. Intracerebroventricular
and intravenous administration of GHRH in rats and rabbits results in an increase
in SWS (42, 48). Studies in humans have shown that pulsatile administration of
GHRH resulted in a surge in GH coupled with an increase in SWS (49-51).

Growth hormone is also increased in pregnancy and may contribute to the
somnolence associated with pregnancy (52).

Melatonin

Melatonin is a hormone produced by the pineal gland, which modulates the sleep-
wake cycle. Production of melatonin by the pineal gland is under the influence of
the suprachiasmatic nucleus of the hypothalamus, which receives information from
the retina about the daily pattern of light and darkness. Normally, the production
of melatonin by the pineal gland is inhibited by light and permitted by darkness.
The secretion of melatonin peaks in the middle of the night and gradually falls
during the second half of the night.

Many melatonin users have reported an increase in the vividness or frequency of
dreams. High doses of melatonin (50 mg) dramatically increased REM sleep time
and dream activity in both narcoleptics and normal people (53 ). A study by Lewy
et al. (54) found that melatonin may ameliorate seasonal affective disorder and
circadian misalignment. Other authors (55 ) still raise concerns about the effect of
exogenous melatonin on the timing of endogenous production, raising the risk of
exacerbating both clinical depression and seasonal affective disorder.

Melatonin has been well studied in pregnancy and not shown to be any different
than the non-pregnant state (56—58). In addition, concentrations of melatonin in
the serum and the amniotic fluid of pregnant women in labor were found to follow
a diurnal rhythm similar to that of non-pregnant women (57).

Prolactin

Prolactin has been shown to promote REM sleep in rabbits (60) and may be
responsible for the increase in REM sleep in early pregnancy in rats (61). In
humans with prolactinoma, SWS (but not REM sleep) seems to be enhanced
when compared to matched controls (62). The additional effect of luteinizing
hormone may contribute to the increase in NREM sleep seen throughout preg-
nancy (6/). In a small study of pregnant patients, episodic secretion of prolactin
was demonstrated and became augmented during nocturnal sleep (63). The same
study showed that higher levels of prolactin during pregnancy were related to
increased secretion per secretory episode and concluded that the sleep-related
secretory control of prolactin was maintained at a higher set-point during preg-
nancy (63). A different study compared breastfeeding women to a group of age
matched controls and a group of postpartum women who were bottle feeding (64).
Breast feeding women demonstrated a marked increase in SWS (182+41 min)
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compared with controls (86+£22 min, P<0.001) and bottle feeding subjects
(63£29min, P<0.001).

Oxytocin

Oxytocin has been shown to peak at night in pregnancy and coincides with the
onset of uterine contractions (/6). This factor may contribute to insomnia in the
third trimester of pregnancy and possibly to arousals.

Human Gonadotropic Hormone (HCG)

Human gonadotropic hormone starts increasing about 2 weeks following concep-
tion in humans. HCG administration was shown to affect sleep-wake phases and
other associated behaviors in rats which can collectively be described as longer
sleeping time and decreased activity (65). While administration of indomethacin
alone had no effect, co-administration inhibited the effects of HCG, suggesting
that the effects of HCG are probably mediated by increasing PGD, and decreasing
PGE, in the areas of the brain which control these activities. After central HCG
treatment, rats were less active and showed less exploratory behavior in an open-
field box than the control animals (66 ). Although no specific studies of the effect of
HCG on sleep in humans are available, there is reason to believe that the same
effects may apply to human pregnancy. The effects of these hormones are sum-
marized in Table 4.1.

Cytokines

The most studied cytokines in their role in sleep are tumor necrosis factor o (TNF-
«) and interleukin 1-4 (IL-1). Injection of TNF-« or IL1 has been shown to induce
physiological sleep but also enhance the amount of time spent in NREM sleep
(67). However, at high doses, IL-1 inhibits sleep rather than promotes it (68). This
sleep inhibition may result from an upregulation of the CRH-glucocorticoid axis
(68 ). Induction of the synthesis of IL-1 and TNF production by microbial sub-
stances such as viral double-stranded RNA for instance, also results in enhance-
ment of NREM sleep (69). IL-1 and TNF receptor knockout mice were shown to

Table 4.1 Effect of pregnancy hormones on sleep architecture.

Levels in pregnancy Effect on sleep architecture

Estrogen Increased Decreases REM in rats
Increases SWS in humans

Progesterone Increased Increases REM in rats
Increases NREM in humans

Prolactin Increased Increases REM in rabbits and rats
Increases SWS in humans

CRH/ Increased Decreases SWS in humans

Cortisol

GHRH/GH Increased Increases SWS in rats, rabbits and humans

Oxytocin Increased, peaks at night  Likely causes arousals

BetaHCG Increased Longer sleep time and reduced activity in rats

Melatonin Unchanged Increases REM in humans

45



46

G. Bourjeily and V. Mohsenin

have altered physiological NREM sleep, suggesting that these cytokines play a role
in sleep regulation in the absence of inflammation (70, 71).

A few studies have been done linking IL-1 and TNF-« to pregnancy and pre-
eclampsia. No direct studies have been done to evaluate the effect of these cyto-
kines on sleep in pregnancy per se. IL-1 has been found in the uterus of mice on
days 2 and 3 post-mating (72). In addition, both IL-1 and TNF were found to be
elevated in the second half of the pregnancy in the mouse uterus (73). Moreover,
elevated levels of IL-1 and TNF-« have been associated with pre-eclampsia in
pregnant ewes (74). On the other hand, sleep apnea is thought to be associated
with an upregulation of TNF (75). Furthermore, pregnant women with pre-
eclampsia were shown to have smaller upper airways potentially predisposing
them to the development of sleep-disordered breathing (/9). Further studies
need to be done to study the effect of cytokines on pre-eclampsia and the likelihood
of the development of sleep-disordered breathing.

