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Preface

This book is about human reproduction. It is a story of sex (of course) and death—
death on a vast scale. It is the story of unwitting survival through the fierce trials
of fertilization and embryonic growth, and our drive to perpetuate this cycle by
casting our particular twist of genetic fate into future generations.

What does it mean to say that this story is told from an “epidemiologic perspec-
tive”? Human biology can be approached in various ways. For example, we can
focus on the things that operate consistently in every person. This is the approach
of the physiologists and molecular geneticists—the laboratory scientists. However,
biology is characterized not just by consistency but also by variability. To under-
stand variability requires the study of many individuals—the approach taken by
epidemiology.

The most challenging part of epidemiology (and in some ways the most fun)
is to understand the reasons for human variability, including the reasons some
people get a particular disease and others do not. Our detective work can go
wrong, as the study of reproduction and pregnancy so richly illustrates. There are
examples in these pages of misunderstandings from statistical bias, confounding,
and reverse causation. Our errors can be as instructive as the things we get right.
For one thing, our mistakes keep us humble. (There is not an epidemiologist alive
who has not been snagged by these traps along the way.) These examples can also
help us see the problems more clearly the next time we encounter them.

This book is divided into two sections. The first lays the foundations—the
basic principles of reproductive physiology, demography, infectious diseases, and
genetics as they apply to human reproduction. (I assume readers have been in-
troduced to the basics of epidemiology.) The second part of the book deals with
the endpoints of reproductive epidemiology—a spectrum ranging from infertility
and fetal loss to birth defects and the delayed effects of fetal exposures. Some
researchers make a distinction between “reproductive epidemiology” (the events
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of fertility and early pregnancy) and “perinatal epidemiology” (the events around
delivery). These are so woven together (in my own mind, at least) that I prefer to
lump them all as “reproductive epidemiology.”

Now for the caveats. The story that unfolds here is my version—prejudiced by
my own interests, colored by my own perspectives. When my views are in the
minority, [ have tried to present a fair account of the general consensus and then
introduce my own dissent. I doubt I have been fully successful in keeping that
distinction clear. Perhaps more worrying, my perspective (and the perspective of
most researchers in this field) is overwhelmingly First World. One of the ironies
of epidemiology is that our data are best where the problems are least. This is
certainly true for reproductive epidemiology. Those of us privileged to work in
developed countries tend to focus on the small problems close to us and neglect
the huge problems elsewhere. Ninety-nine percent of maternal deaths occur in
developing countries, but much of the world’s literature on maternal mortality is
about the other 1%. If this book were done right, most topics would have separate
discussions for the developed nations and the developing nations. I have tried to
acknowledge this, even if I have failed to provide it. Finally, there are countless
complexities that I know I have glossed over (and still others I do not even know
about). If you find yourself wanting more, the references may help direct you to
some of the more subtle and difficult aspects of these topics.

A website comes with this book (www.oup.com/us/fertility). There you will
find discussions of the “Puzzlers” provided at the end of this book. It’s also a
place to provide feedback. Please let me know about any errors, confusions, or
omissions. You are also welcome to suggest additional “Unanswered questions in
reproductive epidemiology” (Chapter 21). If there is another edition of this book,
your input will help make it better.

But in the end, it all comes back to the beginning—conception, and the incred-
ible events that conception sets in motion. How a speck of fertilized egg becomes
a fully formed infant is, on top of everything else, a great story. Epidemiologists
are lucky to be able to help tell it.

AT W.
Durham, North Carolina


www.oup.com/us/fertility
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1

The Creative Biology of Human Reproduction

The processes of procreation involve some of the oddest and most inventive
mechanisms to be found in all of human biology. The ordinary rules are broken:
cells change their number of chromosomes, genetically distinct cells intermix, and
the usual boundaries between individuals are breached.

f all the functions of the human body, reproduction was among the last to be
understood. William Harvey grasped the essential mechanics of blood circula-
tion in 1628, but his notions about reproduction were the stuff of fantasy. Harvey
wrote that a man caused a woman to be “ignited” by fertility, “his seed so imbued
with spirit and divine efficacy that it can convey fertility ... just as we see some
object suddenly burst into flame from a spark struck by a flint.”! This may sound
like mysticism to modern ears, but in some respects it is no less fantastic than the
biological mechanisms actually at work.

Fifty years after Harvey, Leeuwenhoek drew the first pictures of human sperm
(Fig. 1-1). These living creatures clearly were not “sparks”—but what were they?
Some scientists proposed that each of these tiny particles contained a baby ready
to be implanted (the so-called homunculus) (Fig. 1-2). Others regarded these
organisms as contaminants of the seminal fluid, like the swimming things found
in pond water. This interpretation of sperm as contamination persisted into the
mid-1800s.?

The idea that a man’s sperm and a woman’s egg can join to make a new person
is so commonplace today that we can easily forget how radical it once seemed.
It was not until Mendel’s experiments on heritability (begun in the 1850s but not
recognized until the early 1900s) that the equal genetic contributions of the two
parents was firmly established.

Reproduction by means of sperm and ova (known collectively as gametes)
makes use of unusual biological mechanisms. There is no other setting in which
healthy cells go from two sets of chromosomes to one set (meiotic cell division).

3



Figure 1-1. The first drawings of sperm (Antoni Leeuwenhoek’s “animalcules
engendered in the semen,” 1679)

Figure 1-2. The homunculus (Nicolas Hartsoeker, 1694)
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CREATIVE BIOLOGY OF REPRODUCTION 5

Figure 1-3. Sperm fertilizing an egg

Nowhere else in biology does a pair of genetically distinct cells combine to form
a genetically new and unique cell (Fig. 1-3). Special mechanisms allow the fertil-
ized egg—antigenically foreign to the mother—to parasitize the mother’s tissue
while eluding immune rejection. To explain these phenomena requires concepts
of genetics and immunology and endocrinology that emerged only in the late
twentieth century.

For early scientists trying to understand human reproduction, it was no help
that reproductive mechanisms vary widely among species. Extrapolation from
other species to humans was risky (and still is). Episodes of fertility for female
domestic animals are typically signaled by vaginal bleeding, whereas women are
rarely fertile while bleeding. Labor and delivery are uneventful for many species
but dangerous for humans. As our observational tools have improved, even more
species differences have emerged. The Y chromosome causes its carrier to be
male if you are a mammal but female if you are a bird. In some species, sex is
determined not by chromosomes but by ambient temperature: the gecko (a lizard)
hatches as a male if the egg has been incubated at 32°C but as a female if the
temperature is 25°C.?

The study of reproduction in other species can teach us only a limited amount
about ourselves. To understand human reproduction, we must study humans.
Unfortunately, the exploration of human reproduction presents its own difficul-
ties. Research intrusions on human procreation are constrained by the privacy that
surrounds this intimate domain. Ethical considerations are multiplied—although
the fetus has uncertain legal status, its protection is paramount. Even with all the



6 FOUNDATIONS

advances in reproductive biology that have occurred in recent decades, our grasp
of human reproduction is still unfolding.

Gametogenesis

The reproductive cycle provides the classic metaphor for something that has no
starting point: “the chicken or the egg.” In another sense, reproduction is like a
set of nested Russian dolls: the typical pregnant woman does not have symptoms
of pregnancy until embryogenesis has begun, by which time her embryo may
already have formed the germ cells that will produce the subsequent generation.
The cells that form a woman’s grandchildren may be laid down before she yet
knows she is going to be a mother.

Male Gametogenesis

The germ cells (or spermatogonia) that produce sperm in the adult male are
formed in the early stages of embryonic life. These male germ cells are contained
in the seminiferous tubules of the testes (Fig. 1-4). At puberty, hormones released
from the pituitary gland in the brain awaken the testes, which begin to produce
testosterone. The germ cells undergo meiotic division (reducing their chromo-
somes to a single—or haploid—set per cell), and the cells proceed to develop into

Blood vessels
and nerves

Seminiferous

tubule
Vas deferens

Head of epididymis

Body of epididymis

Tail of epididymis

Figure 1-4. Structures of the testis
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recognizable sperm. Once formed, sperm are stored in the epididymis, where
they undergo their final stages of maturation. The time required for a germ cell to
form a mature spermatozoan is estimated at nine weeks.* Sperm are vulnerable to
damage during development and maturation, but once matured, sperm are robust.
The fully formed sperm consists of little more than a condensed pellet of nuclear
DNA (packed more densely than bone) propelled by a tail. Sperm are stored in
the vas deferens until ejaculation, at which time they are mixed with seminal fluid
(consisting of secretions of the prostate gland and seminal vesicles).

The production of sperm requires several conditions. One is the presence of
testosterone, the male hormone produced by cells of the testis. Testosterone cir-
culates throughout the body, but it is most highly concentrated in the compart-
ments where sperm are produced. A second necessary condition is a temperature
slightly cooler than normal body temperature. It is for this reason that the testes
are suspended outside the body cavity.

A man produces roughly 100 million sperm a day, with spermatogenesis typi-
cally continuing until he dies. This production of hundreds of billions of sperm
over a man’s lifetime may seem profligate, but it is modest in comparison with
some other creatures. Male hogs produce 16 billion sperm a day.’

Female Gametogenesis

As with the male germ cells, the female germ cells have their origins in embry-
onic life. However, the female and male germ cells take very different paths.
Male germ cells are essentially dormant until puberty, at which time they begin
to divide to form sperm. In contrast, the female germ cells (or oogonia) complete
their major cell divisions during fetal life. The woman’s lifetime supply of eggs
(an estimated 7 million) will be complete by the time she reaches her sixth month
as a fetus.®

A woman’s so-called biological clock begins to tick even before she is born.” By
the time of birth, about three-quarters of her oocytes have died, leaving a newborn
girl with about 2 million eggs.® By the time she reaches puberty, another 80% will
have died, with perhaps 400,000 still alive as the woman begins to menstruate.
Ninety-five percent of those will die by the time the woman reaches age 30, leav-
ing about 20,000. Such drastic attrition may seem alarming, but extravagant
wastefulness is the hallmark of reproduction. Roughly 400 eggs are released over
a woman’s reproductive lifetime and are made available for fertilization—still far
more than any woman would wish to have fertilized.

The woman’s physiologic role in reproduction is not simply to produce eggs but
to provide a site for the fertilized egg to implant. Preparation of the site requires
a finely orchestrated sequence of events, and this heightened state of readiness
cannot be maintained for long. Rather, women phase in and out of this state of
preparedness, in a pattern known as the menstrual cycle.



8 FOUNDATIONS

The Menstrual Cycle

The menstrual cycle is a coordinated sequence of hormone signals and tissue
responses that function to bring a ripe fertilized egg into contact with a ready
uterus. Consider the menstrual cycle first from the standpoint of ovarian function
(Fig. 1-5). The ovary contains thousands of tiny fluid-filled cavities (or follicles),
each of which holds an oocyte. Under the stimulus of the pituitary hormone FSH
(follicle-stimulating hormone), a few follicles are “recruited” in each cycle and
begin to grow. As these follicles grow, they produce an estrogen called estradiol.
Within a few days, one of the recruited follicles becomes dominant, and the rest
regress and die. The dominant follicle continues to grow, all the while producing
an increasing amount of estradiol that stimulates the lining of the uterus to pre-
pare for a possible pregnancy.

As the dominant follicle develops, it expands toward the surface of the ovary,
where it becomes visible as a large blister (up to 2 cm in diameter). Ovulation
occurs when the rising levels of estradiol trigger another pituitary hormone
(luteinizing hormone, LH) to surge, which in turn causes the follicle to rupture
and the egg to be released.

The method for transferring the ovum from the ruptured follicle (on the surface
of the ovary) to the interior of the uterus seems a bit precarious (Fig. 1-6). There
are two tubes (called oviducts or fallopian tubes) attached to the uterus, each with
a free end that is encircled by finger-like projections called fimbria. This open end

Eggs in
primary ==\
follicles

Developing
follicle

GROWTH OF FOLLICLE

Figure 1-5. Structures of the ovary and their changes during the menstrual
cycle
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of the oviduct is free to wander in various directions. Around the time of ovula-
tion, the end of the oviduct is attracted to the surface of the ovary. If all goes well,
the fimbria scoop up the released ovum and usher it into the tube.

The freshly ruptured ovarian follicle quickly undergoes a drastic change. Under
the influence of LH, the follicle is transformed into a small swelling of yellowish
tissue called the corpus luteum. (“Corpus luteum” is Latin for “yellow body.”)
The corpus luteum has a highly specialized task—to produce progesterone, a hor-
mone that alters the uterine lining. The word progesterone comes from “pro-" (in
support of), “-gest- (gestation), and “-sterone” (steroid hormone)—it is literally
the hormone that supports pregnancy. Progesterone is the way that the ovary con-
verts the endometrial lining of the uterus into a richly secretory tissue that can
support the fertilized egg.

This intensive investment in the proliferation of the endometrium is not sus-
tained for long. The production of progesterone by the corpus luteum reaches
its peak 9 or 10 days after ovulation. At that point, the corpus luteum starts to
go into decline, and the production of progesterone gradually falls (Fig. 1-7). If
there is no hormonal signal from a fertilized egg, the corpus luteum regresses
completely over the next 5 or 6 days, at which point the production of proges-
terone ends. The withdrawal of hormonal support leaves the richly engorged
lining of the uterus to atrophy and die. This tissue sloughs from the uterus into
the vagina, producing menstrual bleeding (menses). Bleeding lasts an average of
6 days, with 90% of women having menses that last from 4 to 7 days.’ Although
the number of days of bleeding varies among women, it tends to remain fairly
constant for a given woman. The heaviest bleeding usually occurs on the second
and third days.!°

Oviducts (fallopian tubes)

Uterus

Ovaries Fimbria

Cervix
Endometrium

Vagina

Figure 1-6. The female reproductive tract
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These stages of the menstrual cycle are illustrated in Fig. 1-7. (For an excellent
detailed description of these events, see Healy and Hodgen.!!) The first day of
menstrual bleeding defines day 1 of the menstrual cycle. This is also the first day
of the follicular phase of the cycle, during which a new crop of follicles is develop-
ing and a dominant follicle emerges. The follicular phase ends on the day before
ovulation. The day after ovulation defines the beginning of the luteal phase. The
luteal phase encompasses the life cycle of the corpus luteum, with the last day
of the luteal phase (and the menstrual cycle) defined as the day before the next
bleeding begins.

The onset of bleeding is a convenient sign, but it is ovulation that provides the
most important benchmark of the menstrual cycle. The event of ovulation ends
the follicular phase and launches the luteal phase. Furthermore, it defines the days
on which intercourse can produce a pregnancy (more on this in Chapter 2).

Ovulation Menses

Menses

PITUITARY
HORMONES

OVARIAN
HORMONES

Developing
follicle

Endometrial
lining

37 A
Body

temp i
oc 36.5

36

FOLLICULAR PHASE LUTEAL PHASE

Figure 1-7. Physiologic events of menstrual cycle
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The difficulty with ovulation as a benchmark is that it is largely invisible.
Changes in body temperature (basal body temperature or BBT) have been used
as a sign of ovulation, but individual variability makes this a poor biological
marker.'> Changes in the amount and consistency of cervical mucus is another
proposed marker.'> Although cervical mucus seems not to be a highly reliable
sign of ovulation," it may nonetheless be informative with regard to a woman’s
fertile days (Chapter 2).14

Variability in the Menstrual Cycle

Textbooks typically describe the “normal” or “standard” menstrual cycle as
28 days long, with ovulation on day 14. By this definition, most cycles are not
normal—the menstrual cycle is highly variable. Figure 1-8 shows a typical distri-
bution of menstrual cycle lengths for more than 18,000 menstrual cycles recorded
prospectively by 700 Japanese women over 2 years. The mode is at 28 days, but
only 12% of cycles are actually 28 days long. The tail of the distribution extends
far to the right, producing a median of 29 days and a mean of 30 days."