Interleukin-6 (IL-6) is possibly a NREM-sleep inducing cytokine that is an
active sleep modulator in certain disease states. Total sleep time and the amount
of SWS seem to negatively correlate with daytime levels of IL-6 (76), whereas
increased secretion of IL-6 is related to stages 1 and 2 and REM sleep (77). There
are no studies that have evaluated the effect of IL-6 on sleep in pregnancy; however,
maternal serum IL-6 has been suggested to be a possible biomarker for the devel-
opment of preterm premature rupture of the membranes (78) (Figure 4.3).

Nitric oxide

Like IL-1 and TNF-q, nitric oxide (NO) enhances NREM sleep (7/). Further
studies have shown that nitric oxide synthase-2 (NOS-2) knockout mice have more
REM sleep and less NREM sleep than control mice (79 ). On the other hand, NOS-
1 knockout mice have manifested less REM sleep than controls (79 ). NO has been
implicated in the GHRH-induced pituitary release of GH, raising the possibility
that NO may be involved in GHRH-induced sleep.
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Figure 4.3 Potential roles of cytokines and hormones in inducing NREM sleep. (Permission
was received from Wolters Kluwer Health/Lippincott Williams & Wilkins-the publisher.
The source was Current Opinion in Pulmonary Medicine-Figure 1, Page 483.)
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In pregnancy, NO may participate in the modulation of pressure and norepi-
nephrine-induced tone of myometrial arteries of women with pre-eclampsia (80).
More so, in established pre-eclampsia, production of NO was higher in the uter-
oplacental, fetoplacental, and peripheral circulation than in normotensive preg-
nancies (8/). Plasma levels of NO were also higher in preeclamptic women
suggesting an increased production in the setting of unchanged renal clearance
(82). Again, further studies need to be done in human pregnancy to study the role
of NO and sleep in pregnancy and pre-eclampsia.

Oxygenation During Sleep in Pregnancy

Many respiratory physiologic changes occur in pregnancy affecting minute venti-
lation, ventilatory and oxygen reserve, oxygen tension, and carbon dioxide levels.
The resting oxygen uptake in pregnancy (VO,) is increased early in pregnancy and
continues to gradually increase until term (83-86 ) (Table 4.2). This increase occurs
as a result of the oxygen demands of the fetus and other products of conception as
well as the increased oxygen demands by other maternal organs. Oxygen reserve is
therefore reduced in pregnancy and is thought to be related to a reduced functional
residual capacity (87) and an increase in metabolic rate. Progesterone helps
counterbalance some of the above effects by stimulating the ventilatory drive
leading to a higher minute ventilation. The end result is an increased PaO, in the
resting, awake state. However, in the supine position, women in their late stages of
pregnancy have been shown to have a significant drop in their oxygen saturation
while awake (88 ) attributed to early closing volume.

While respiratory physiology in pregnancy has been studied somewhat, little
is known about respiratory physiology during sleep in pregnancy. Cheun (89)

Table 4.2 Changes in sleep during pregnancy.

Mechanical factors

interrupting sleep Ventilation Oxygenation
First Micturition Increase in + /-
trimester Gastroesophageal reflux minute
Abdominal discomfort ventilation
Leg cramps
Restless legs
Second Musculoskeletal Further + /-
trimester discomfort increase in
Fetal movement minute
Gastroesophageal reflux ventilation
Abdominal discomfort
Leg cramps
Restless legs
Third Musculoskeletal Additional Decrease in oxygen
trimester discomfort increase in saturation in the
Micturition minute supine position
Nocturnal contractions ventilation due to early closing
Fetal movement volume and
Gastroesophageal reflux reduced cardiac
Abdominal discomfort output
Leg cramps

Restless legs
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studied pregnant patients admitted for cesarean section and matched them with
non-pregnant controls admitted for gynecologic surgery. Anesthetized, paralyzed,
ventilated patients in both groups were placed on 100% FiO; and then subjected to
investigator-induced apneas. Pregnant patients showed a more rapid increase in
their carbon dioxide levels than the non-pregnant controls (2.8 £ 1.2 mmHg/min in
the non-pregnant group versus 6.8 £ 1.8 mmHg/min in the parturient group). In
addition, pregnant patients desaturated much more quickly than non-pregnant
controls (7.5 £ 0.9 min in the non-pregnant group compared to 3.6 + 0.8 min in the
pregnant group). Oxygen content was also significantly lower at 90% saturation
versus 100% oxygen saturation in the pregnant group.

Normal values of nocturnal oxygen saturation in the general population have
been established in a validation study by Gries in1996 (90). Nocturnal oximetry
has been evaluated in a few small studies in pregnancy but the results of those are
conflicting. Authors of a few small studies have suggested that nocturnal saturation
is unchanged in pregnancy (91, 92). Nikkola et al. (97) reported mean saturations
0f96.4% in 10 patients with multiple gestations and a minimum mean saturation of
92.9%. The authors concluded that nocturnal oxygenation was not affected in
gravidas with multiple pregnancies. Trakkada et al. (92) have found a significant
difference in the mean PaO, in the supine position between their pregnant and
postpartum measurements on the same patients. There was, however, no difference
between sleep stages or mean saturation in different sleep stages between the
pregnant and the postpartum measurements. Others (93 ) have noted no difference
in saturation in six patients tested at 36 weeks of gestation and six weeks post-
partum. The mean saturation in that study was 95.64% =+ 0.29 for the postpartum
night and 95.42 £ 0.74 for the pregnant night. Minimal saturation was about 92%
for the pregnant and the postpartum studies and was not considered abnormal.
Another limitation of that study is the fact that sleep duration was different for
each subject on each study night and there was a slight reduction in REM sleep on
both nights. In addition, patients’ weights were reported in the study but not the
body mass index (BMI) and desaturations of 4% or more were not scored.

On the other hand, a study by Bourne (94) compared pregnant women with and
without hypertension, late in their third trimester (>35 weeks gestation) to normal
non-pregnant females. Mean nocturnal oxygen saturation was significantly lower
in both pregnant groups compared with the non-pregnant group but as expected,
BMI was significantly higher in the pregnant group. Seven of 28 patients (25%) in
that study spent at least 20% of the night with saturations less than 90%. Feinsilver
reported a small but significant decrease in nocturnal oxygen desaturation in 12
near-term healthy women compared to 10 age-matched controls (95).

The difference in these data is in part related to the small number of patients
recruited in each of these studies. Another factor is the different definitions of
desaturations, the equipment used in the earlier studies providing suboptimal data,
and the level of oxygen desaturation that would be considered significant in
pregnancy. Another confounding factor could be the fact that the controls could
not be matched for weight to the pregnant patients.

Control of Breathing During Sleep in Pregnancy

Progesterone is one of the two hormones responsible for maintaining pregnancy
and circulating levels increase very early in gestation. However, progesterone has
a significant impact on the respiratory system and has been shown to be a strong
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respiratory stimulant. Progesterone upregulates the ventilatory drive by stimu-
lating the chemoreceptors located on the ventrolateral surface of the medulla (96,
97). In response to this stimulation, arterial carbon dioxide pressure (PaCO,) is
reduced to about 27-32 mmHg. Respiratory alkalosis ensues with a mean arterial
pH of about 7.44 during pregnancy. This respiratory alkalosis is likely to result in
instability of the respiratory control system during sleep (98). In the non-preg-
nant population, hypocapnia and respiratory alkalosis may lead to central apneas
during NREM sleep (32). One small study of pregnant women showed that the
frequency of hypopneas and apneas was less common in patients in late preg-
nancy compared to postpartum (93). No conclusive evidence currently exists to
establish whether respiratory alkalosis seen in pregnancy is associated with
central apneas.

Sleep Measures in Normal Pregnancy

Few studies have been done to investigate changes in polysomnography that may
occur during sleep in pregnancy. The most consistent findings in many studies have
been increased awakenings after sleep onset and decreased sleep efficiency
(99-103). Changes in REM and NREM sleep in pregnancy and the postpartum
period have been debated in the literature and the results vary depending on the
testing site (laboratory or in the home), on the equipment used and on the inherent
limitation of the night to night variability. Kimura (/04) found that pregnancy
increases NREM sleep in rats throughout gestation and enhanced REM sleep only
in the first half of gestation.

A few studies have been performed in human pregnancies, some including
actigraphy without polysomnography, others with polysomnography. Signal
etal. (105) performed actigraphy studies on healthy pregnant women in the second
trimester, one week before delivery, 1 week postpartum, and 6 weeks postpartum.
Sleep efficiency was best in the second trimester and at six weeks postpartum when
compared to the other periods. Total sleep duration was significantly lower (1.5 h
less) in the first week postpartum than in the ante-partum period. When compared
to multiparas, nulliparas had less efficient sleep, spent more time in bed and had
greater wake after sleep onset (WASO) in the second trimester. Nulliparas also
spent less time in bed and had fewer sleep episodes at one week postpartum (705 ).
Another study (106) has shown that sleep efficiency is lower in the postpartum
period up to 3 months when compared to late gestation. As expected based on a
newborn’s needs, WASO was also shown to be longer in the entire three months
postpartum period studied.

Schorr et al. (107) studied four pregnant women without known medical
illnesses longitudinally during the course of the pregnancy and compared them
to four healthy non-pregnant controls matched for age and weight. The study did
not specify which pregnancy weight the controls were matched to. Significant
differences were found between the two groups mainly in the SWS and those
differences persisted in all trimesters. Normal delta wave sleep was identified in
the control, non-pregnant subjects, whereas alpha intrusions were seen in the
pregnant group. Despite the fact that this abnormal-appearing delta sleep was
still included as stage 3/4 sleep, pregnant women spent less time in SWS than the
control group.

Another study (108) compared polysomnographic findings of 14 pregnant
patients with a history of affective disorder and 20 pregnant patients without any
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medical or psychiatric history. Both groups were studied in their own homes. In
the normal childbearing group, there was a progressive reduction in sleep effi-
ciency as pregnancy progressed but sleep efficiency was most reduced in the first
month postpartum. Repeated measures analysis of variance (ANOVA) showed
significant effects of time were also observed for NREM sleep stages 2, 3, and 4
and REM activity in the normal childbearing group. There was a divergence in
REM sleep latency between the normal and the affective disorder group at
36 weeks where REM latency decreased in the latter and remained reduced
until eight months postpartum. Brunner (99) has also found a reduction in
the power density of NREM sleep in the course of pregnancy. The changes in
REM sleep with time in pregnancy were not as reliable in that study since there
was a significant night to night variability in the study done in the second
trimester (99).

Summary

Pregnancy is associated with a multitude of factors that could result in sleep
disruption and a change in sleep architecture. Mechanical factors vary according
to the stage of the pregnancy. Hormones that have an effect on sleep in pregnancy
like estrogen, progesterone, beta HCG, prolactin, and others generally start
increasing early in pregnancy.

In a normal pregnancy, these changes result in complaints of sleep disruption
and daytime hypersomnolence. However, patients with preexisting disorders may
be affected more severely by these changes. Obstructive sleep apnea may worsen
during pregnancy because of the anatomic and physiologic changes. Patients with
chronic pulmonary disease may drop their oxygen saturation further during sleep
in pregnancy, especially in the late stages given the drop in functional residual
capacity associated with late pregnancy and the relative hypoventilation that
occurs during normal sleep. Neuromuscular disorders affecting respiratory mus-
cles may worsen in pregnancy. It is likely that those patients hypoventilate further
during sleep.

Implications for the fetus of sleep changes in mothers with chronic lung or
neuromuscular disease are related to the development of fetal hypoxemia and/
or hypercapnia. Maternal PaO, levels of 70 mmHg or lower are poorly toler-
ated by the fetus and sustained hypoxemia results in fetal metabolic acidemia.
Elevated maternal PaCO, levels also result in fetal acidosis and changes in
placental perfusion. The effects of intermittent desaturations on fetal wellbeing
such as those occurring in patients with sleep apnea are not well studied in
pregnancy.
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Diagnostic Imaging in Pregnancy
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The decision to order diagnostic imaging in pregnancy is often filled with anxiety.
Both the patient and provider may be fearful of the potential harmful effects of
radiation on the fetus. The term radiation itself provokes images of atomic bombs
and nuclear accidents. Although there is evidence that such massive doses of
radiation may be associated with poor outcomes in pregnancy, it is the job of the
clinician to educate women about the differences in dose and risk of radiation used
in most diagnostic procedures.