The menstrual cycle is especially variable among young women during the first
few years of menstruation and among older women as they approach menopause."
This variability at the extremes of reproductive life was demonstrated in a clas-
sic study by Alan Treloar (Fig. 1-9). In 1935, Treloar and his colleagues invited
several thousand college students at the University of Minnesota to keep diaries
of their menstrual cycles.'® Forty percent of these women continued to provide
menstrual data until menopause, and several hundred participants enrolled their
daughters at the time of their menarche. This study (perhaps the longest-running
longitudinal study ever conducted) continues to the present day and comprises
more than a half-million menstrual cycles.”” Another pattern that is apparent in

ol

Frequency (per cent)

o

7 14 21 28 35 42 49 56 63
Length of menstrual cycle (days)

Figure 1-8. Variability in menstrual cycle length (18,084 cycles recorded by
701 women, Japan, 1958-59)"3
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Figure 1-9. Variability in menstrual cycle length by women’s age (275,947 men-
strual cycles recorded by 2,702 women, United States, 1935-61).!6 Lines indicate

percentiles of cycle length at each age

Figure 1-9 is the gradual shortening of menstrual cycles during the time when
women have their most stable menstrual patterns (about ages 20—40). During
these two decades the median cycle length falls from 29 to 27 days.!s

Menstrual cycles vary within women as well as among women, with some
women varying by only a few days from cycle to cycle and others varying by
much more. Overall, within-woman variance is greater than the among-women
variance.'® Most of this variability occurs during the follicular phase (that is, the
time from bleeding to ovulation). Figure 1-10 shows a distribution of follicular
phases for 200 healthy women of reproductive age (most between the ages of 25
and 35)."° (The day of ovulation in these was determined by hormone assays car-
ried out on daily urine samples.) Length of the follicular phase ranged from 9 to
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Figure 1-10. Variability in the follicular and luteal phases (217 women, North
Carolina, United States, 1983—85)"

55 days. Only about 1% of these menstrual cycles fit the textbook picture of the
“standard” menstrual cycle (28 days long, with ovulation on day 14).2

Compared with the follicular phase, the luteal phase is less variable (Fig. 1-10).
This reflects the control of the luteal phase by the programmed death of the cor-
pus luteum. However, this lesser variability should not be mistaken for “no vari-
ability,” a condition rarely (if ever) found in biology. Although the average time
from ovulation to onset of the next menses is around 14 days, the actual time is
usually shorter or longer.

Menstrual cycles are not only highly variable, but they are easily disrupted.
Extremes of body fat (too little or too much) can change menstrual patterns, as
can changes in weight.?! Small daily doses of synthetic hormones (such as hor-
monal contraceptives) are enough to shut down the process altogether. For most
healthy women, menses continue for four decades or so, at which time the cycles
naturally cease.

Menarche and Menopause

A young woman’s first menses (known as menarche) occurs on average around
age 12 or 13, although this can vary widely (Fig. 1-11).22 A small percentage of
healthy women have their first period at age 10 or younger or at age 16 or older.
There is a popular notion that girls are reaching their sexual maturity at
steadily earlier ages. Some environmental pollutants have weakly hormonal prop-
erties, which has led to concerns that environmental contaminants may accelerate
puberty or otherwise disrupt human development.?® This perception is bolstered by
anecdotes of breast development in 7-year-old girls or menarche in 9-year-olds—
occurrences that can occur (albeit rarely) due to natural variability. There is con-
siderable evidence to suggest that age at menarche did decline during the 1800s
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Figure 1-11. Variability in age at menarche (as recalled by 2,062 U.S. women
around age 18)*?
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Figure 1-12. Age at menarche by birth cohort (as recalled or prospectively
reported by 3,839 U.S. women) (Reprinted from Sandler et al?*)

and the first part of the 1900s (Fig. 1-12). 222* However, in more recent decades the
trend has been negligible. In the United States, age at menarche has decreased by
about 0.2 years over the past several decades, perhaps as a result of the increased
prevalence of childhood obesity.?> There is no good evidence that environmental
estrogens have had a measurable impact on pubertal development.?

Unlike men, most women outlive their fertility. The events that precipitate the
natural end of menstruation (menopause) are not well understood. One hypothesis
is that menopause occurs when the ovaries’ supply of eggs declines below some
threshold.”’” As women approach menopause, the menstrual hormone signals
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Figure 1-13. Variability in age at menopause (907 women, Finland, 1989)'°

become weaker and less coordinated. These changes not only increase cycle vari-
ability (as in Fig. 1-9) but often produce uncomfortable symptoms. Researchers
have developed various prospective definitions of the beginning of this meno-
pausal transition, using data on menstrual variability as well as hormone mea-
sures (usually FSH, which rises as the ovarian hormones begin to falter).?+23

The actual event of menopause is more difficult to pinpoint than menarche,
for the simple reason that first events are self-evident, whereas “last” events can
be known only in retrospect. (One exception is the menopause that results from
surgical removal of the ovaries, usually as part of hysterectomy.) The standard
definition of menopause is 12 months or more without a menstrual cycle.?

Because natural menopause usually cannot be determined except in retro-
spect, data on age of menopause are subject to recall error. The median age at
menopause is usually reported as around 51 years, with most women reporting
their menopause as occurring between the ages of 45 and 55. Cigarette smoking
causes earlier menopause, although the biological mechanism remains unclear.”
Figure 1-13 presents a population-based data set from Finland.* In this data set,
5% of women reported their last period as occurring before age 40, which is the
cutoff usually used to define premature menopause (or premature ovarian failure).
Although premature menopause may result from an underlying disorder (e.g.,
autoimmune disease or thyroid disease), most occur without apparent cause.

When Conception Occurs

The Perilous Journey of the Fertilized Egg

In most menstrual cycles, the egg is lost in the slough of endometrial tissue at
menses. There is, however, another possible outcome: pregnancy. If intercourse
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Figure 1-14. Journey of the fertilized egg®!

has occurred during the 5 days leading up to ovulation or the day of ovulation
itself, viable sperm may be present in the far end of the ovarian tubes at the time
of ovulation (Fig. 1-14).

The freshly released ovum arrives in the oviduct encased in a cluster of cells
brought along from the follicle. Beneath these cells lies a matrix of glycoproteins,
known as the zona pellucida, that encases the ovum. The first sperm that success-
fully engages with the zona provokes a reaction that makes the zona impervious
to other sperm.*? At this point, the ovum finishes its second meiotic division, and
expels the unneeded duplicate nucleus in a small capsule called the polar body.
Meanwhile, the sperm inside the ovum loses its tail and outer covering, and its
nuclear core expands as the chromosomes are unpacked. The sets of chromo-
somes from the sperm and egg combine, and a new and genetically unique cell is
created. This newly fertilized cell immediately begins to divide.

Now the clock is ticking: the fertilized egg (or zygote) has only 10 days or so
to stop the corpus luteum from going into decline. The conceptus is swept down
the oviduct towards the uterus while undergoing repeated cell divisions. The chal-
lenge facing the conceptus is to be far enough along in its development that, by the
time it reaches the uterus, it can invade the endometrium and secrete a hormone
that will revive the corpus luteum. If the conceptus is unable to rescue the corpus
luteum (and thus keep progesterone flowing), the conceptus will be lost at menses
amidst the flotsam of dying endometrial tissue.

ON THE PLASTICITY OF THE EARLY CONCEPTUS. The conceptus has remarkable
properties at this early stage. Even though it is genetically unique, it cannot yet
be considered to be a unique individual. In the first few days of development, it
is possible for the fertilized egg to separate into two parts (or more), with each
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genetically identical part becoming a separate person. These multiple offspring
are monozygous, that is, derived from one zygote. In some species, multiple off-
spring are regularly produced from one fertilized egg—the armadillo routinely
delivers identical quadruplets.®

Fraternal (or dizygotic) twins are produced when two different eggs are ovu-
lated and fertilized in one cycle. (Higher-order multiple births can be produced by
three, four, or more separate eggs, but for some reason you won'’t find “trizygotic”
or “quadrizygotic” in a medical dictionary.)

Dizygotic twins usually develop into two individuals, but not always. On rare
occasions, dizygotic twins can merge at an early stage, making a single fetus.>*
This mixture of cell lines from two genetically distinct conceptuses (known as a
chimera) is compatible with healthy adulthood—even as it confounds our idea of
what constitutes a “person.” Once again, other species demonstrate more extreme
examples. The new-world monkeys known as marmosets commonly bear chime-
ric dizygotic twins, with each offspring carrying cell-lines from the other twin.*

In yet another example of the plasticity of the early conceptus, it is possible
at the 8- or 10-cell stage of development to remove a single cell for diagnostic
purposes (Fig. 1-15). This maneuver cannot be performed on naturally conceived
pregnancies (which are inaccessible at this stage), but it can be done for concep-
tions produced by in vitro fertilization (IVF). The DNA from the sampled cell can
be amplified for tests of genetic disease. On this basis, parents may decide whether
they wish to proceed to have the conceptus deposited into the uterus. Whether this
procedure is entirely benign to the developing embryo is not yet clear.>

Teratomas are another strange way in which embryonic processes can go
wrong. Teratomas are a type of tumor created by remnants of embryonic tis-
sue. The cells can apparently descend from any of the three basic embryonic
cell types (endoderm, mesoderm, and ectoderm). Teratomas show up anywhere
in the body, although they are often near the midline—in the skull or under
the spinal cord. The truly bizarre aspect of teratomas is that they can contain
normal-looking tissue of just about any type, including teeth, hair, and eyeball.
Most are benign.

Implantation

Returning to the journey of the fertilized egg, the conceptus moves through the
oviduct toward the uterus while dividing into a cluster of inreasingly smaller cells.
By the time the conceptus reaches the uterus (about 6 to 12 days after fertilization;
see Fig. 1-16), it has grown into a hollow ball of cells called a blastocyst. Most of
the cells of the blastocyst are trophoblasts, which are specialized cells that even-
tually form the placenta. At this point, the future baby is no more than a small
cluster of cells inside the ball (the inner cell mass; see Fig. 1-17).
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Figure 1-15. Biopsy of a human conceptus at the eight-cell stage (day 3).
The holding pipette is on left, and biopsy pipette is on right, containing a cell.
(Figure courtesy of Stanley Beyler, Director, Embryology and Andrology
Laboratories, University of North Carolina, Chapel Hill, NC)

Once the conceptus reaches the uterus, the trophoblasts begin the process
of attaching and embedding the blastocyst into the lining of the endometrium.
One of the wonders of implantation is that the foreign tissue comprising the
conceptus is able to successfully graft itself onto the maternal host.*® The
conceptus is antigenically distinct from the mother, and yet this invasion into
maternal tissue manages not to provoke the defenses of the mother’s immune
system. This is all the more remarkable in light of the fact that the human
trophoblast is the most invasive known; it elicits the strongest uterine response
seen in any species and creates the closest possible link between the mother
and the fetus.*
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Figure 1-16. Variability in the time from conception (at ovulation) to
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Figure 1-17. Blastocyst around the stage of implantation, with inner cell mass
(Figure courtesy of Stanley Beyler, Director, Embryology and Andrology
Laboratories, University of North Carolina, Chapel Hill, NC)

Human Chorionic Gonadotropin

While the trophoblast cells are invading the endometrium, they are also pumping
out a hormone that is biological mimic of LH (the pituitary hormone that stimu-
lated the corpus luteum). This mimic, known as human chorionic gonadotropin
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or hCG, works at the same receptor sites as LH and is produced in exponentially
increasing quantities. If this surge of hCG is successful, it rescues the corpus
luteum and sustains the production of progesterone for several more weeks—long
enough for the developing placenta to take over hormonal control of pregnancy.

HCG is an unusual hormone in several respects. Most hormones are ephem-
eral, with very short half-lives—they transmit signals from one part of the body
to another and then disappear. In contrast, hCG carries a signal that must be
maintained for weeks without faltering. To aid in this, hCG is a highly stable
molecule, with a half-life of 24 hours.

As a specific message from the conceptus, hCG is the natural candidate for
pregnancy tests. Fortunately, hCG is also an easy biochemical target for assay.
It is present in high concentrations in both blood and urine and can survive for
days in a sample left at room temperature. Its specificity, high concentration, and
robustness make hCG the universal basis for pregnancy tests. (Indeed, there are
no good alternatives.) Note that because hCG is not detectable in the maternal
system before the conceptus implants, there is currently no way to recognize a
naturally conceived pregnancy before implantation.

Ectopic Pregnancy

The blastocyst is a desperate parasite seeking a home. It usually attaches inside
the uterus, but not always. Sometimes implantation takes place in the fallopian
tubes. The chances of this are increased if the tubes are damaged by previous
infections.** A conceptus that implants in the oviduct can survive for a while, but
the tube provides little room for growth. If the embryo dies without rupturing the
tube, the woman may not know that conception had occurred. If the tube ruptures,
the woman experiences pain and internal bleeding; rupture constitutes a surgical
emergency. The rate of ectopic pregnancy is as high as 2% of all registered preg-
nancies in some countries.*

It is also possible for the fertilized egg to escape from the open end of the tube
and implant outside the reproductive tract entirely. One accommodating site for
implantation is the curtain of blood vessels that covers the bowels. There are
rare examples of such pregnancies producing viable fetuses**—such pregnancies
would obviously end in disaster without cesarean section because there is no nat-
ural way for the fetus to be delivered.

The Fetal-Maternal Boundary

The trophoblast cells define the boundary between fetus and mother. In the early
stages of implantation, individual trophoblast cells separate from the conceptus
and migrate into the endometrium, where they surround and invade the maternal
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spiral arteries of the uterine wall.*! The trophoblast cells cause the arteries to
relax, increasing local blood flow, which in turn bathes the newly developing
blood vessels of the conceptus. Inadequate invasion of the trophoblasts at implan-
tation can impair this transformation of the spiral arteries and thus limit the blood
flow to the conceptus. This in turn can contribute to preeclampsia and other prob-
lems later in pregnancy.*

Trophoblast cells eventually develop into the placenta, a pie-shaped organ that
mediates all exchanges between fetus and mother (Fig. 1-18). The placenta is not
simply an extension of the fetus—it is a multiple-organ system with alimentary,
pulmonary, renal, hepatic, and endocrine functions.** By six weeks after concep-
tion, the placenta has taken control of the hormonal milieu of pregnancy. The pla-
centa produces progesterone, estrogen, placental lactogen, and other hormones.
The placenta is also an active metabolic site, able to process many of the sub-
stances that cross from maternal blood.

There is a wide divergence of placental types among mammals. Some have
relatively shallow invasion of the uterine tissue, and others have no invasion at
all. None is more invasive than the human placenta, and there is no satisfactory
animal model for studying the processes of human placentation.

Although the blood of the human mother does not actually mix with the blood
of her offspring, the intimate contact between maternal blood and fetal blood ves-
sels in the placenta allows diffusion of oxygen, nutrients, hormones, and antibod-
ies from the mother to the developing embryo. A mother’s medications or toxic

PLACENTA

Figure 1-18. The placenta in utero
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exposures can also cross this barrier, as can viruses such as cytomegalovirus and
rubella—with damaging consequences for the fetus.