In many cases, diagnostic radiography is unavoidable in the evaluation and
treatment of the pregnant women. In such cases, it is important to balance the
potential benefits of the testing with an accurate assessment of the risk of the
procedure. In short, the test is indicated when the benefits to maternal well-being
outweigh the risk of harm to the mother or the fetus. While imaging with X-ray,
CT, or nuclear medicine techniques are associated with exposure to ionizing
radiation, almost all of these imaging studies are associated with radiation doses
that are well below the acceptable limit for pregnancy. Ultrasound and MRI do not
involve ionizing radiation and may provide an alternative option in some
circumstances.

Ionizing Radiation

Exposure to in utero irradiation may result in either (1) cell killing or (2) unrepaired
or misrepaired DNA damage. A wide range of fetal and childhood abnormalities
including death, cataracts, growth restriction, malformation, CNS abnormalities,
and leukemia have been associated with high dose radiation in pregnancy. For-
tunately, nearly all properly performed diagnostic procedures involve far less
radiation and are associated with no measurable risk to the offspring. A number
of studies have identified several specific areas of concern regarding radiation
effects on the fetus. These include possible teratogenicity, genetic damage, intrau-
terine death, and oncogenicity.
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Teratogenicity

To determine the magnitude of risk of teratogenicity with the use of any diagnostic
imaging procedure, it is important to consider the type of radiation, the absorbed
dose of radiation, the gestational age at the time of the exposure, and the method of
administration.

Radiation Dose

The absorbed dose of radiation is expressed in a number of different units of
measurement (Table 5.1). These measurements reflect both the absorbed dose of
radiation and the biological risk of radiation. For example, measurements of the
absorbed dose include the Gray (Gy) or milligray (mGy) and the radiation
absorbed dose (rad). One Gy is equivalent to 100 rad. The Sievert is a unit of
measurement which reflects the biological risk of radiation and is calculated from
the absorbed dose (expressed in Gy) multiplied by weighting factors including the
radiation type (alpha, beta, gamma), the means of exposure (internal versus
external) and the sensitivity of the organ or tissue exposed. Acceptable limits of
radiation exposure are most often expressed in Sieverts. Safety legislation regard-
ing occupational exposure to radiation recommends limits of 100 mSv/5 years for
individuals who work in the presence of radiation. For a worker who becomes
pregnant, recommended limits for occupational exposure to the fetus range from
2 mSv to 5 mSv for the duration of the pregnancy (/, 2). Pregnant women may be
exposed to radiation in a number of ways. All women have some radiation
exposure in pregnancy from so-called background sources. Background radiation
comes from the atmosphere, ground, and even food and beverage. The average
worldwide exposure to natural radiation sources is 2.4 mSv (3). Higher exposures
occur at high altitudes and high latitudes. Of note, there is no consistent evidence
that microwave ovens, video display terminals, cellular telephones, or other wire-
less networks pose a risk to the fetus.

Timing of Radiation Exposure

It is well established that ionizing radiation interferes with cell proliferation.
Therefore, biological systems with a high fraction of proliferating cells show high
radiation responsiveness. As a result, the embryo and fetus are highly sensitive to
the effects of radiation during the entire period of prenatal development. However,

Table 5.1 Measures of radiation dose.

Quantity International
measured system Definition Equivalents
Dose GRAY (Gy) 1 Gy = energy released by joule 1 Gy = 1000 mGy
absorbed per kilogram of matter 1 Gy = 100 rad
RAD 1 rad = the absorption of 1 rad = 0.01 Gy
(radiation radiation energy per gram of
absorbed matter
dose)
Equivalent SIEVERT Sv = Gy multiplied by weighting  Measurement of
dose and SV) factor specific to each type of biologic risk. Dose
effective radiation and organ exposed. limits are expressed

dose in SIEVERTS
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Figure 5.1 The occurrence of lethality and abnormalities in mice after a prenatal radiation
exposure of about 2 Gy given at various times postconception. The two seales for the

abseissa compare developmental stages in days for mice and humans (redrawn from Hall.
1994 with the permission of Hall and the publisher)

the dominant effect of radiation is highly dependent on the timing of the exposure
(Figure 5.1). Prenatal development is divided into three main periods:

Pre-implantation (02 weeks following conception)
Major Organogenesis (3—8 weeks following conception)
Fetal Period (9 weeks-term following conception)

The preimplantation stage of pregnancy most often goes unrecognized in
clinical practice. As a result, human data is lacking and estimates of risk of
radiation during this period are based solely on animal studies. Fortunately the
process of cell proliferation and differentiation and the duration of the pre-
implantation period are much the same for most mammalian species, so that
generalization from animal studies is reasonable (4). It is well established that
the dominant effect of irradiation during this stage of gestation is early death of
the conceptus (5, 6). Radiation induced malformations or cancer are very
unlikely. During the preimplantation period, cells are pluripotent, so the con-
ceptus has the ability to replace cells damaged by significant radiation expo-
sure. A number of animal studies postulate an “all or none” phenomenon with
the outcome of significant radiation exposure being either a normal conceptus
(one that has successfully replaced cells damaged by radiation) or complete
resorption of the embryo (too many damaged cells resulting in death of the
conceptus), which is usually undetectable (7, 8). However, recent animal data
show that although ionizing radiation in the preimplantation period may rarely
induce malformations in mice, those mice were thought to originate from less
vigorous embryos and are genetically predisposed for the specific malformation
(9, 10). This would suggest that there may be some rare exceptions to the “all
or none” theory, but it would be premature to apply these experimental animal
findings to clinical practice.
The lethal effect of radiation during the preimplantation period decreases
rapidly during the days following the preimplantation period at which time the
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risk of teratogenesis increases significantly (Figure 5.1). Based on these observa-
tions, women who are inadvertenly exposed to radiation in the preimplantation
period may be counseled that, if the embryo survives, the risk of malformations,
cancer, or other abnormalities is highly unlikely.