In the other direction, the fetus discharges its metabolic waste via the placenta.
Some fetal cells also make their way into the mother’s bloodstream. These fetal
cells can be detected in the mother’s peripheral blood (especially if the fetus is a
male, allowing the cells to be more easily distinguished from the mother’s own
cells). Fetal cells in maternal circulation have been proposed as a source of fetal
genes for prenatal genetic tests.* Even more promising for fetal testing is the large
quantity of acellular fetal DNA found in mother’s blood, presumably shed from
the rapidly developing placental cells.**

Renegade fetal cells not only circulate in the mother’s blood during pregnancy;
they can settle into the mother’s bone marrow as stem cells and survive for years,
producing fetal blood cells in the mother long after delivery.* Such maternal
“microchimerism” (i.e., involving a relatively small number of cells of the fetus)
has been speculated to contribute to women’s later risk of autoimmune diseases,
although there is limited evidence to support this.*¢

On the topic of microchimerism, cells apparently cross the placenta in the other
direction as well. Maternal stem cells that produce lymphocytes and blood cells
are able to establish themselves in fetuses.*’” The health effects, if any, of these
stowaway cells from the mother are unknown. If these maternal cell lines persist
into the fetus’s adult life, it could be possible for a woman to carry within her body
genetically distinct cells from three generations—cells from her mother and cells
from her children.

Pathologies of Placentation

Molar pregnancy (also known as hydatidiform mole) is a condition in which a
placenta flourishes in the absence of a fetus. The genetics of this condition are
revealing: molar pregnancies result when the maternal genetic contribution has
been lost at conception, but the father’s genes remain in diploid form. (A variant
of molar pregnancy has one set of maternal genes and two sets of paternal genes.)
These genetic observations point to the important role of paternal genes in the
development of the placenta (see the discussion of gene imprinting in Chapter 5).

Molar pregnancies produce a positive pregnancy test and may at first be mis-
taken for an ordinary pregnancy. The classic clinical sign of molar pregnancy is
painless vaginal bleeding. Although most molar pregnancies are benign and with-
out consequence once removed, this condition can degenerate to a malignancy
known as choriocarcinoma.

Other problems of the placenta include errors in its placement or attachment.
Placental abruption occurs when the placenta begins to separate from the uterus
before delivery. Sudden and massive bleeding into the uterus can threaten the lives
of both the mother and her fetus. Another complication occurs when the placenta
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grows over the cervical opening (placenta previa). In this position, labor will tear
the placenta from its moorings, again with the possibility of catastrophic bleeding.

After Birth

Despite its essential role during pregnancy, the placenta comes to an ignoble end.
At delivery, the placenta is a half-kilogram of floppy blood-soaked tissue con-
nected to the baby by the umbilical cord. It has no further physiologic function.
Like any tissue, it is edible (for example, sautéed with onions*¥), and in other
species the mother often eats the placenta after delivery. Placentas are a common
ingredient in cosmetics.* In a few cultures, the placenta is preserved or buried
with special ceremonies,>® but more often it is simply discarded.

Science has provided another reason to save placental tissue, or at least pieces
of it. The placenta is one of the most accessible of all human tissues, and can
provide useful information on toxicant exposures to the fetus.>' Substances that
can be measured in placental tissue include organochloride pesticides, dioxins,
and heavy metals.

The End of the Beginning

This brief overview of human reproduction does not do justice to its complexity and
subtlety. Still, it provides a framework for the chapters that follow. Note especially
the natural variability that characterizes nearly every aspect of reproduction—there
is a bell-shaped frequency distribution of everything from age at menarche to the
time of implantation. Our understanding of this variability comes from epidemi-
ologic studies. Epidemiology is usually defined as a tool for understanding dis-
ease, but epidemiology also helps to uncover the natural workings of biology. This
is nowhere more apparent than in the area of reproduction. The next chapter (on
aspects of human fertility) is based almost entirely on epidemiologic observations.
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On Getting Pregnant

For a woman to conceive, she must have intercourse close to the time of her
ovulation—but how close? The number of days on which a woman can conceive
depends on how long the sperm can survive in the female reproductive tract and
on how long the egg is available for fertilization. As it happens, this basic repro-
ductive information has come not from physiology or clinical studies but from
epidemiology.

The year 1916 was a terrible one in Germany. More than 160,000 German sol-
diers had died in the disastrous Battle of the Somme, and thousands more were
dying up and down the Western Front (Fig. 2-1). Not surprisingly, the country’s
birth rate was in decline.

Worried by the loss of young men and the falling birth rate, a young German
physician named Walter Pryll carried out a research project that aimed to help
replenish the population.! He sought to identify the days during the menstrual
cycle when women were most likely to conceive. In some parts of rural Germany,
weddings were scheduled for just after a woman’s menses, which according to
local tradition was when women were at their maximum fertility.! However, sci-
entific data on this question were practically nonexistent. Pryll figured that if he
could identify the most fertile days, this would help women improve their chances
of conception.

As it happened, the conditions of war created an opportunity to address this
question. Soldiers on the Front received occasional 1-day passes to go home. Pryll
gathered data on pregnancies conceived during those brief visits. Pregnancies
conceived during 1-day visits identify the fertile days of the menstrual cycle. Pryll
found a total of 25 pregnancies that had resulted from 1-day visits. Under the rea-
sonable assumption that leave days were random with regard to menstrual cycle
days, the distribution of those conception days should describe the distribution of
fertile days. The results are shown in Figure 2-2. Although the numbers are too
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Figure 2-1. On the Western Front, World War I
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Figure 2-2. Conception days for 25 pregnancies conceived with intercourse on
only 1 day of the cycle (Germany, 1917)!

small to provide much precision, the variability is impressive: pregnancies were
conceived across a broad span of menstrual cycle days.

Pryll’s unusual study underscores how hard it is under more ordinary cir-
cumstances to identify a woman’s fertile days. The best evidence of whether
a woman is fertile on a given day is the occurrence of conception with inter-
course on that day—and on that day alone. The problem is that couples do not
ordinarily have intercourse on just one particular day of a cycle. If they have
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intercourse on even two cycle days, then there can be no certainty as to which
of the 2 days produced the pregnancy. The more cycle days with intercourse, the
greater the uncertainty. Although Pryll’s design was an attempt to remove this
uncertainty, it is still not possible to be sure that a woman did not have inter-
course on another day of the cycle—all we know is that the husband was absent
on those other days.

Despite the obvious limitations of this study, decades passed before researchers
were able to improve on it.

The Fertile Days of the Menstrual Cycle

A fertile day is defined as a day of the menstrual cycle on which unprotected in-
tercourse is able to produce pregnancy. This does not have to be the day of ovula-
tion, nor is it necessarily the day on which conception takes place. It is rather any
day on which a spermatozoon deposited in the vagina has the possibility of fer-
tilizing an ovum. If sperm survive for a week in the woman’s reproductive tract,
then the fertile days would start a week before ovulation. If the ovum were able to
survive for a week after its release from a follicle, then the fertile days would last
for a week after ovulation.

In 1961 the demographer R. G. Potter summarized the best available data on
survival of sperm and egg to estimate the fertile window. According to Potter,
“most investigators now doubt the average fertile period averages as long as 72
hours.”? Two decades later, the World Health Organization proposed that women
have 10 fertile days in every cycle, based on properties of the cervical mucus.?
Which is correct? As it turns out, neither is.

To address this question rigorously requires daily information on ovulation,
intercourse, and the resulting conceptions for a group of women. Using this
approach, an epidemiologic study reported in 1995 found that the fertile days
started 5 days before ovulation and ended on the day of ovulation.* This 6-day
window has been confirmed in another population.’ From these observations we
can infer that sperm survive for up to 5 days in the woman’s reproductive tract,
whereas the ovum apparently dies quickly after ovulation (or becomes unavail-
able for fertilization, perhaps because of changes in cervical mucus that block the
passage of sperm into the uterus).

It would be extremely useful for women to be able to know when their fertile
days are occurring. Unfortunately, the prediction of ovulation (and thus the iden-
tification of the fertile window) is still an inexact process. Biological markers
such as changes in cervical mucus have been proposed as ways to identify the six
fertile days prospectively. Although most evidence suggests that such markers are
not highly predictive,® some results appear promising.’
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As a woman starts a new menstrual cycle, there is no way to predict with
certainty when she will ovulate. It is possible, however, to make probabilistic
statements about the likelihood of ovulation. Figure 1-10 in Chapter 1 shows the
natural variability of ovulation in the menstrual cycle (the frequency distribution
of the follicular phase length). By applying the 6-day fertile window to this distri-
bution of ovulation, we can estimate the probability that a woman would be in her
fertile days on any given day of the menstrual cycle (Fig. 2-3).2

Note that the probability in this figure is not a woman’s chance of conceiv-
ing but rather her chance of being in that time window when she is capable of
conceiving. As shown in Figure 2-3, about half of all women are in their fertile
days on any given day from the eleventh to the fourteenth cycle-day. However, the
chances of a fertile day are widely distributed. An estimated 2% of women are in
their fertile days on day 4 of their cycle, when most women are still menstruating.
Thus, the presence of menstrual bleeding is no guarantee against conception. At
the other end of the cycle, around 5% of women are fertile at the beginning of
their fifth week, when most women expect their next menses. Pryll’s World War
I study may have been limited in many respects, but the extreme range of fertile
days suggested in his data is not inconsistent with data from larger and more care-
fully observed populations.

The Probability of Pregnancy with Intercourse on a Specific Day

Assuming that there are six fertile days in each cycle, what is the actual probabil-
ity of pregnancy on these 6 days? This is a more difficult question because couples
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Figure 2-3. For any given day of her menstrual cycle, the probability that a
woman is in the 6-day fertile window (213 women, North Carolina, 1983-85)
(Reprinted from Wilcox et al®)
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vary widely in their baseline ability to conceive (see Chapter 9). However, some
estimates can be made for couples on average.

The general pattern of day-specific fertility in the fertile window is shown in
Figure 2-4.° As might be expected, the lowest probability is on the earliest day of
the fertile window (presumably corresponding to the longest time that sperm can
remain viable in the female reproductive tract). The highest probability is on the
day before ovulation. The probability of conception fell to zero on the day after
ovulation.

Carl Sagan and the Unintended Consequences of Time Travel

One interesting argument against the wisdom of time travel (if it were possible) is the
likelihood that a step back in time would obliterate our own existence.

In his book Cosmos," Carl Sagan pointed out that even a tiny perturbation in history,
centuries ago, would have a dramatic ripple effect. Consider the hundreds of millions of
spermatozoa in each ejaculate. The creation of any particular person depends on fertiliza-
tion by precisely one of those sperm and no others. The slightest change of environment,
external or internal, would likely produce a different person from the same ejaculate. A
different ejaculate would have no possibility of producing the same person. Thus, even
the most trivial change, introduced far enough back in our history, would eventually cas-
cade into a genetic rearrangement of the entire population of humanity. We and all the
people we know would cease to exist. In our place would be billions of others.

These women had a 28% chance of producing a clinical pregnancy with inter-
course on this peak day. This is about the same as the overall chance of getting
pregnant in a given cycle.!! Thus, intercourse on the peak fertile day doesn’t appear
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Figure 2-4. Probability of conception given intercourse on a specific day of the
fertile window (144 clinical pregnancies among 221 women, North Carolina,
1983-85) (Reprinted from Wilcox et al°®)
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to improve the average couple’s chances of pregnancy by much. This observation
may seem counterintuitive, but it probably reflects the fact that most couples of re-
productive age are having intercourse often enough (two or three times a week'?)
to hit the most fertile days by chance. Also, intercourse is not entirely by chance,
even among couples who pay no attention to ovulation or fertile days.

Links between Intercourse and Ovulation

There are biological mechanisms in many mammalian species to increase the
chances that intercourse will take place during the female’s fertile days. (The
evolutionary advantages are obvious.) For some animals, the female becomes sex-
ually attractive to males and more receptive during her fertile period. In other ani-
mals (such as cats and rabbits), causation can go in the other direction: intercourse
may trigger ovulation and thus induce fertility. Neither of these mechanisms has
been established in humans, although recent data suggest they both might occur.

Consider the pattern of human intercourse over the menstrual period. Even
among couples who are not trying to become pregnant, intercourse reaches its
peak on the most fertile days of the cycle and then declines in the luteal phase'?
(Fig. 2-5). (These data are from women who had tubal ligation or were using
IUDs, and who therefore had no interest in how the timing of their intercourse
might be related to their ovulation.)
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Figure 2-5. Intercourse in relation to day of ovulation (171 cycles from 68
women with tubal ligation or IUD, North Carolina, 1983-85; solid line is 3-day
moving average) (Reprinted from Wilcox et al'®)
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There are several possible biological mechanisms that might produce a peak
of intercourse around ovulation. One possibility is that a woman has heightened
sexual desire around the time of ovulation. Another is that a woman may become
more sexually attractive during her fertile days. (A study of tip earnings by lap
dancers supports this.'*) Female attractiveness could be enhanced by the produc-
tion of cycle-regulated pheromones."

A third possibility is that intercourse accelerates the release of an egg that is
already ripe for ovulation. This is difficult to determine in observational stud-
ies, although there are indirect clues. A multicenter study found that intercourse
before ovulation accelerated ovulation and produced a shorter menstrual cycle.!¢
Another study considered patterns of intercourse through the week. Intercourse
is most likely on weekends, whereas ovulation presumably occurs randomly with
regard to day of the week. If intercourse were able to trigger human ovulation,
then the increased intercourse on weekends might produce increased ovulation
early in the week. Preliminary data suggest this pattern.'> These several mecha-
nisms linking ovulation and intercourse are of course not mutually exclusive;
more than one mechanism could be at work.

What is the Chance of Getting Pregnant with
One Random Act of Intercourse?

In 1960, the demographer Christopher Tiezte carried out an elegant extrapolation
from crude biological assumptions and concluded that women have a 2%—-4% chance
of conception with one random act of intercourse.'” Forty years later, the chance of
conception with one act of intercourse was calculated as 3%, based on the daily prob-
abilities in Figure 2-4.13

Both estimates are flawed in that they assume intercourse is random with regard
to fertile days. We now know this is not true (see Fig. 2-5). To the extent that bio-
logical mechanisms press couples toward intercourse on the fertile days, the chance
of conception will be higher with a “random” act of intercourse than predicted, sim-
ply because intercourse is not completely random. Couples having daily intercourse
would be unaffected by such biological influences, whereas among couples having
intercourse only sporadically, those biologic mechanisms may have strong influence.
Thus, the oft-heard lament from young couples who “took a chance just that once” may
be true more often than is generally supposed.

How Soon Do Women Know They Are Pregnant?

SYMPTOMS OF PREGNANCY. Justas with every other aspect of reproductive biology,
there is variability in the time when women start having symptoms of pregnancy.
Figure 2-6 shows the cumulative proportion of women with pregnancy symp-
toms by time since the last menstrual period.'® These diary data were recorded
by women who were trying to get pregnant; women who are not expecting to



ON GETTING PREGNANT 33

100

\

N
o1

Women with symptoms of pregnancy
(cumulative per cent)
o1
o

0 T T T T T T
14 21 28 35 42 49 56

Days since LMP

Figure 2-6. First symptoms of clinical pregnancy in relation to LMP (151
women with planned pregnancy, North Carolina, 1983-85)"

become pregnant might take longer to recognize their symptoms. About a quarter
of women had symptoms by day 30, which is around the time when many women
might also recognize that their period is late. Half of women had symptoms by
6 weeks of pregnancy, and 10% still had no apparent symptoms by 8 weeks. There
is a tendency for pregnancies ending in miscarriage to produce symptoms later.
Women who have no symptoms by the eighth week after the last menstrual period
are twice as likely as other women to miscarry."”

About half of women did not yet have symptoms 3 weeks after conception.!”
By 3 weeks the neural tube has already been established, and other major organs
are formed soon after.’ Thus, women who wait for pregnancy symptoms before
starting prenatal vitamins or avoiding possible toxic exposures may be acting too
late to protect their baby.

PREGNANCY TESTS. Symptoms are not the only way that women discover they
are pregnant. Women in many countries have access to home pregnancy test Kits
that can detect urinary human chorionic gonadotropin (hCG) soon after implan-
tation. Early diagnosis of pregnancy may be useful to women, but there can be
unintended consequences. For example, there is a high rate of pregnancy loss in
the first week or two after implantation (discussed in Chapter 10). Women who
use pregnancy tests early in their pregnancy are more likely to detect pregnancies
that end in early loss, which otherwise might have been mistaken for ordinary
menses.

From an epidemiologic standpoint, self-testing for pregnancy can complicate
the estimation of rates of pregnancy loss. This is a problem particularly if women
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A Short History of Pregnancy Tests

The idea of using urine to test for pregnancy has been around for millennia. An
Egyptian papyrus from 1350 BC advises a woman to water the seeds of barley and
wheat with her urine. If both types sprout, she is pregnant.?! For women who don’t
want to wait for sprouts, a medical treatise from 1580 suggests that urine from a preg-
nant woman will turn a clean needle mottled red overnight.?!

In 1927, researchers discovered that the urine of pregnant women could stimulate
ovarian follicular development in mice.?? This led to various pregnancy bioassays in
the 1940s and 1950s in which women’s raw urine was injected into mice, rabbits, or
frogs, and the animals sacrificed for evidence of ovarian stimulation. These procedures
are expensive and time-consuming—and not particularly reliable. The development in
the 1960s of sensitive and specific assays for hCG has spared many small animals.

exposed to a possible reproductive toxin are more likely to do early testing. In that
case, early testing could uncover more losses even in the absence of an effect of
the toxin. To avoid such bias, an epidemiologic study would have to collect infor-
mation about the use and timing of early pregnancy tests.

Although test kits are highly sensitive at detecting hCG, they are not as accurate
as the package inserts state. Most instructions tell women to test for pregnancy on
the “first day of their missed period.” If the test result is negative, this is supposed to
provide a high level of certainty that the woman is not pregnant. Such instructions
do not take into account the extent to which the ovulation day (and thus the con-
ception day) can vary among women. There are always some women who ovulate
later than their usual cycle length would suggest and who therefore conceive later
in their cycle than expected. Such conceptions may not have implanted even by the
time a woman expects her next menses. Before implantation, there is no hCG in
the mother’s blood or urine and no possibility of detecting the presence of a fertil-
ized egg. About 10% of all clinical pregnancies are undetectable on the first day of
the “missed period” because of late implantation.”? About 3% of pregnancies will
still not have implanted even 1 week after the expected onset of the next period.
Thus, when pregnancy test kits are used as directed (at expected onset of the next
menses), there is a threat of both “false-positive” readings (in the sense of detecting
pregnancies that were not going to last long enough to be clinically apparent) and
false-negative readings (healthy conceptions that have not yet implanted).

The Bottom Line

Mechanisms that have developed over eons of evolution conspire to make con-
ception happen. Most couples are able to conceive within a few months of trying
and without attention to timing of intercourse or other strategies often suggested
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in the popular media.?*? For couples who have tried to conceive without success,
their chances may be improved by an understanding of the fertile days. A woman
who does not wish to become pregnant should be aware that in the absence of reli-
able information on when she ovulates, it is theoretically possible to get pregnant
with intercourse on almost any day of her cycle.
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How Humans Control Their Fertility

A person’s control of his or her fertility is an individual right as well as a matter of
social and economic consequence for society at large. Personal decisions regard-
ing fertility affect nearly all aspects of reproductive epidemiology, sometimes in
obvious ways and sometimes in ways that are surprisingly subtle.

Not all population-based health research is done by epidemiologists. Much of
the work summarized in this chapter is from the field of demography, a specialty
of sociology that sometimes converges with epidemiology.

Fertility Control from a Global Perspective

Two hundred years ago, Thomas Malthus proposed that human populations
inherently grow faster than food production.! In Malthus’s formulation, human
history is an endless cycle of population growth interrupted by starvation. The idea
that population growth begets human misery was a dismal contrast to the more
prevalent view at the time, that population growth was a spur to economic growth.
Malthus’s ideas influenced many of the important thinkers of the nineteenth
century including Charles Darwin, who transformed this idea of constant struggle
into the concept of natural selection.

Malthus’s ideas about populations went into eclipse in the late nineteenth
century, as industrialization and modernization lowered death rates (especially
infant mortality) while also providing the means and wealth to sustain population
growth. When the benefits of industrial development spread to the rest of the world
in the twentieth century, something historically unprecedented occurred: death
rates fell rapidly in areas that had high birth rates. The result was an explosion of
growth (Fig. 3-1).

37
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Figure 3-1. Human population growth over history. The lightly shaded area is
growth projected by 2050. (Data from Kremer?)

This population explosion led to a revival of Malthusian gloom, epitomized
by the publication of The Population Bomb by Paul Ehrlich in 1968.3 During
the 1960s the world population was growing at a rate of 2% a year—fast enough
to double in just 35 years.? Ehrlich proposed that this rapid population growth
would soon outstrip the available food supplies, leading to widespread famine by
the 1980s. International efforts were launched in the 1970s to reduce population
growth by promoting family-planning methods. These efforts were focused on
developing countries where birth rates were highest.

The disaster predicted by Ehrlich failed to materialize (or was it merely
delayed?). The world’s population did double during the 40 years after Ehrlich’s
book, but starvation actually decreased as a result of the industrialization of food

The Rule of 70
(or How to Compute Doubling Times in Your Head)

You can quickly estimate the time it takes a population to double in size (or your bank
account to double in value) at a fixed annual rate of growth: divide 70 by the percent-
age annual growth as a whole number. The result is a surprisingly close approximation
of the doubling time. Thus, 7% annual growth would lead to a doubling in about 10
years, whereas 10% annual growth will produce a doubling in about 7 years.




HOW HUMANS CONTROL FERTILITY 39

production. Meanwhile, birth rates have been falling in most parts of the world,
defusing population growth as a political issue.

What Proportion of People Who Have Ever Lived Are Alive Today?

An urban myth that has circulated since the 1970s says that more people are alive today
than have ever lived in the history of humankind.* That isn’t true, or even close. The
question involves guesswork, but it is possible to make a rough estimate. Assume that
modern Homo sapiens emerged about 50,000 years ago, and that there were 5 million
humans around at the dawn of agriculture 12,000 years ago. Using rough guesses
about fertility and mortality, Haub has estimated that about 1 billion people lived up
to the beginning of the agricultural era.* The population in the year 1 AD has been
estimated at 300 million, so that would add another 46 billion or so in the interim.
The world population passed the 1-billion mark some time after 1800, with another
44 billion in the interim. Since 1800 (when the first modern censuses were begun),
there have been about 15 billion people. These total to about 106 billion humans on
planet Earth.* With nearly 7 billion people alive today, the living comprise perhaps 7%
of all past and present members of our species.

Total Fertility and Trends over Time

One measure used by demographers to summarize fertility is the fotal fertility
rate. Total fertility is an artificial but useful concept—it is a projection of how
many children would be born to a woman in her lifetime if she were to experience
the age-specific fertility rates of a given year. (This is exactly analogous to the cal-
culation of life expectancy based on age-specific mortality rates in a given year.)
A total fertility rate of 2.1 children is regarded as replacement level—enough to
replace the woman and her partner while allowing for the smaller number of girls
than boys at birth and the small proportion of children who will not themselves
reproduce. (In countries with high infant and childhood mortality, the level of
fertility necessary for replacement may be higher.)

Figure 3-2 shows the distribution of total fertility rates for the world as a whole
at three points in time since 1950.° In the early 1950s, the median total fertility
(50 percent on the Y axis) was more than five children per woman. By the late
1970s, the median was under 4 children per woman, and in 2003 the world me-
dian reached 2.1. Although some countries continue to have high birth rates, it is
nonetheless remarkable that fertility in much of the world has fallen so dramati-
cally in such a short time—with at least half of the world now reproducing at less
than replacement levels. China’s one-child policy is a major contributor to this
trend; total fertility rates are also approaching one child per couple in other Asian
countries (Japan, Taiwan) as well as in some parts of Europe (Spain, Italy).5 In
1994, the total fertility rate in East Germany dipped to 0.8.
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Figure 3-2. World fertility rates in 1950, 1975, and 2003 (cumulative distribu-
tions) (Adapted from Wilson and Pison?)

Projecting Future Population Growth

Does the fact that the world is approaching replacement levels of fertility mean
that the world’s population has stopped growing? Not at all. There is a gap
between the time when fertility reaches replacement levels and the time when
growth stabilizes. This is because of the lag time that is required for a given
birth cohort to reach and complete their reproductive years. This is illustrated in
Figure 3-3. This graph shows the population of the Philippines stratified by sex
and age. The strong pyramid pattern is characteristic of populations during times
of rapid population growth and low mortality, when people are producing more
than the replacement number of children.

Consider what would happen if fertility in the Philippines were immediately
to fall to replacement levels. Each birth-cohort of women in the reproductive
ages (shaded in the figure) would exactly replace themselves. However, the
number of women of reproductive age will continue to grow for at least the next
15 years as the young women aging into this group exceed the older women
aging out. It can take years for replacement levels of fertility to stop population
growth.

Figure 3-4 shows the age pattern for Italy. There have been less-than-replace-
ment levels of fertility for decades. As a consequence, even if Italy were to in-
crease its fertility to replacement levels, the total population would continue to
decline as the smaller birth cohorts move through their reproductive years.

This delayed effect of changes in fertility is why the world’s population—
estimated at 6.8 billion in 20097—is continuing to grow even as we approach
replacement levels of fertility (Fig. 3-5). The world population is projected to
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Figure 3-3. Population stratified by age and sex, Philippines 2007 (reproductive
ages for women are shaded) (Source: U.S. Census Bureau, International Data
Base)
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Figure 3-4. Population stratified by age and sex, Italy 2007 (reproductive ages
for women are shaded) (Source: U.S. Census Bureau, International Data Base)

grow by more than 2 billion people by midcentury.® Although such predictions
rest on many assumptions, they nonetheless demonstrate the tremendous momen-
tum of population growth. Furthermore, nearly all (95%) of the world’s population
growth is taking place within the developing countries (Fig. 3-5).8 Between 2005
and 2050, nine countries are expected to contribute half of the world’s population
growth. They are (in order of their contributions) India, Pakistan, Nigeria, Congo,
Bangladesh, Uganda, the United States, Ethiopia, and China.



42 FOUNDATIONS

Developed Nations in 2000 Age
o0~
V7OA
VGOA
[ 50 ]
o 407 {
30—
[ o0 1
MALES § 2] 1 FEMALES
l[ O ]J
L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
320 280 240 200 160 120 80 40 0 0 40 80 120 160 200 240 280 320

Millions of People

Developing Nations in 2000 Age
~ 80—
V7OA:]
[ 60 -
[ ! 50 L 1
—! 40 -
= 30 1
—I : 20 ]
[ 10 1
o

L1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 |
320 280 240 200 160 120 80 40 O O 40 80 120 160 200 240 280 320

Millions of People

Figure 3-5. Populations stratified by age and sex for developed and developing
nations, 2000 (Adapted from University of Michigan Global Change Curriculum)

While the effects of past fertility are simple to project, future changes in human
fertility rates are much less certain. Fertility is determined by much more than
the availability of birth control. Fertility rates started to decline in industrial-
ized countries before effective methods of contraception had become available.
Motivated couples are able to exert measurable control over their fertility even
when they have few tools to help them. Still, the largest declines in birth rates
have occurred after effective methods of contraception and sterilization became
relatively cheap, simple and available.

Fertility Control from an Individual Perspective

We take for granted the diverse menu of birth control methods available today,
but this modern convenience was hard won. Contraception inevitably raises the
subject of sex, and sex can be an incendiary topic. In countries such as the United
States, where Puritan values retain a foothold, the history of contraception is a
history of social and political repression. Repressive policies toward birth control
have in turn obstructed research and the dissemination of information. This pat-
tern is seen even today.

Before 1900, a couple’s options for preventing pregnancy were limited. Aside
from abstinence, couples had the option of withdrawal before ejaculation and
primitive barrier methods. The use of animal intestines as condoms dates back
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at least to the seventeenth century, although men used them more often to protect
themselves from syphilis than from fatherhood.’

The first synthetic condoms were developed in the mid-1800s, after Charles
Goodyear discovered vulcanization (the process that gives rubber its elasticity).
The early “rubbers” were bulky contrivances with seams down the side. Although
primitive by modern standards, they were still effective enough to stir up opposi-
tion. The Roman Catholic Church has had long-standing objections to any method
of birth control. There were also more general concerns that birth control meth-
ods would corrupt the morals of young people. In the United States, the so-called
Comstock laws enacted in the 1880s prohibited the transport of condoms—or
information about contraception in any form—through the U.S. mail. Condoms
were available only by prescription, “for the prevention of disease.” It was not
until 1972 that the U.S. Supreme Court struck down the last laws prohibiting the
distribution of contraceptives to unmarried persons.

Contraceptive Methods Based on Fertility Awareness

The discovery in the 1920s that women ovulate once in midcycle led to the pos-
sibility of timed intercourse to restrict fertility.!® In principle, women who do
not wish to conceive should be able to have intercourse on any day outside their
six-day fertile window without other birth control, and with no worries about
becoming pregnant. The problem comes in knowing which are the fertile days.
There are several approaches to identifying fertile days. The earliest methods (for
example, the thythm method) required a woman to abstain from intercourse for a
long block of days during the middle of her cycle. One limitation of this approach
is that the timing of ovulation is so unpredictable that extensive abstinence is
needed to assure high efficacy (see Fig. 2-3 in Chapter 2).

The effectiveness of periodic abstinence as a method of birth control has been
improved with basal body temperature (BBT) measurement, cervical mucus mon-
itoring, and hormonal monitoring kits. Although none of these methods identifies
the fertile days unerringly, they can substantially reduce the probability of preg-
nancy. With perfect use, failure rates with periodic abstinence have been reported
as low as three to five pregnancies per 100 women per year.!" (This measure is
the usual method for evaluating contraceptive effectiveness—for reference, about
85 to 90 women would be expected to conceive out of 100 women using no birth
control for a year.) With less perfect (and more typical) use of timed abstinence,
about 25 women per 100 will conceive in a year.'!

Barrier Methods

Rubber condoms were steadily improved in the early 1900s, and latex condoms
were introduced in the 1930s. Modern condoms have the advantage of being cheap
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and easy to use. They also can break or slide off. With perfect use, the failure rate
is estimated at 2 pregnancies per 100 women per year, and with typical use, the
failure rate is around 15 pregnancies.

The diaphragm is another early barrier method, and one that allowed women
to more directly control their own fertility. The diaphragm is a flexible rubber
shield that a woman inserts into her vagina before intercourse. Like the condom,
the diaphragm blocks sperm from gaining access to the cervix. A drawback of the
diaphragm is that it needs to be custom fitted and so usually requires assistance
from a health professional.

The diaphragm was developed in Europe in the late 1800s but remained unavail-
able in the United States until Margaret Sanger illegally imported them in the
1920s. (Sanger was the founder of Planned Parenthood and is the unquestioned
heroine of female reproductive rights.) The diaphragm was quickly adopted in the
United States despite legal and religious obstacles, and by the 1940s, about one-
third of U.S. married couples were using them. The failure rate with correct use
(including spermicide) is estimated at 5 pregnancies per 100 women per year, and
with typical use the failure rate is around 16 per 100."