The embryo is most sensitive to the teratogenic effects of radiation during
organogenesis (3—8 weeks after conception). Differences in both short and long
term teratogenic effects are dependent of the developmental stage at the time of
exposure (Figure 5.2). Among numerous animal studies, only a minority are able to
show a complete dose-effect series. As a result, there is disagreement about the
lowest teratogenic dose. Most animal data report a minimal dose that could
produce teratogenic effects to be anywhere from 0.1 Gy to 0.5 Gy (11, 12). The
International Commission on Radiological Protection (ICRP) recommends 0.1 Gy
(10 rad) at any time in gestation as a practical threshold for the induction of
congenital defects (/3). The National Council on Radiation Protection and Mea-
surements (NCRP) concurs that deleterious effects on the fetus are highly unlikely
with exposure to less than 0.1 Gy (10 rad), but suggest that doses below 0.05 Gy
(5 rad) be considered the threshold of acceptable risk (/4). National epidemiologic
data from survivors of atomic radiation in Hiroshima and Nagasaki have been
evaluated and re-evaluated over the past 50 years (/5-17). In these cohorts, the
most common abnormalities were microcephaly, mental retardation, growth stunt-
ing, and early childhood mortality with a low rate of minor malformations. For
children whose mothers were exposed in Hiroshima during weeks 6—15 postcon-
ception, a minimal dose of 50 rad was calculated for the induction of mental
retardation (8, 19). The minimum dose observed in Nagasaki was higher (200
rads), a difference that was attributed to the difference in neutron components of
the radiation. This is 100-1,000 times the expected exposure from most simple
diagnostic procedures (Table 5.2). For example, a single chest film is associated
with less than 0.01 mGy or < 0.001 rad, meaning that pregnant women would need
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Figure 5.2 With permission from J. Valentin (Ed.) Annals of the ICRP-ICRP publication 90
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Table 5.2 Mean ionizing radiation exposure to fetus.
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Mean radiation

Part or body exposure Rads Other effects on
region Imaging technique (mGy) pregnancy and lactation
Chest CXR <0.001 (<0.01)
CT 0.006 (0.06) Counsel about potential
risk of contrast
Theoretical increased risk
of breast cancer with
irradiation of breast
(consider use of breast
sheields)
CT pulmonary 0.00033-0.0013 Counsel about potential
angiography (0.0033-0.013) risk of contrast

(multidetector row
CT)

Ventilation Scan
e Xenon 133

0.038-0.051 (0.38-
0.51) 0.028-0.050

Theoretical increased risk
of breast cancer with
irradiation of breast
(consider use of breast
shields)

Radioisotope
accumulates in bladder

e Krypton 81 m (0.28-0.50) so hydration with
Perfusion Scan 0.022 (0.22) gzqgf;gtniﬁ?zxgﬁgg
® Tc99-MAA 0.014-0.025 may help to minimize
e 72 dose Tc-99- (0.14-0.25) exposure to the fetus.
MAA Counsel about need to
interrupt breastfeeding
Pulmonary <0.050 via brachial
angiography route (<0.5)
0.2-0.3 via femoral
route (2-3)
CT venography 5 (50)
Conventional 0.6 (6)
venography
MRI No ionizing radiation
PET Scan with
F-FDG

to have 1,000 chest films before reaching the threshold at which there may be an
increased risk to her offspring.

During the fetal period (9 weeks post-conception to term), the fetus is most
sensitive to the growth-restricting effects of radiation. Malformations are unli-
kely, however very high doses of radiation (500-100 mGy or 50-100 rads) may
have a cell-depleting effect on the central nervous system resulting in micro-
cephaly or mental retardation. This is most evident in studies following massive
radiation exposure to radiation in Hiroshima in 1945 (20). Similar outcomes
following the Chernobyl accident have not been reported. The ICRP advises
that a threshold of 100-200 mGy is necessary to consider a risk of fetal
malformation, central nervous system damage or fetal death (27). All com-
monly used diagnostic imaging procedures are well below this threshold of
radiation (Table 5.2).
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Method of Administration

In addition to the dose, the radiation technique and site may affect the absorbed
dose to the fetus. Procedures that require direct beam to the fetus and longer
duration of exposure (such as fluoroscopy) are associated with a higher absorbed
dose (22). When a procedure is indicated, the dose of radiation to the fetus may be
minimized by a number of techniques. Lead shielding is routinely used in chest
imaging procedures that involve radiation. Although some data suggest no reduc-
tion in radiation dose to the uterus and ovaries with the use of lead shielding in
chest imaging (23 ), a number of other studies have shown significant benefit with
the use of lead shields (24 ). Kennedy et al. investigated the effects of lead shielding
for fetal dose reduction in CT pulmonary angiography and found that the radia-
tion dose is inversely proportional to the thickness of lead and the patient surface
covered by the shield (23). Techniques to improve dose efficiency in CT imaging
include automatic tube current modulation, faster table speed, and higher pitch.
The radiologists may also choose to adjust beam collimation to a very specific area
of interest, increase kVp, remove the anti-scatter grid, or reduce the number of
radiographs taken. In any case, good general principles of diagnostic radiology
should apply, that is, that the study and technique chosen should allow for the
lowest possible radiation dose without significantly reducing the quality or the
diagnostic value of the examination.

Intrauterine Fetal Death

A number of studies have evaluated the effects of radiation on miscarriage and
stillbirth rates. Studies following the nuclear explosion in Hiroshima and Nagasaki
and after the nuclear accident in Chernobyl have not found an increase in fetal
death rate (25, 26). Another study looking at risks of radiologic procedures was
also not associated with an increase in miscarriage or stillbirth (27).