The diaphragm has fallen into general disuse since the introduction of oral
contraceptives.!? Other variations of female barrier methods are the cervical cap
and the contraceptive sponge; their failure rates are in the range of 15 to 30 preg-
nancies per 100 women, and neither is widely used. There is a female condom—a
loose-fitting sheath that is anchored externally and extends into the vagina. This
device was developed in the wake of the HIV epidemic as a birth control method
that could also protect women from infection. Although it does provide some
degree of HIV protection, it is not a highly effective contraceptive. With perfect
use, its failure rate is 5 pregnancies per 100 women per year, and, with typical
use, closer to 21.1

Hormonal Contraceptives

Oral contraceptives are the innovation that most dramatically changed the land-
scape of birth control. As early as the 1940s, researchers understood the biolog-
ical principles by which reproductive hormones might function as contraceptives,
but no group—neither universities nor pharmaceutical companies nor govern-
ments—was willing to conduct the work necessary to develop a contraceptive pill.
Margaret Sanger again came to the rescue. She introduced a wealthy woman phi-
lanthropist to physiologist Gregory Pincus in 1952. The philanthropist provided
the private funding that allowed Pincus and his colleague John Rock to tackle this
problem. Their collaboration produced the first oral contraceptive approved (in
1960) for human use. The pill remained illegal in some U.S. states until 1965 and
was unavailable to unmarried women in some places until 1972. Today the pill is
used by an estimated 100 million women worldwide.
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The oral contraceptive was a unique advance in birth control: the combination
of progesterone and estrogen physiologically intercepted the woman’s capacity
to conceive by temporarily suppressing ovulation. Oral contraceptives probably
also change the endometrium and cervical mucus in ways that further discourage
conception. A return to full fertility usually occurs within 3 months after discon-
tinuing use. The failure rate is less than one per 100 users per year when used per-
fectly. Under more typical conditions of use (in which women occasionally forget
to take a pill), the failure rate is estimated at eight per 100 users per year.

More recent formulations of oral contraceptives include a variety of synthetic
progestagens and estrogens that work at much lower doses than the original for-
mulations. Furthermore, contraceptive hormones do not necessarily need to be
taken orally—routes of administration include injection, skin patch, and subcu-
taneous implants. The most severe side effect is stroke or heart attack related to
changes in blood coagulation; these risks have been reduced with the introduction
of lower-dose pills. Beneficial effects include a reduced risk of ovarian and endo-
metrial cancer, especially among long-term users.

Intrauterine Devices

Intrauterine devices (or IUDs) are another effective method of birth control devel-
oped around the same time as the pill. These devices require medical personnel to
insert the device through the cervix into the uterus. The method by which IUDs
prevent conception is not fully established; the device induces a local inflamma-
tory response that appears to decrease the survival of sperm in the uterus and
perhaps also reducing the survival of the fertilized egg before implantation.!>!
Although there were a number of forerunners, the models that made the IUD
popular were the Lippes loop (introduced in 1962) and the “T” (in 1968)
(Fig. 3-6). The addition of copper to the T increases its effectiveness, and almost
all IUDs used today are a variant of the copper T. The IUD is the most popular
reversible method of contraception in the world, with an estimated 160 million
users. Failure rates are less than one per 100 women per year.

One sad story on the IUD’s road to eventual success was the introduction in
the United States of the Dalkon shield (Fig. 3-6). The Dalkon shield was distrib-
uted in the United States from 1971 to 1974; its use was suspended because of
an associated risk of uterine infection. Several women died from complications
attributed to the Dalkon shield. As a result, IUDs of any sort became unpopular in
the United States and have remained so despite their acceptance elsewhere.

Breast-Feeding as a Method of Birth Control

Women’s ovulation is suppressed during breast-feeding, which makes breast-feeding
an effective method of birth control—up to a point. During the first 6 months or so
after delivery, women who exclusively breast-feed their infants (and whose menses
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Figure 3-6. A sampler of intrauterine devices (IUDs): (A) Lippes loop,
(B) Saf-T-Coil, (C) Dana-Super, (D) Dalkon shield, (E and F) copper-Ts,
(G) multiload, and (H) progesterone IUD

have not resumed) have only about a 1% chance of becoming pregnant.!! (This is
known as the “lactational amenorrhea method” of birth control.) The problem is
that even a brief interruption of breast-feeding can weaken the suppression of ovula-
tion—and the first ovulation precedes menses.!! Thus, a woman may not know her
fertility has returned until she becomes pregnant again. (Conception with the first
ovulation after a delivery is one reason for pregnancies with no recorded LMP.))

Sterilization

Both men and women can be permanently sterilized by relatively simple opera-
tions that cut or seal essential tubes (the oviducts in women, the vas deferens
in men). Although the surgery in women is more complicated, it is also easier
to reverse. Tubal ligation (in women) and vasectomy (in men) has the advan-
tage of preserving normal hormonal function with no long-term health effects.
Sterilization is more than 99% effective.

The 1960s were a watershed decade for contraception, a time when the ground-
work was laid for the methods of birth control most commonly used today. Progress
since then has been mostly embellishment. Truly revolutionary advances such as
vaccination or male hormonal contraceptives have been proposed but without yet
proving to be practical.

Table 3-1 summarizes failure rates for the most common methods of birth con-
trol. These numbers are estimates drawn from many sources and for the most part
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Table 3-1 Failure rates of common types of birth control,
with perfect use and with typical use

Contraception Percentage pregnant in first year
Perfect use Typical use

Sponge*® 20 32

Spermicides 18 29

Withdrawal 4 27

Fertility awareness 5 25

Diaphragm 6 16

Male condom 2 15

Female condom 5 21

Birth control pill 0.3 8

1UD (copper T) 0.6

Female sterilization 0.5

Male sterilization 0.1

None 85-90

Source: From Trussell (2007), Table 27-1."
“Parous women. For unknown reasons, failure rates with the sponge are
lower for nulliparous women.

are only approximations. Advocates for a particular method often emphasize the
method’s effectiveness under optimal conditions. However, methods that require
some action on the part of the couple invariably perform better with perfect usage
than with typical usage.

Preferences for particular birth control methods vary widely by age and across
populations. For example, IUDs are more widely used in developing nations than
in the developed countries. In the United States, 2% of contracepting women use
IUDs compared with 50% in China.!"® Oral contraceptives are the most popular
reversible method in the United States, used by 31% of contracepting women.!?
Another 36% of U.S. contracepting women have opted for permanent sterilization
(three-quarters female and one-quarter male). Fertility awareness methods and
withdrawal are not widely used.

Emergency Contraception

Perhaps the most important birth control advance in recent decades has been
the extension of oral hormones as a method of emergency contraception.
Emergency contraception is the use of hormones by a woman after an act of
unprotected intercourse. Its probable mechanism of action is to disrupt or delay
ovulation.' The effectiveness of high doses of estrogens as emergency contra-
ception has been known since at least the 1960s, although side effects at those
high doses are unpleasant. In 1974 Yuzpe showed that two ordinary oral contra-
ceptive pills taken after unprotected intercourse effectively reduced the risk of
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conception.'” This off-label use of oral contraceptives was safe and easy, if not
widely recognized.

A low-dose progestagen (levonorgestrel) has proved to be an even more effec-
tive “morning-after” pill, with few side effects.’® In 1999, the U.S. FDA approved
the use of levonorgestrel as a postcoital contraceptive. This approval predictably
raised opposition. One concern has been that emergency contraception acts as an
abortifacient by interfering with the survival of a fertilized egg. There is no ev-
idence that levonorgestrel is an abortifacient.”® Another concern (an echo of the
condom argument of the late 1800s) is that a morning-after pill promotes promis-
cuity. Studies have found no evidence of this."” In 2006, emergency contraception
was approved in the United States for over-the-counter use, amidst much contro-
versy. It is presently marketed in over 50 countries.

The effectiveness of the morning-after pill is inherently difficult to estimate. A
randomized clinical trial is impossible; such a trial would be unacceptable either
for women who want to become pregnant or for women who do not. Estimates of
efficacy have been based on average pregnancy rate for a given day of the men-
strual cycle.?’ Notwithstanding the difficulties of this estimate, levonorgestrel on
the day after unprotected intercourse probably prevents at least half of pregnan-
cies that might otherwise have occurred.”

Pregnancy Termination

In the medical lexicon, abortion can refer either to the spontaneous death of
a fetus before it is viable outside the uterus (miscarriage) or to the intentional
termination of pregnancy (induced abortion). However, among the lay public
the word abortion has become so strongly linked with induced abortion that
medical usage is also changing. The word “abortion” is increasingly used only
for induced abortions, while “miscarriage” is used to refer to spontaneous
abortions.??

There is no simple or universal formula to define the occurrence of induced
abortions in populations.?® This can be defined as a percentage of all clinically
recognized pregnancies, or as a ratio of abortions to live births or as abortions
per 1,000 women aged 15-44 years. When abortion occurrence is compared over
time or across populations, care must be taken to compare like with like. The
measure used here is the ratio of abortions to live births.

The abortion ratio for the world as a whole has been estimated as 31 per 100
births.?* As with other perinatal data, this ratio varies widely across nations. Both
the lowest and the highest ratios are found in Europe (23 per 100 births in western
Europe and 105 per 100 births in eastern Europe). In the United States, the ratio is
25 per 100 births.> Overall, abortion rates are tending to decline.?

Abortions are performed for reasons ranging from rape to fetal malforma-
tion to simple request by the mother. Pregnancy termination remains a highly
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contentious social issue in many countries, whereas in others (such as Ukraine
and Japan), abortion has been a de facto method of birth control.

The laws regarding abortion also vary widely.?” Abortion in the first trimester
is provided free without questions in Italy, whereas in Chile it is illegal even as a
means to save the life of the mother. Nazi Germany regarded abortion as murder,
and in Nazi-occupied France a woman was guillotined for having an abortion.?
Where abortion is restricted or illegal, it is often conducted under unsafe conditions
that put women at considerable risk. In the United States, deaths related to abortion
plummeted with the availability of legal abortion (Fig. 3-7).2 WHO estimates that
half of the world’s abortions are unsafe, causing 68,000 deaths a year.’® Ninety-
seven percent of these unsafe abortions take place in the developing nations.?*

MEDICAL ABORTION. There is along history of efforts to discover herbs or other oral
agents that might cause the fetus to abort.?! In 1980 French researchers discovered
mifepristone, a compound that binds competitively to the receptor for progester-
one. By blocking the effects of natural progesterone in early pregnancy, mifepri-
stone produces miscarriage with minimal risk to the mother. Taken orally within
the first 7 weeks of pregnancy, a dose of mifepristone followed by a prostaglandin
is more than 80% effective in terminating pregnancy.*? Mifipristone was approved
for use in France in 1988 (after much controversy), and its use has spread world-
wide—along with strong opposition. There are no apparent adverse consequences
of mifipristone-induced abortion on the outcome of subsequent pregnancies.*

SURGICAL ABORTION. In the United States, vacuum abortion is the most common
surgical approach in early pregnancy, carried out with either manual syringe or
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Figure 3-7. Estimated number of maternal deaths annually from induced abor-
tion (United States, 1965-97) (Source: The Alan Guttmacher Institute?)
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electronic pump. Dilatation and evacuation are required after the fifteenth week
of pregnancy; surgical instruments are used to widen the opening of the cervix
and remove the fetus and placental tissue. The possibility of adverse effects from
surgical abortion on subsequent pregnancies has been extensively explored. The
consensus is that there is no increased risk of infertility, miscarriage, or ecto-
pic pregnancies.>* Some studies have suggested increased rates of preterm birth,
although the evidence is still under debate.*

Prenatal Screening

Prenatal screening allows couples and their caregivers to have early information
about possible problems with the fetus. Methods for prenatal screening include
fetal ultrasound, maternal blood assays, amniocentesis, and chorionic villus sam-
pling.*® Not all fetal defects can reliably be determined prenatally; the most easily
detected are major structural malformations, chromosomal abnormalities, and
single-gene defects (when the gene is known). When a problem is identified, one
option is to terminate the pregnancy by induced abortion.

Prenatal screening is susceptible to false-positive and false-negative results.
Although the accuracy of screening generally improves as pregnancy advances,
the options for termination grow correspondingly more narrow. This tradeoff
between early screening and fully informative screening is the central dilemma
of prenatal diagnosis, with steady efforts to improve early diagnosis.*’

ULTRASOUND. Prenatal ultrasound is widely available in developed countries
(and increasingly in developing countries). Ultrasound can detect major structural
defects as well as a characteristic translucency at the back of the fetus’s neck that
is associated with Down syndrome. Early ultrasound can also help to establish
the age of the fetus (based on fetal size), identify the presence of multiple fetuses,
and detect incipient miscarriages (for example, the absence of heartbeat). Later
ultrasound can show abnormalities of placental attachment.

MATERNAL SERUM MARKERS. Maternal serum can be screened for proteins derived
from the fetus (alpha-fetoprotein) or from the placenta (hCG and the pregnancy-as-
sociated plasma protein-A [PAPP-A]). Specific combinations of high and low levels
of these proteins are informative. For example, alpha-fetoprotein is increased in the
presence of neural tube defects and reduced in the presence of Down syndrome.*®

FETAL CELLS. A definitive diagnosis of genetic abnormalities requires fetal cells.
This can be done by sampling amniotic fluid or by biopsying placental tissue (the
chorionic villi). Both procedures carry a small risk of causing a healthy fetus
to miscarry—probably less than 1%.* The detection of fetal cells or free fetal
DNA in maternal blood is promising for noninvasive genetic study of the fetus,
although such methods are not yet reliable enough for general use.*®
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Assisted Reproductive Technology

A discussion of fertility control would not be complete without mention of the
remarkable technological advances that allow infertile couples to have children.
Louise Brown, the first “test-tube” baby, was born in 1978. (She now has a son of
her own, naturally conceived.) Since 1978, more than 3 million babies have been
brought into the world with help from assisted reproductive technology (ART).*
Most ART procedures include hormonal hyperstimulation of the ovary to force
the production of multiple ova. Once eggs are harvested, the most common tech-
nique is in vitro fertilization and transfer of freshly fertilized embryos into the
uterus. In the United States, this procedure comprises about 75% of all cycles
undergoing ART treatment.*? Other options include the transfer of a woman’s fer-
tilized eggs from an earlier cycle (stored frozen) or the transfer of freshly fertilized
eggs from another female donor. Injection of the sperm into the egg (intracellular
injection of sperm, or ICSI) was developed as an attempt to overcome problems
of male subfertility (Fig. 3-8). ICSI has proven so successful that it is now the pre-
ferred method for treatment of male-factor infertility.** The average live-birth rate
per ART cycle is around 30%, with considerable variability by age of the woman,
the underlying reasons for her infertility, and the types of procedures used.**
One unintended consequence of ART is an increase in multiple births.
Although only 1% of all U.S. births are the result of ART,*> ART pregnancies
account for 16% of multiple births.** The effect of ART has been especially con-
spicuous among triplets, with ART conceptions contributing an estimated 40% of
the total.* Indeed, the biggest risk attributable to ART seems to arise from the
production of multiple fetuses. Twins and other multiple fetuses are at increased

Figure 3-8. Fertilization by the injection of a spermatozoan into an egg (ICSI)
(Figure courtesy of Mary M. Francis, Embryology Laboratory Director, USC
Fertility, Los Angeles, CA)



52 FOUNDATIONS

risk of preterm delivery and perinatal death regardless of whether they are con-
ceived naturally or through ART (see Chapter 13).

A further question is whether the arduous procedures of ART might indirectly
damage the developing embryo and fetus. ART pregnancies are more likely to
experience preeclampsia, placental abruption, and placenta previa.*> One of the
most common risks with ART is preterm delivery. Singleton babies conceived
through in vitro fertilization have twice the risk of very preterm delivery com-
pared with naturally conceived babies.*¢ This could be the result of ART treat-
ment, but it also could be caused by shared risk factors (such as occult infection)
that produce both the infertility and the preterm delivery.*’” A comparison of natu-
rally conceived babies and ART-conceived babies from the same women suggests
that the excess risk of preterm lies in the women and not their treatment.*

A similar conundrum arises in the interpretation of low sperm counts or other
signs of fertility impairment among sons conceived by ART.* These impairments
may be the consequence of the mother’s treatment, but they also could be char-
acteristics inherited from subfertile fathers.> Fathers who are unable to produce
offspring except through ART assistance may transmit genetic defects that make
their sons infertile as well.!

There is some evidence to suggest a higher prevalence of birth defects among
ART births.*> This may be related to effects of treatment, but it could also be
an artifact of closer scrutiny of ART deliveries, or result from an association of
infertility itself with increased birth defect risk.’

The possibility of problems relating to gene imprinting has been raised for
ART pregnancies.? Imprinting is the selective inactivation of a gene depending
on whether the gene comes from the mother or the father (see Chapter 5). In vitro
manipulation of the egg and sperm may interfere with these epigenetic mecha-
nisms, although there has been no direct evidence that this is a problem.

The intracellular injection of sperm raises additional possibilities for unfavor-
able outcomes in ART pregnancies. This procedure allows fertilization by sperm
that otherwise are impaired in their ability to penetrate the ovum. If the sperm’s
inability to fertilize represents a screening mechanism developed by the egg to
block less-than-healthy sperm, then ICSI might be a risky procedure.* No such
risks have yet been established.

Fertility Control from an Epidemiologic Perspective

Selective Fertility

The unprecedented level of personal control over fertility in modern times allows
couples to decide whether and when they wish to become pregnant. This self-
regulation of fertility becomes a filter that epidemiologists must take into account
when studying reproductive outcomes. For example, in any group of pregnant
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women, there will be an overrepresentation of women who have no access to
effective contraception, or who are uneducated in the use of birth control, or who
choose to use less effective methods. The proportion of such women varies among
countries. In the United States, half of all pregnancies and one-third of all births
occur to women who were not actually trying to conceive.”

Another example of selective fertility is a couple’s preference for season of
delivery. Seasonal patterns in birth preference and fertility planning can lead to
subtle distortions in seasonal patterns of pregnancy failure.® Epidemiologists
sometimes examine seasonal patterns of pregnancy loss, birth defects, and other
reproductive problems as a way to explore the influence of seasonally-varying fac-
tors such as infections or pollution. Such analyses need to take into account the
effects of seasonal preferences in delivery.>

Yet another problem with selective fertility arises in evaluating the effects of
aging on fertility. It is well documented that women who try to conceive at age 40
have more problems with infertility than women who attempt at age 25. However,
how much of this difference reflects the selection of subfertile women at older
ages? Women who have not achieved their desired family size by age 40 inevi-
tably include some who had unprotected intercourse at younger ages or who had
used imperfect methods of birth control but managed not to conceive. Women
who accidentally conceived under those same conditions are, on average, more
fertile, and because they are more likely to have achieved their desired family
size, they are removed from the pool of women who want more children at age
40. Thus, subfertile women are overrepresented among women attempting to con-
ceive at age 40. This selection complicates the interpretation of age effects on
fertility in ways that are not easily measured or adjusted for.

The fact that couples who have not yet reached their desired family size are
likely to have more pregnancies has another important consequence. Women who
have had unsuccessful pregnancies in the past are more likely to have problems
in future pregnancies. This overrepresentation of high-risk women among women
getting pregnant can strongly distort the patterns of reproductive risk, as will be
discussed in detail in Chapter 7.

Unplanned Pregnancies

The occurrence of unplanned pregnancies varies among groups, with generally
low rates in northern Europe and high rates in the United States.’” There is an
extensive literature showing that women who have unplanned pregnancies have
slightly poorer birth outcomes.*® This risk presumably reflects the characteristics
of the women themselves rather than the unplanned status of their pregnancy; that
is, women who have less access to effective methods of birth control are more
likely to be women carrying the burden of fewer economic resources, less educa-
tion, and other factors associated with poor pregnancy outcomes.
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Selective Abortion

Prenatal diagnosis and abortion are another important source of reproductive
selection. These procedures can remove from observation fetuses that carry a
defect. Neural tube defects and Down syndrome have become less prevalent at
birth as a result of the availability of prenatal diagnosis and induced abortion.
In interpreting changes in the birth prevalence of fetal abnormalities, it would
be extremely useful to have data on fetuses that have been aborted. The issues of
confidentiality surrounding induced abortion often make these data inaccessible
at the population level.
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Infections and Reproduction

Laura Baecher-Lind, Allen Wilcox, and William Miller

There are physical and social barriers that help protect humans from transmis-
sion of infections. Many of these barriers are breached by the essential events of
reproduction (sexual intercourse, pregnancy, and delivery). It is no wonder that
the spread of infectious diseases is closely linked to the events of sex and preg-
nancy. We consider how infections are transmitted during human reproduction,
and how infections in turn can produce infertility, infant mortality, birth defects,
and other problems of reproduction.

Human reproduction provides unique opportunities for the spread of infectious
agents. The mechanics of sexual intercourse, pregnancy, delivery, and breast-
feeding breach physical barriers between humans that ordinarily protect against
the transmission of infectious agents. Furthermore, the male and female repro-
ductive tracts, the germ cells, and the developing fetus all have specific suscepti-
bilities to infection. The reproductive organs can be damaged directly by sexually
transmitted infections, or indirectly by organisms that have been transmitted via
other routes. Delicate reproductive tissues are particularly susceptible to damage
by the inflammation that can accompany even mild infection. Furthermore, the
normal physiology of pregnancy induces an immunocompromised state that can
add to the pregnant woman’s vulnerability. The net result is that infections can
interrupt reproduction at virtually any stage, ranging from the development of
germ cells to the viability and ultimate survival of the newborn.

Despite the serious consequences of infection for reproduction, the interplay of
infection and reproduction are not necessarily obvious. For example, malnutrition

This chapter has been adapted from a longer paper published in Obstetrical and
Gynecological Survey (“Infections Disease and Reproductive Health,” in press, 2009).
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may make a person more susceptible to infection, and vice versa. Furthermore,
malnutrition and infection may independently harm reproduction, producing a
tangled causal pathway. When an infection is undetected, the picture can become
even more complex with the infection producing reproductive problems that can
be mistakenly attributed to related factors.

General Principles of Infectious Disease

Once a person is exposed to an infectious agent, the likelihood of transmission
depends on several factors. One is the dose or concentration of the infectious
agent per exposure. Another is virulence, usually defined as the dose necessary
to infect an exposed person 50% of the time. Host susceptibility also plays a role:
immunocompromised persons are at greater risk of becoming infected at a given
dose and given virulence and are more likely to have severe or complicated illness
if they are infected. Furthermore, immunocompromised persons are more likely
to harbor high doses of a transmissible infection and thus are more likely to trans-
mit the infection to another person.

There are four major classes of infections: bacterial, viral, fungal, and parasitic.
Reproductive health can be damaged by any of these. In general, sexually trans-
mitted viruses tend to have a lower probability of transmission per exposure (com-
pared with bacteria or protozoa), but viruses tend to persist much longer when
infection does occur.! The initial infection with HIV may produce transient flu-
like symptoms and then be silent until the immune system fails a decade or more
later. The infected person may have no symptoms in the interim, while unwit-
tingly exposing others. Herpes simplex virus also confers lifelong infection, with
extended asymptomatic periods punctuated by episodes of disease activation.

Bacterial infections are usually of shorter duration, although some organisms
such as Chlamydia trachomatis or Neisseria gonorrhoeae can be asymptomatic
for weeks to years. Asymptomatic bacterial infections can also become reservoirs
of infectivity. Antibiotics may reduce the duration of infection, thereby reduc-
ing the infectious burden within a community. Most bacteria and protozoa can
reinfect previously infected persons, whereas viral infections (once cured) tend to
confer lifelong immunity.

Infectious Diseases and Reproduction: A Framework

The impact of infectious diseases on reproduction can be organized in various
ways—by organism, for example, or by pathological process. This chapter is
organized by the stage of reproduction at which a particular infection exerts its
effects. We start with fertility, proceed through fetal life and end with birth and
the neonatal period. Within each of these broad categories, we use the familiar
taxonomy of bacteria, viruses, and parasites.



Table 4-1. Strength of evidence for effects of selected infectious agents on reproductive outcomes*

Health effects Chlam” GC” GBS? HIV  Syphilis Toxo” Rubella CMV? HSV? Malaria TB® PD? BV’
Male infertility T T - T - - - - - - T - -
Female infertility N ™ - T - - - - - - T - -
Miscarriage - - - - - - T T T - - - -
Birth defects - - - - N T m 7T ”r - - - -
Fetal infection - - ™M oMm M ™M N T M T T )
Preterm delivery ™ ™ - - T T mMm T ™mr 7 T ™ ™
Growth restriction - T - - T ™ T T ™M ™ T -
Intrapartum infection NN N ™ m T - - T ™”r - - - -
of the fetus
Perinatal mortality - - ™1 ) T m 7T T T T - -
Infection via - - - T — — - T - - - - -
breast-feeding
“Key: “=": evidence of no effect/no evidence of effect; “T7. some evidence of an association; “TT”: moderate evidence of an association; “TTT”: strong evidence of an

association.

*Chlam, Chlamydia; GC, Gonorrhea; GBS, Group B Streptococcus; Toxo, toxoplasmosis; CMV, cytomegalovirus; HSV, herpes simplex virus; TB, tuberculosis;

PD, periodontal disease; BV, bacterial vaginosis.
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Infectious diseases have been implicated in nearly every reproductive health
problem (summarized in Table 4-1). However, the evidence to support some of
these associations is thin or absent. Even when data are available, the extent of
risk is often unclear. We focus on the more well-established associations and con-
sider several emerging or controversial associations.

Infection of the Male Reproductive Tract

Bacteria

CHLAMYDIA. Chlamydia trachomatis causes urethritis in men and, if left un-
treated, can ascend and produce epididymitis and orchitis (inflammation of the
testes). It is plausible that chlamydial infection causes male infertility, but the
evidence is weak.? Results are mixed as to whether chlamydial infection is asso-
ciated with abnormal semen parameters.>=¢ In one study of infertile couples, men
positive for C. trachomatis antibodies were less likely to achieve pregnancy, even
after female tubal disease had been controlled for.”

GONORRHEA. The incidence of gonorrhea in the United States has been increas-
ing in the last decade, with the highest incidence among African-American ado-
lescents and young adults.® Similar to chlamydial infection, gonorrhea is thought
to cause infertility secondary to orchitis, with impaired spermatogenesis as well
as inflammatory changes in the vas and tubules.’ Still, evidence for effects on
male fertility is extremely limited.

TUBERCULOSIS. Tuberculosis (infection with Mycobacterium tuberculosis) has
resurfaced as a serious public health problem, with the emergence of virulent and
multi-drug-resistant strains.'” Fourteen million people worldwide were infected with
M. tuberculosis in 2006, 0.5 million of whom carried multi-drug-resistant strains.!’
Although pulmonary manifestations are the most common, tuberculosis can affect
virtually any physiologic system including the genitourinary system. Genitourinary
tuberculosis can produce male infertility through granulomas that obstruct the vas
deferens and urethra.!'? The prevalence of this complication is unknown.

Viruses

MUMPS. Mumps is caused by a paramyxovirus and constitutes a serious threat to
male fertility. Among men infected as adults, 20% to 30% will have orchitis of at
least one testis, and up to 10% will have infection of both testes.!* Once the virus
reaches the testicles, a brisk inflammatory process increases testicular pressure.
Half of men with orchitis are left with testicular atrophy.'*!* In a recent review,
infertility was produced in 13% of men with one affected testis and in 30-87%
of men with both testes affected.'®!> Impaired fertility is presumably secondary
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to postinflammatory fibrosis and germinal cell damage. Routine vaccination of
children against paramyxovirus has made mumps rare in developed countries;
however, as parental resistance toward pediatric vaccination grows in the United
States and Europe, an increasing number of young men are vulnerable to mumps
infection and consequent infertility.'

HIv. Damage to sperm by HIV/AIDS is one of the lesser-known consequences
of this infection. HIV-infected men have substantially reduced sperm counts and
increased numbers of abnormal sperm.'® Furthermore, semen parameters of HI'V-
infected men become worse as the disease progresses.'”!® To the extent that these
effects on semen translate into reduced fecundability, this consequence of HIV
infection may create a dilemma for HIV-discordant couples who wish to con-
ceive. Men with advanced disease may be less fertile, requiring them to have
more unprotected intercourse to impregnate their partner. In addition, the viral
load per ejaculate is higher in men with advanced disease."”

Parasites

TRICHOMONAS. Trichomonas vaginalis is a common sexually transmitted pro-
tozoan that can interfere with spermatogenesis and normal sperm development.
Men with trichomoniasis have been reported to have decreased sperm motility
and more abnormal sperm.'® However, long-term consequences of trichomoniasis
are unknown, and overall evidence suggests that the impact on male fertility may
be minimal.?’

Infection of the Female Reproductive Tract

Bacteria

CHLAMYDIA. Up to 30% of women with a chlamydial infection progress to
develop pelvic inflammatory disease, which can ascend to include the oviducts.?'-2*
Chlamydial infection of the tubes causes inflammation and damage to the epithelial
lining of the fallopian tubes. The cilia that line the oviducts can be destroyed, and
fibrosis of the supple folds of the tubes creates blind pouches. These changes dam-
age the propelling action of the oviducts and can completely block the tubes.? Even
subclinical chlamydial infection can damage fertility. In a study of infertile couples,
women with tubal disease were more likely to have antibodies to C. trachomatis.*?’
The stronger the immune response to previous C. trachomatis infection, the more
likely the tubal damage.?® Although these studies suggest an association, there have
not been longitudinal studies that would allow accurate estimates of the risk of
infertility after C. trachomatis infection.”

Another consequence of inflammation and fibrosis of chlamydial infection is
increased risk of ectopic pregnancy. Chlamydial infection accounts for about half
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of all tubal pregnancies worldwide.*® In developing nations, up to 3% of ectopic
pregnancies end in maternal death, 10 times more than in developed nations.’!
In light of the large number of women who do not have access to hospital care,
this figure presumably underestimates the maternal mortality caused by ectopic
pregnancy. With an estimated 90 million cases of chlamydial infection occurring
annually,* the burden of chlamydia-related tubal infertility—as well as maternal
mortality—may be substantial.

GONORRHEA. Although less well studied than chlamydial infection, an
association between gonorrhea and tubal disease has been consistently supported
in the literature.! As with chlamydial infection, gonoccocal infection causes in-
flammation and fibrosis of the oviducts. In one small study of infertile women,
seropositivity for N. gonorrhoeae antibodies was higher for women with bilateral
tubal occlusion than for women with other causes of infertility.?* In another study,
a history of gonorrhea was more common among women with tubal disease.?