Oncogenicity

The degree to which in utero irradiation may lead to cancer induction has been a
contentious issue for many years. A number of epidemiological studies in humans
suggest that prenatal exposure to ionizing radiation increases the risk of leukemia
and, to a lesser extent, solid tumors later in life (28-30). Although it is possible that
the initiating event occurs before birth, the effects are seen only after a long latency
period and at a time when cancers are more likely to appear spontaneously, that is,
when the individual is more “cancer-prone.” Whether the crucial triggering factor
was exposure to in-utero radiation is unclear and a number of other environmental
and biologic factors may be playing a role.

The largest study of medical radiation exposure during pregnancy in humans is a
case-control study by Stewart et al. referred to as the Oxford Survey of Childhood
Cancer (OSCC) (31). Results of this study indicate a relative risk (RR) for
leukemia prior to the age of 10 of 1.92 for women having abdominal X-rays and
1.19 for non-abdominal examinations. Although this study provides the largest
data set (included >15,000 childhood cancer cases), the timing and dose of radia-
tion exposure relied on maternal recall of prenatal X-rays and has been criticized
for other methodologic flaws. Studies of in utero exposed survivors of the atomic
bomb show that the number of childhood cancers was lower than the number
predicted by the OSCC study (1 observed, 8.8 predicted) (32). Pooled data from
seven smaller cohort studies shows a weighted average RR for total cancer of only
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Table 5.3 Probability of bearing healthy children as a function of radiation does.

Dose to conceptus (mGy) above Probability of no Probability of no cancer
natural background malformation (0-19 years)

0 97 99.7

1 97 99.7

5 97 99.7

10 97 99.6

50 97 99.4

100 97 99.1

>100 Possible, see text Higher

1.02 (13). Although cohort studies may have less potential for bias, they had
relatively few childhood cancer cases and wide confidence intervals so must be
interpreted with some caution. Animal studies, in general, have failed to demon-
strate an increased risk in childhood leukemia, but have shown that irradiation at
late fetal stages may induce solid cancers in adults (3/). This association is not seen
with in utero radiation in the preimplantation or embryonic period.

Given the lack of clarity on this topic, counseling a patient regarding risk of
oncogenicity associated with prenatal radiation can be difficult. From a public
health perspective, the most prudent course is to assume that the risk of in utero
radiation is not trivial and to counsel the patient accordingly. The ICRP suggests
that patients should be counseled that the risk may be as high as 40% over the
normal incidence if the patient is exposed to a fetal dose of 10 mGy (1 rad) or
higher. It is important, however, to deliver this message in the context of the
background incidence. For example, even with a dose of 10 mGy, the probability
that the offspring will have no childhood cancer is 99.6% (Table 5.3). Although
most diagnostic testing falls well below the 10 mGy range, procedures that result in
direct beam to the fetus or therapeutic radiation may approach this level. Such
procedures should not be delayed when clearly indicated, but it is reasonable to
consider alternative tests/techniques in some cases.

Use of Contrast Agents

In general, contrast media are low molecular weight, water-soluble substances and,
as such, are rapidly distributed throughout the extracellular space. Numerous
reports show that both iodinated contrast agents and gadolinium-based MR agents
cross the placenta and reach the fetus (33, 34) and are present in breast milk shortly
after parenteral administration. Intravenous iodinated contrast agents are consid-
ered a category B drug by the US Food and Drug Administration; that is, repro-
ductive studies in animals demonstrate no risk, but there are no controlled studies
in pregnant women. Animal studies of gadolinium used for MRI procedures have
shown potential fetal toxic effects when administered at doses two to seven times
those used in humans (35, 36). No adverse effects in humans have been reported.

The American College of Radiology (ACR) recommends that pregnant women
should be counseled about both the risk of radiation exposure as well as the
potential risk of contrast media (37). The referring physician along with the
radiologist must consider whether an alternative test that does not require contrast
is reasonable (ultrasound), whether the information needed will affect the care of
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the patient and fetus during the pregnancy, and whether it is prudent to wait until
after delivery to obtain the study. Although there is a theoretical concern with
iodinated contrast agents and their effects on the fetal thyroid, there are no reports
in the literature to support this theory.

Occasionally the use of contrast agents is indicated for an imaging study in a
breast-feeding woman. Patients and providers are often concerned about potential
toxicity to the infant. An extensive review of the literature by the Committee on
Drugs and Contrast Media of the ACR resulted in the following summary infor-
mation and recommendations.

The plasma half-life of intravenously administered iodinated contrast agents
and gadolinium is approximately 2 h and the agent is completely cleared from the
bloodstream in 24 h. It is estimated that less than 1% of the administered maternal
dose of contrast agent is excreted into breast milk and that less than 1% of the
contrast medium in breast milk ingested by the infant is absorbed by the infant’s GI
tract. Therefore, the expected dose of contrast agent absorbed by the infant is
extremely low, much lower, in fact, than the recommended dose for an infant
undergoing an imaging study. Although theoretical risks may include toxicity or
allergic sensitivity, there are no reports of adverse effects to infants as a result of
these negligible amounts of contrast exposure. The ACR concludes that it is safe to
continue breast feeding after receiving contrast agents (38). However, if a patient
remains concerned she may choose to abstain from breast-feeding for 24 h after the
administration of such agents, while actively expressing and breast milk from both
breasts during that time.

Ultrasound

Ultrasonography is considered safe in pregnancy and should be used as an initial
imaging test when possible. Pregnant women are generally quite comfortable with
ultrasonography, since it is widely used in obstetric practice for fetal evaluation.
However, patients often find it reassuring to hear that ultrasound does not apply
ionizing radiation and there is no evidence in animals or humans indicating that
sound waves can damage a developing fetus.