TUBERCULOSIS. The oviducts are the most common site of genital tuberculosis in
women, with granulomas producing partial or complete obstruction.*> The endo-
metrial cavity can also be damaged by tubercle or granuloma formation, result-
ing in amenorrhea and infertility.* Studies from Nigeria and Pakistan suggest
that up to 2% of female infertility may be secondary to genitourinary TB.3637
Unfortunately, successful antibiotic treatment of M. tuberculosis does not reverse
the histological changes, and most women are rendered permanently infertile.

Viruses

HIv. In endemic regions of Africa, HIV infection appears to reduce female fertil-
ity by 15%-25%, producing higher rates of involuntary childlessness and longer
intervals between births.® HIV infection also may affect the hypothalamic-
pituitary-ovarian axis and cause subfertility secondary to hormonal dysfunction.
Women with HIV infection have been reported to have higher levels of follicle-
stimulating hormone (a marker of ovarian failure),® and prolonged menstrual
cycles.®* However, these changes have not been observed consistently.*** If
HIV infection produces hormonal dysfunction, it may occur only as the disease
progresses to more serious stages.*>*!

Infection of Pregnant Women and Fetuses

Although the specific infectious agents are not clear, preterm birth has been
strongly associated with infection and inflammation.*#* Evidence for infection is
especially prevalent among the earliest preterm births.*“¢ Approximately 90% of
births before 24 gestational weeks show histological evidence of chorioamnionitis
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in contrast to 10% of births at term.' (Chorioamnionitis has also been associated
with cerebral palsy, independent of preterm delivery.*’)

The mechanisms responsible for preterm labor remain elusive. Infection initiates
an inflammatory response that helps to trigger preterm delivery. Bacterial inocula-
tion of the fetal membranes, placenta, or amniotic fluid increases prostaglandin
production, and prostaglandins can produce uterine contractility, cervical soften-
ing and dilation, leading to preterm birth. Once initiated, labor can become self-
propagating, with prostaglandins inducing a diffuse inflammatory response that
stimulates a cascade of cytokines and interleukins, which in turn causes more release
of prostaglandins. Despite this plausible biological pathway, it is not clear that anti-
biotics administered to high-risk women reduce the risk of preterm delivery.*4

Bacteria

CHLAMYDIA. Chlamydia trachomatis has been associated with preterm birth.!
In a large cohort study, maternal chlamydial infection increased the risk of pre-
term birth by 50%.%° Chlamydial infection does not appear to be associated with
growth restriction or neonatal mortality.>%!

GONORRHEA. Like chlamydial infection, maternal gonococcal infection has been
associated with preterm birth, although studies are limited. A prospective study
in a high-infection setting found that gonorrhea was associated with a sixfold
increase in risk of preterm birth, and substantially lower birth weight.> In settings
with more typical prevalence of infection, the associations are less apparent, with
the strongest associations occuring for very preterm delivery.”>>*

BACTERIAL VAGINOSIS. Bacterial vaginosis (BV) is a nonspecific overgrowth of
microbes such as Gardnerella vaginalis, Bacteroides, and Mobiluncus and a
deficit of normally prevalent Lactobacilli. An estimated 9%—-50% of pregnant
women in the United States are affected by BV, with ethnic minorities and low-
socioeconomic populations more likely to be affected.’> BV is frequently associ-
ated with preterm birth. The mechanism is thought to be through infection of fetal
membranes, infection of amniotic fluids, and premature rupture of membranes. A
meta-analysis found that BV was associated with a twofold increase in the odds of
preterm birth3 BV may play a role in infertility and miscarriage as well.”’

Although these associations are well established, it is not clear that treatment
of BV during pregnancy prevents preterm birth. A recent Cochrane analysis con-
cluded that screening and treatment programs for vaginal infections (including
BV) may reduce preterm birth, based on one trial that met the rigorous inclusion
criteria.’® The benefit of BV treatment is primarily among women with a history
of preterm birth.**-%> The U.S. Preventive Services Task Force concluded that
routine screening and treatment of BV during pregnancy was not beneficial for
average-risk pregnancies.”
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Douching

Vaginal douching is the practice of washing the vagina with a liquid solution, usually
for sanitary purposes. The rinse may consist simply of water, or water mixed with home
ingredients (such as vinegar), or with preparations sold for this purpose. (Douching is
sometimes also done after intercourse as a belated effort to prevent conception—with
no evidence that it works.) Douching is strongly influenced by cultural norms and is
more common in the United States than most other developed countries. About 20%
of white women and about 50% of black women in the United States report regular
douching.®® There are no proven benefits of douching and possible risks. Health risks
include increased risk of ascending reproductive-tract infections with attendant prob-
lems of infertility and poor pregnancy outcome.®

PERIODONTAL DISEASE. Infection of the teeth or gums is another polymicrobial
infection associated with preterm delivery, although its causal role is even less
certain. Periodontal disease has been associated with preterm delivery as well as
with cardiovascular disease, pneumonia, and diabetes.®*-% Nearly 40% of preg-
nant women in the United States have some degree of periodontitis, which is
disproportionately prevalent among minority and low-socioeconomic popula-
tions.% Periodontitis may cause preterm delivery through low-grade bacteremia.
Alternatively, the association may be confounded by other maternal characteris-
tics associated with preterm delivery. Intervention trials have demonstrated no
benefit in reducing the risk of preterm delivery.®’

SYPHILIS. Maternal infection by Treponema pallidum (syphilis) is disastrous for
the fetus. The organism easily crosses the placenta and infects developing fetal
tissues. Approximately one million pregnancies worldwide are affected by mater-
nal syphilis each year, with nearly half ending in miscarriage or neonatal death,
and one-quarter in preterm birth. A quarter of surviving births have congenital
syphilis.®® Congenital syphilis can affect any organ system; the most commonly
affected sites are bone, brain, and visceral organs."*® Neonatal transmission is
more likely to occur if the mother has her first infection during pregnancy or in
the 4 years preceding pregnancy (during which time the spread of the spirochete
through the blood is most likely).!

Viruses

TORCH INFECTIONS. Toxoplasmosis, rubella, cytomegalovirus (CMV), and herpes
simplex virus (HSV)—collectively known as the TORCH infections—are poten-
tially devastating infections during pregnancy, particularly when acquired dur-
ing the period of organogenesis (from about the third to the sixteenth gestational
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week). Varicella zoster, syphilis, and parvovirus B19 are included in the TORCH
acronym as “O” (“other”).

With the exception of toxoplasmosis and syphilis, the TORCH infections
are viral. Sequelae common to these infections include restricted fetal growth,
preterm delivery, neonatal jaundice, pneumonitis, chorioretinitis and cataracts,
microcephaly, mental retardation, and hearing impairment. There are emerging
distinctions among these several infectious agents, and the collective “TORCH
infections” are less often being regarded as a single entity.”

Parvovirus B19 Parvovirus B19 is perhaps the most distinctive of these agents;
neonatal infection by parvovirus B19 does not cause any of the typical TORCH out-
comes but rather produces miscarriage, stillbirth, and nonimmune hydrops. Among
a study of Danish women, annual seroconversion rates were 1.5% during endemic
periods and 13% during epidemic periods.”! In a study of women diagnosed with
parvovirus B19 during pregnancy, the risk of fetal death was estimated at 9%."

Rubella Rubella was the first virus recognized as a teratogen.”® Fetuses exposed
to maternal rubella are at high risk of ocular, skeletal, and cardiac defects as well
as growth restriction, microcephaly and mental retardation, hepatosplenomegaly,
thrombocytopenia, and jaundice. In later life, congenital rubella syndrome can
be associated with diabetes mellitus, thyroid dysfunction, panencephalitis, and
psychosis.”> As with most of the TORCH infections, neonatal morbidity is more
pronounced if infection occurs early in pregnancy. Widespread childhood vac-
cination against rubella has substantially reduced the neonatal morbidity from
rubella in developed nations, with most cases occurring among inadequately vac-
cinated immigrant populations. Antenatal programs routinely screen pregnant
women for active antibodies against rubella; unprotected women are then vac-
cinated after delivery for protection in subsequent pregnancies. In less-developed
regions, congenital rubella syndrome remains a substantial source of neonatal
morbidity, with more than one out of four women susceptible to infection.”

Congenital cytomegalovirus Congenital cytomegalovirus (CMV) is one of the
most common causes of neonatal and childhood disability in developed nations,
affecting approximately 2 per 1000 U.S. neonates a year.”” Clinical features
include deafness, mental retardation, hepatosplenomegaly, jaundice, and pneu-
monitis.”” Like rubella, CMV has more devastating effects when acquired dur-
ing the first trimester of pregnancy. Women who have their first infection during
pregnancy have a 30% risk of transmitting congenital disease to their fetuses,
whereas women with recurrent CM'V present much less risk to the fetus.”

Herpes simplex virus HSV is one of the most prevalent viral agents in humans,
with up to 90% of the population being exposed.”” As with most other TORCH
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infections, a mother’s first infection confers greater risk to her fetus than recurrent
infection. Approximately 0.5%—-2% of pregnant women develop a primary HSV
infection during pregnancy.””’® Transmission to the fetus can occur transplacen-
tally as well as during delivery. Route of transmission largely determines disease
presentation, with transplacental transmission resulting in “congenital herpes”
and intrapartum transmission resulting in “neonatal herpes” (discussed below).
Features of congenital herpes include skin vesicles, ocular damage (choriore-
tinitis, cataracts), and neurologic damage (seizures, intracranial calcifications).”’
Intrauterine infection may also lead to spontaneous abortion and stillbirth,
although estimates of this risk vary widely.”

Parasites

TOXOPLASMOSIS. In contrast to the other TORCH infectious agents, toxoplasmosis
is a parasitic disease caused by the protozoa Toxoplasma gondii. Toxoplasmosis
produces its most devastating effects when primary infection occurs close to
term. About one-third of women with primary infection during pregnancy deliver
a neonate with toxoplasmosis. Clinical features of infected neonates include the
classic triad of chorioretinitis, hydrocephaly, and intracranial calcifications.! Of
those infants infected, 4% develop permanent neurologic sequelae or die within
the first few years of life.%

MALARIA. Malaria remains one of the most prevalent infectious agents causing
pregnancy-related and neonatal morbidity. Pregnancy itself increases a woman’s
susceptibility to malaria and to the more severe expressions of the disease. In sub-
Saharan Africa, where malaria from Plasmodium falciparum is endemic, one in
four women at delivery shows evidence of malarial infection.®! These data are
undoubtedly underestimates, in that they are based on diagnosis by light micros-
copy rather than on more sensitive measures such as polymerase chain reaction or
placental histology.®'-** Although the importance of malaria in endemic regions
is apparent, its impact in nonendemic regions can also be substantial. In Northern
Africa and other regions with only episodic outbreaks of malaria, 6%—14% of
women seen in antenatal clinics or at delivery have malaria.®! In regions with
seasonal malaria transmission, placental malaria is seen even during the dry, less
infective season, suggesting that the parasite can remain active within the pla-
centa for many months.3

Maternal malaria is associated with smaller babies®>#-% It is not clear whether
this reflects earlier delivery or fetal growth restriction; both processes may be
at work.®’ Malaria-infected red blood cells and inflammatory products clog the
maternal-fetal interface of the placenta, resulting in decreased sustenance to the
fetus.® Estimates of the impact of malaria on fetal growth restriction vary;35-%7 the
larger studies suggest relatively modest odds ratios of 1.4—1.7. Recent evidence
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indicates that nutritional status may modify this relationship. In a study in the
Congo, malaria was associated with fetal growth restriction among undernour-
ished women but not among well-nourished women. Treatment of malaria during
pregnancy is associated with improvement in fetal growth.® The maternal anemia
associated with malaria may itself contribute to maternal or neonatal death. In en-
demic regions, an estimated 7%—26% of severe anemia is related to malaria.®' In

Puerperal Fever

In the mid-1800s, puerperal fever (infection at delivery) killed large numbers of women
who delivered in certain hospitals. Mortality was 9% in one obstetric clinic of a famous
Vienna teaching hospital but—oddly—only 2% in another clinic in the same hospital.
This puzzled a young immigrant physician from Hungary named Ignaz Semmelweis.
He looked into differences between the clinics. The only notable difference was that
physicians delivered in the clinic with high mortality rates, and midwives delivered
in the clinic with low rates. During this time, a friend of Semmelweis’s happened to
cut himself while doing an autopsy and died of an illness similar to puerperal fever.
This led Semmelweis to infer (several years before the germ theory) that doctors were
transmitting something from cadavers to women that caused the fever. He instituted
a practice of having doctors wash their hands in a chlorine solution when leaving the
cadavers. The rate of puerperal fever in their clinic dropped to 1%. Semmelweis ought
to have been a hero, but instead he was marginalized for his unorthodox views. He
was admitted to a psychiatric hospital in 1865, where he died shortly thereafter at the
age of 47.

Ignaz Semmelweis, 1818—65 (copper plate engraving by Jeno Doby)
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developing countries, maternal death from intrapartum or postpartum hemorrhage
can occur more quickly in women who are already severely anemic.

Infection of the Neonate during Delivery

Bacteria

CHLAMYDIA. Women with active chlamydial infection at the time of vaginal
delivery have a 50%—75% risk of intrapartum transmission to their neonate.”® The
most common clinical manifestation of neonatal chlamydial infection is conjunc-
tivitis, with a risk of 18%-50% among neonates born to a Chlamydia-positive
mother; the risk of neonatal pneumonitis ranges from 10%-20%."'-%* Acquisition
of Chlamydia by the infant during parturition (delivery) occurs primarily with
vaginal delivery but may also occur with cesarean section, usually after prolonged
rupture of membranes.”®

GONORRHEA. N. gonorrhoeae is transmitted from mother to baby during deliv-
ery, with a mother-to-child transmission rate of 30%-50%.>* Neonatal conjunc-
tivitis is the most common gonococcal infection.” Application of erythromycin
to the eyes of newborns has become standard prophylaxis in the United States to
prevent both gonococcal and chlamydial ocular infections. Other clinical mani-
festations of neonatal gonorrhea include polyarticular arthritis, gonococcemia
and sepsis, and genital infection.”> In the United States, routine antenatal screen-
ing for gonorrhea and neonatal prophylaxis with erythromycin have substantially
reduced the incidence of neonatal gonorrhea. In less-developed regions, neonatal
gonococcal infection remains an important source of morbidity.*®

GROUP B STREPTOCOCCUS. Before 1990, Group B Streptococcus was the lead-
ing cause of neonatal sepsis in the United States, causing early-onset neonatal
infection in 2 of 1,000 babies.”” Although the infection is usually asymptomatic
in the mother, babies infected during vaginal delivery can develop pneumonia,
meningitis, and sepsis, with a mortality rate of 50%.% In 1979, ampicillin was
found to prevent vertical transmission of Group B Streptococcus.”” Even so, it
was not until 2002 when the CDC issued guidelines for screening and prophylac-
tic antibiotic treatment that the incidence of early-onset neonatal Streptococcus
infection was dramatically reduced.”® Currently, early-onset neonatal group B
Streptococcus infection occurs in approximately 0.6 of 1,000 live births in the
United States.!?” Many of these cases occur in babies of women who were nega-
tive on screening.'”192 Although routine use of prophylactic antibiotics has been
successful for protecting babies against early-onset streptococcal infection, later-
onset infection is still a problem, one made more difficult by the emergence of
resistance to antibiotics used to treat infection.!%?
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Viruses

HEPATITIS B. Perinatal transmission of the Hepatitis B virus (HBV) to the fetus
is the single most important mode of HBV infection worldwide.!* Acute mater-
nal infection with HBV occurs in 1-2 per 1000 pregnancies, and chronic HBV
infection is found in 5-15 per 1000 pregnancies.' Pregnancy does not exacerbate
maternal HBV infection, but the virus is readily transmitted during delivery.'%+1%
Current prevention strategies include adult vaccination, and administration
of hepatitis B immunoglobulin and HBV vaccination to exposed infants.!
Breastfeeding by infected mothers poses no additional threat to infants who have
received adequate immunoglobulin treatment and immunization.'