Magnetic Resonance Imaging (MRI)

There is no evidence that magnetic resonance imaging poses any risk to the
developing human embryo or fetus. Multiple studies have failed to show any
associated abnormalities or harm (40). Magnetic resonance emits radiofrequency
waves and does not expose to any ionizing radiation. Any theoretical potential to
cause harm to a developing fetus is likely limited to the possibility of increasing
fetal temperature with MRI. For this reason, low field magnets are preferred in
pregnancy if they are available. Despite a lack of data, the National Institutes of
Health Consensus Development conference (1987) and the US Food and Drug
Administration have recommended delaying MRI until after the first trimester (40,
41). As a result, many radiology departments offer MRI after 12 weeks gestation,
but reserve its use in the first trimester for patients with clinical conditions that are
not amenable to other diagnostic techniques. More recently, the ACR’s 2007
practice guidance document for safe MR practices recommends that MR imaging
may be used if considered necessary at any time in gestation (42). The ACR also
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recommends obtaining a written consent to document the patient’s understanding
of the risks and benefits as well as possible alternative diagnostic options. These
more recent guidelines recognize that certain clinical scenarios exist where the
benefit of the MRI may outweigh the theoretical risk at any gestational age, for
example, a pregnant woman suspected of having a cerebral vein thrombosis or
other CNS vascular abnormality.

Nuclear Medicine

Nuclear medicine procedures may expose the fetus to the effects of radiation by
several mechanisms. First, external irradiation of the maternal tissue will result in
some level of radiation absorbed by the fetus. Second, placental transfer and fetal
uptake of radiopharmaceuticals may also result in radiation exposure. In addition,
with radiopharmaceuticals that are primarily excreted by the kidneys, there may be
some exposure to radiation from bladder content. Fetal absorbed doses may be
minimized by using the lowest effective dose, and by instituting measures to
increase the rate of excretion (maternal hydration and frequent bladder emptying).

Estimation of radiation doses absorbed by the fetus from radionuclides can be
difficult and imprecise. Isotopes vary quite a bit with respect to their accumulation
in maternal and/or fetal target organs, ability to cross the placenta, metabolism,
distribution, and half-life (43 ). Estimation of risk requires careful consideration of
the specific properties of the isotope and the dose and duration of the exposure.
Most diagnostic nuclear procedures use short-acting radionuclides (such as tech-
netium-99 m) that would not result in significant fetal doses. The exception is
radioiodine, most commonly used in the evaluation and treatment of thyroid
disorders. Therapeutic doses of radioiodine used in pregnancy are associated
with a significant risk of fetal thyroid damage after 12 weeks gestation.

Women who are breastfeeding and require exposure to radionuclides should be
counseled about potential risk to the infant and the need to interrupt breastfeeding
with exposure to certain isotopes.

Informed Consent

Pregnant women and their families have a right to know the magnitude and type of
radiation effect that may result from medical diagnostic procedures. Communica-
tion with the patient should be appropriate to the level of risk. For example, for
most low dose procedures (<1 mGy), communication may include only a verbal
reassurance that the risk is estimated to be extremely low. When the fetal dose is
potentially greater that 1 mGY, then a more detailed explanation of the potential
risk is appropriate. With any discussion about risk of radiation in pregnancy, it is
important to include information about potential alternative modalities as well as
the risk of withholding the procedure.

Summary

Thousands of pregnant women undergo medical diagnostic imaging studies every
year. Much anxiety and even unnecessary terminations of pregnancy may be
caused by a lack of knowledge. Patients and providers must be aware of the
potential risks and benefits of any diagnostic procedure, but should also consider
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that more harm than good may come from withholding the test. Although high
dose radiation in pregnancy has been associated with adverse outcomes in the
offspring, the weight of the evidence suggests that prenatal doses from properly
done diagnostic procedures are associated with no measurable risk of fetal death,
malformation, or neurological impairment that is above the background incidence.
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Prescribing in Pregnancy and Lactation
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Ever since the thalidomide tragedy in the 1950s, drugs have increasingly been under
scrutiny for teratogenensis. Both patients and clinicians are hesitant to use medica-
tions in pregnancy because of uncertainty about fetal effects. However, with
advances in medical science, as we grow more and more dependent on pharmaceu-
ticals for disease management and prevention, medication use in pregnancy often
becomes necessary.

An international survey found that 86% of the women studied took prescription
medication during their pregnancy, receiving an average of 2.9 prescriptions. This
pattern of medication use appeared to be almost universal and did not differ
between poor and wealthy nations (/). Although this data did not include herbal,
alternative, or over the counter medications, the use of these agents by pregnant
women is also fairly common (2, 3).

This chapter aims to provide some key principles to guide clinicians when
prescribing for the pregnant patient with pulmonary disease.

The Myth of the Placental Barrier

Despite the widespread belief to the contrary, no “placental barrier” exists. The
clinician should assume that the fetus will be exposed to almost any medication that
is given to the mother. The most notable commonly prescribed exceptions that do
not cross the placenta are glyburide, heparins, and insulin. For most other medica-
tions, drug levels in the fetus may be the same, lower or even higher than in the
mother. Lipophilic drugs, drugs of a low molecular weight, and drugs that are non-
ionized at physiologic pH generally cross the placenta more efficiently than others.

The Myth of the “Safe” Period

Traditionally, teratogenic effects of drugs have been noted as anatomic malforma-
tions and the fetus is most vulnerable to these in the first trimester. However,
medications may adversely affect fetal neurological and behavioral development,
fetal survival, or function of specific organs even after the first trimester. For most
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drugs, it is not known whether or when an absolutely “safe” period exists when the
medication can be deemed to be without effect.

The first 60 days after conception is the period of “embryonic development.”
The first 14 days after conception (and therefore generally the first 28 days after the
first day of the last menstrual period) is often referred to as the “all or nothing
period.” Exposures of the pluripotential cluster of cells that exists at this point are
generally believed to cause miscarriage or no effect at all. Days 14-60 after
conception (the period immediately coinciding with the first missed period and/
or the earliest positive home pregnancy test) are a period of cell differentiation and
organogenesis. Exposures during this time probably have specific “window peri-
ods” during which the embryo is susceptible to particular toxicities. Thalidomide
effects were seen only if the drug was taken between days 21 and 36. Valproic acid
effects on the neural tube occur between days 14 and 27.

Drug Safety Data in Pregnancy

Definitive pregnancy safety data can only come from large, long term, and there-
fore expensive trials. This type of data exists for very few medications in pregnancy.
Large scale pregnancy safety trials with long term follow up rarely occur for many
reasons. They are difficult to conduct because the population of reproductive age
women is often highly mobile. There is a lack of a financial incentive for pharma-
ceutical companies to conduct them and that is further complicated by their under-
standable concern about potential liabilities. Also, pregnant patients are
considered by federal regulations for human subjects’ protection to be a “vulner-
able population” and their participation in clinical trials, even when no interven-
tion is involved, is closely scrutinized by institutional review boards.

For this reason, much of the presently available pregnancy safety data comes
from sources other than prospective trials. The other sources of data are as follows.

Animal Studies

Although animal studies are an important source of screening safety data, there is
no information available on the sensitivity or specificity of any of the animal
models of teratogenicity as applied to humans. Animal data cannot, therefore, be
confidently extrapolated to humans. Some agents that have appeared to be safe in
animals have subsequently been found to have fetal effects once approved for use in
humans. Other drugs that appeared to be unsafe on the basis of animal studies have
subsequently been shown to be well tolerated in human pregnancies. Nonetheless,
drugs that have been associated with adverse fetal effects in multiple animal species
at exposures similar to those expected in humans may be expected to have risks in
human pregnancy as well.

Case Reports and Case Series

Although case reports and series are another resource, they suffer from the pro-
blem of recall bias as well as the inability to determine the frequency of an event
because the number of exposed women with normal pregnancy outcomes is not
known. Women who have a difficult pregnancy outcome are more likely to recall
medication use in pregnancy and clinicians are more likely to report an adverse
outcome. Case series and reports may therefore overestimate risk or raise false
concerns.
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Pregnancy Registries

These studies are better characterized as prospective exposed follow-up studies in
which pregnant women enroll at the time of their exposure to a specific drug, but
prior to the outcome of the pregnancy being known. Their prospective nature
eliminates recall bias and allows an overall rate of events to be measured, since
many outcomes will be normal. The utility of these studies is highly dependent on
the quality of their data collection and follow-up methods. In most cases, they may
be able to provide broad margins of risk, but may also identify potential risks that
require further study and follow-up.

Case Control Studies

Case control studies are a commonly used tool that retrospectively compare infants
with a particular adverse outcome (e.g., birth defects overall or a specific subset of
defects) to normal infants and evaluates differences in exposures of each group,
such as to a maternal medication. Their findings have been an essential source for
identifying many important toxicities and for providing reassurance about many
commonly used agents. However, these and other population-based studies suffer
from the fact that they often cannot separate the effects of medication exposure
from the effects of the underlying disease. An example of this issue is the difficulty
that exists in distinguishing the effects of some common over the counter cold
medications from the possible effects of viral illness and fever in the first trimester.

While the Food and Drug Administration (FDA) pregnancy risk classification
(Table 6.1) is useful as a quick reference with regards to available safety data, it is

Table 6.1 FDA pregnancy categories.

U.S. Food and Drug Administration(FDA) Pregnancy Risk Classification

Category A “Controlled studies show no risk”

Controlled studies in women fail to demonstrate a risk to the fetus in the first trimester, nor is
there any evidence of a risk in later trimester, and therefore the possibility of fetal harm
appears remote.

Category B “No evidence of risk in humans”

Either animal reproduction studies have not demonstrated a fetal risk and there are no
controlled studies in pregnant women, or animal-reproduction studies have shown an
adverse effect (other than a decrease in fertility) that was not confirmed in controlled
studies in women in the first trimester and there is no evidence of a risk in later trimester.

Category C “Risk cannot be ruled out”

Either studies in animals have revealed adverse effect on the fetus (teratogenic) or
appropriate animal data is not available. Drugs should be given only if the potential
benefit justifies the potential risk to the fetus.

Category D “Positive evidence of risk”

There is positive evidence of human fetal risk, but the benefits from use in pregnant women
may be acceptable despite the risk (e.g., if the drug is needed in a life-threatening situation
or for a serious disease for which safer drugs cannot be used or are ineffective). There will
be an appropriate statement in the “warnings” section of the labeling.

Category X “Contraindicated in pregnancy”

Studies in animals or human beings have demonstrated fetal abnormalities or there is
evidence of fetal risk based on human experience, or both, and the risk of the use of the
drug in pregnant women clearly outweighs any possible benefit. The drug is
contraindicated in women who are or may be pregnant.
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inadequate when used as the only source. There is a tendency among clinicians to
view it as a “grading system” rather than a shorthand classification system sum-
marizing what data is available. Clinicians may therefore not recognize that some
drugs may receive a B or C rating simply because there is less information available
as opposed to one that has a D rating. Besides, the FDA classification is unable to
address the potential clinical benefit of a medication or the potential harm from
withholding the medication. Several other useful resources exist in addition to the
FDA classification, that may assist the clinician in the therapeutic decision making

process. These are listed in Table 6.2.

Table 6.2 Resources to assess data on individual drugs.

Publication

Source and brief description

Drugs in Pregnancy and Lactation.
Briggs GS, Freeman R, Yaffe S.

Catalog of Teratogenic Agents.
Thomas H. Shepard

Handbook for Prescribing Medications
During Pregnancy.
Coustan DR and Mochizuli TK.

Effects of Medications on the Fetus and
Nursing Infant: A Handbook for Health
Care Professionals

Friedman JM and Polifka JE

Teratogenic Effects of Drugs Friedman JM
and Polifka JE.

Drugs for Pregnant and Lactating Women
Weiner CP and Buhimshi C.

Medications & Mothers’ Milk: A Manual
of Lactational Pharmacology
Thomas Hale

http://neonatal.ama.ttuhsc. edu/lact/
index.html

Reprotox®

Lippincott Williams & Wilkins Publishers;
ISBN: 0781756510; 7th edition 2