HUMAN PAPILLOMAVIRUS. Human papillomavirus (HPV) is highly prevalent
among sexually active adults—up to 40% of pregnant women may harbor HPV
DNA.!97108 The size and extent of a woman’s genital warts appear to increase
during pregnancy, as does the prevalence of serum HPV DNA.!%%% Such
increases may be secondary to compromise of maternal immunocompetence,
or to the higher levels of estrogen and progesterone associated with pregnancy.
Transmission to offspring likely results from neonatal aspiration of contaminated
genital tract secretions during delivery.!’® Infected neonates may develop genital
warts or laryngeal papillomas, the latter of which can cause respiratory distress.'”®
Although vaginal delivery increases the risk of neonatal transmission, most new-
borns of infected mothers harbor HPV even when they have been delivered by
cesarean section.!!0

CYTOMEGALOVIRUS. CMV can be transmitted during parturition (as well as
transplacentally, as described above). Women who carry a genital cytomegalo-
virus infection at labor have a 30%—50% risk of transmitting the virus to their
neonate.! The majority of infants infected at delivery remain asymptomatic.
However, CMV may pose a substantial risk to infants born prematurely or who
are otherwise sick, among whom infection acquired at delivery has been associ-
ated with neuromuscular disability and sepsis-like illness.!!

HERPES SIMPLEX. Nearly 75% of pregnant women with a history of HSV can
expect a reactivation of their infection during pregnancy.''? During vaginal deliv-
ery, direct contact of the neonate to maternal herpes simplex virus can result
in transmission and devastating neonatal consequences. Risk factors increasing
likelihood of transmission include prolonged rupture of membranes (prolonging
neonatal exposure), recent maternal acquisition of herpes infection, or disruption
of the neonatal skin or mucous membranes during delivery.'”®* Estimates of neo-
natal herpes range from 0.5 to 3 per 10,000 live births.!® In about half of affected
newborns, the infection is limited to the eyes, skin, or mouth. However, a quarter
suffer infection of the central nervous system, and another quarter have broadly
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disseminated infection.!'>!13 Mortality is 4% with central nervous system disease
and 30% with disseminated disease. Of those surviving, 20% demonstrate some
degree of neurologic compromise.'®> Prevention strategies include prophylactic
antiviral therapy during the third trimester of pregnancy and primary cesarean
delivery if lesions persist at the time of labor. Preventive efforts are limited by the
fact that most neonatal herpes simplex viral infections occur in infants born of
mothers without a recognized history of herpes infection.!®

HIv. Neonates born to HIV-positive women have a 15%—-25% chance of acquiring
the infection during delivery in the absence of antiretroviral prophylaxis.!"* Viral
transmission during delivery probably occurs through maternal-fetal microtrans-
fusions during uterine contractions or through exposure of the baby’s skin and
mucous membranes during delivery.'!> Factors associated with transmission
include high maternal viral load at the time of delivery, low maternal CD4 count,
and extended duration of ruptured membranes before delivery."® In developed
countries, combination antiretroviral treatment and aggressive postpartum neona-
tal treatment (including caesarean delivery) have reduced the rate of neonatal HIV
transmission to less than 2%.!16 In developing nations, antiretroviral prophylaxis is
often costly or unavailable, and neonatal HIV transmission remains common.'

Infection of the Neonate during Breast-Feeding

Viruses

CYTOMEGALOVIRUS. CMV is commonly carried in the breast milk of infected
mothers.!'!"® Cytomegaloviral infection of the infant via breast-feeding is often
limited to serologic conversion without serious infection,!'*!?* although infected
infants may manifest transient sepsis-like symptoms. In a prospective study of
preterm infants, 15% of breast-fed infants with CM V-infected mothers became
infected during breast-feeding.!'® Transmission was not associated with viral load
in breast milk or frequency of breast-feeding.

Hiv. HIV is present in the breast milk of infected mothers, and the infection
can be transmitted to their infants. The risk of HIV transmission is about 15%
for infants breast-fed through their first year.!?! Unexpectedly, the risk of HIV
transmission through breast milk is lowest with exclusive breast-feeding.'?
Supplemental feeding of breast-fed infants appears to promote the transmission
of HIV infection from breast milk, perhaps by increasing the susceptibility of the
infant. In many developing nations, breast-feeding remains an important option
because formula or clean water may not be available. Breast-feeding provides
immunologic benefits against other diseases such as diarrhea or respiratory
illness. WHO guidelines recommend exclusive breast-feeding through the first
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six months of life for infants of HI V-infected women, unless replacement feeding
is acceptable, feasible, affordable and sustainable.!" The impact of antiretroviral
drugs on maternal-to-child-transmission during breast-feeding is currently under
investigation.

Infectious Diseases and Causal Inference

Infections can damage reproduction in diverse ways. The complexity of these
mechanisms can create confusion for epidemiologists interested in the causation
of reproductive impairments. For example, chlamydial infection causes infertility
through tubal scarring. By the time the infertility is manifest (often years later), the
infection has usually been cleared. Meanwhile, other factors associated with chla-
mydial infection, such as other STIs, social habits of affected women, or environ-
mental conditions, may mistakenly be blamed for the women’s decreased fertility.

The potential for latent infections can also be confusing. Tuberculosis is a sub-
acute to chronic infection with a small number of disseminated cases within the
first year of infection. Most cases of disease occur years after the infection, often
in periods of waning immunity. Pregnancy may itself contribute to activation of
latent tuberculosis, which could be misinterpreted as primary infection during
pregnancy.

These complexities raise challenges for epidemiologists who study reproduc-
tion. For a given infectious agent and outcome, is it prior infection, latent infec-
tion, or active infection that is most important? Is it the severity of the infection
or the strength of the immune response that damages reproduction? Might non-
infectious factors increase the risk of reactivation of a latent infection or increase
the risk of a new infection? Are there risk factors that confound the relation of
an infection with a particular outcome? Or do infections confound the study of
noninfectious exposures and their relationship to fertility or pregnancy?

Taken as a whole, infections inflict their most serious damage on fertility,
embryogenesis, and fetal development. Infections have less certain effects on the
risk of miscarriage and impaired fetal growth. Preterm delivery, especially very
preterm delivery, is emerging as an endpoint to which infections may make a
major contribution. Taken as a whole, infectious diseases are at least as important
to reproductive and perinatal health as the social, environmental, and genetic fac-
tors that are usually the focus of reproductive epidemiologists.
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5

The Genetics of Reproduction

Reproduction and genetics are intimately related. Genes choreograph concep-
tion and the development of the embryo, and in turn, fertilization and embryonic
growth provide hurdles that help to weed out new gene mutations. There is a strong
tendency for most perinatal problems to recur in families, which suggests that heri-
table genetic variants play a role.

The remarkable advances in molecular genetics affect every aspect of the study
of human biology, including epidemiology. This chapter addresses aspects of
genetics and gene pathology that are important to the study of reproduction.

Aneuploidy

Aneuploidy is a condition of having more or fewer than the correct number of
chromosomes per cell. Aneuploidy in humans usually occurs as an error in devel-
opment of the egg.! The defective oocytes produce a conceptus with either one
copy (monosomy) or three copies (trisomy) of the affected chromosome. Most
aneuploidies are fatal during early embryonic or fetal development; some tri-
somies survive to delivery but very few monosomies. A more severe form of
aneuploidy occurs when the conceptus has a whole extra set of chromosomes
(triploidy) or even two extra sets (tetraploidy). These are uniformly fatal to the
developing embryo.

The occurrence of aneuploidy in human conceptuses is surprisingly common,
for reasons that are not understood. About 20% of oocytes have chromosomal
anomalies,” and aneuploidy is present in at least 5% of all conceptions—possibly
much more.! This prevalence is at least 10 times the occurrence in other mam-
malian species.? The full extent of aneuploidy in humans is not definitely known
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because so many conceptuses are lost before clinical recognition (see Chapter 10).
Among recognized pregnancies, aneuploidies are rapidly weeded out by natural
loss. Aneuploidies comprise about 40% of all clinical miscarriages (the single
most common pathology among miscarriages), 4% of stillbirths, and 0.3% of live
births.!

The best known human aneuploidy is Down syndrome, a trisomy of
chromosome 21. Chromosome 21 is the smallest of the human chromosomes,
which may be one reason why trisomy 21 is less lethal than other trisomies.
People with Down syndrome have a characteristic facial appearance, often re-
sembling each other more than their family members. The syndrome is char-
acterized by short stature, varying levels of mental impairment, and increased
risk of heart defects.

Almost all the remaining aneuploidies that survive to birth involve the sex
chromosomes, with disabilities that range from moderate to none. A single
X chromosome (XO) produces Turner syndrome. Carriers are phenotypically
female, although with underdeveloped sex characteristics and infertility. Men
with an extra X chromosome (XXY) have Klinefelter syndrome, associated
with mild developmental problems and reduced fertility. Women with an extra
X chromosome (XXX) or men with an extra Y chromosome (XYY) usually have
normal development and can be fertile.* These more mild genetic conditions are
often discovered only by accident.

Causes of aneuploidy are not well understood. The fact that most aneuploi-
dies have their origins in oogenesis—which is to say, during the fetal life of the
mother—makes the study of their possible causes even more daunting.’ The only
factor known to be associated with risk of aneuploidy is maternal age, for reasons
not understood. The prevalence of trisomy among clinically recognized fetuses
rises exponentially with age.! There seems to be no association of aneuploidy
with paternal age (although paternal age may be associated with other kinds of
chromosomal deterioration).’

New Gene Mutations

We often discuss gene mutations as if the genes have been ruined by an error.
From a broader perspective, genetic mutation is essential. (If it were not for muta-
tions, evolution would not be possible.) Each of us carries a reshuffled sample of
our ancestors’ genes plus a few new, experimental varieties. In every new gener-
ation there are a few genes that mutate as they are being replicated for transfer to
offspring. The human genome has 6-7 billion base pairs. The number of muta-
tions in regions where they might affect gene function is tiny, perhaps three per
person per generation.®
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Even if a new mutation affects gene function, it is unlikely to affect phenotype
because the mutation occurs alone—it is matched in the carrier by a more com-
mon form of the gene (heterozygosity). If the new mutation does have an effect
in the heterozygous state, the effect is probably not good. Just as a typographical
error seldom adds meaning to a sentence, a random gene mutation is unlikely
to enhance the working of a human body. However, there is a small chance that
the effect will actually improve the fitness of the individual (and it is this small
chance on which the whole gamble of mutation rides). Such evolutionary progress
is paid for by the untold number of individuals whose mutations reduced their
chances of survival and reproductive success.

Gene mutations (unlike aneuploidy) occur more often in sperm than in
oocytes.” The geneticist Lionel Penrose cleverly inferred this long before muta-
tions could be measured. There are rare cases of children with achondroplasia
(dwarfism) born to normal parents. Because achondroplasia is an autosomal
dominant trait, it is not possible for an affected child to be born to unaffected
parents by ordinary inheritance. Such new occurrences must therefore result
from a new mutation. Penrose noted that the risk of achondroplasia in previ-
ously unaffected families was associated with older fathers but not with older
mothers.® He inferred from this observation that new mutations occur more
often in sperm than in ova.

This interpretation is biologically plausible. Mutations occur during cell divi-
sion, and sperm experience many more cell divisions than ova. The spermatogonia
(the stem cells that produce sperm) undergo about 30 cell divisions by the time a
boy reaches puberty. After puberty the pace picks up, with spermatogonia dividing
every 16 days or so. In contrast, the oocyte goes through about 22 cell divisions dur-
ing the mother’s fetal life and then goes into a resting state (suspended at the stage
of second meiosis) until the egg is fertilized. By the time a man reaches age 20,
his sperm have been through about 150 cell divisions, seven times as many as the
oocytes of a 20-year-old women. By the time a man is 40, his sperm will have had
25 times more opportunities for mutation than the ova of a 40-year-old woman.

On this basis, one might expect that a man’s aging would produce increased
reproductive problems in his offspring related to mutations. There is surpris-
ingly little evidence for this. One difficulty in assessing effects of father’s age
is that the age of the mother is strongly correlated with the age of the father.
Thus, large sample sizes are required in order to remove confounding by maternal
age. Large studies have suggested no increase in the risk of birth defects® or pre-
term delivery!® with paternal age. There are preliminary data to indicate possible
increases in the risk of fetal death!' and autism.'> Looking at the question more
broadly, single-gene mutations appear to make little contribution to the major
reproductive problems—ocertainly not as much as aneuploidy.
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The Truth about Proto-Oncogenes

A class of genes known as proto-oncogenes provide a fundamental link between
reproduction and cancer. When these genes are altered by mutation or chromosomal
rearrangement, they can cause a cell to grow aggressively, producing cancer. However,
the main function of these genes is during the earliest days of life, at which time they
regulate essential cell proliferation and trophoblast invasion of the endometrium.!
They also play key roles in the development of the embryo."* It is ironic that these
genes are identified by the disease they produce after mutating, rather than by their
primary functions during implantation and development. The chaotic growth of cancer
can be understood as a reversion (albeit in a disorganized way) to the cells’ embryonic
urge to grow rapidly.

It is too bad that reproductive biologists didn’t discover these genes before the can-
cer biologists. If they had, the proto-concogenes might be more aptly known as tropho-
genes (genes that control growth), giving reproductive biology its rightful place in the
understanding of cancer pathology.

Inherited Genetic Variants

From the standpoint of human health, the most important gene variations are not
new mutations (which are rare) but gene variants that are passed from parents to
offspring and accumulate in the population. Some of these variants are highly
penetrant alleles, producing traits that follow the rules of Mendelian transmis-
sion. These “simple” traits can occur either when the allele is present as a single
copy (dominant) or as two copies (recessive). An example of a trait that follows
the dominant pattern is Huntington disease, a progressive and devastating neu-
rologic disease that emerges in adulthood. Persons with this illness have a 50%
chance of transmitting the allele—and thus the disease—to their offspring. (The
American folk singer Woody Guthrie died of Huntington disease, but his son Arlo
has escaped the illness.)

Recessive traits require two copies of the disease allele. Thus, a person affected
by a recessive trait cannot pass the trait to offspring unless the partner is at least
heterozygous for the allele. When both parents are heterozygous carriers, they
will appear phenotypically normal but 25% of their offspring will be affected.
Examples of recessive traits are cystic fibrosis and albinism.

These simple genetic diseases are dramatic, but they are also uncommon. The
main focus of genetic epidemiology has shifted to the so-called complex diseases,
which are more prevalent and impose a larger health burden on the population.'
Most noninfectious diseases (including cardiovascular diseases, cancers, neuro-
logic diseases, and birth defects) tend to recur in families, but without following
a pattern of Mendelian transmission. A combination of many genetic variants is
presumed to contribute to these complex diseases, interacting with environmental
factors and with other genes. The discovery of specific genetic variants associated
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with common diseases has turned out to be more difficult than first anticipated.!s
One problem is that the possibilities of false-positive findings are rife.!”

In the search for genes that contribute to complex illnesses, the magnitude of
family recurrence risk can be an indication of the strength (and thus the detect-
ability) of a genetic contribution. From this perspective, perinatal problems may
offer better targets for genetic studies than many adult diseases. The risk of the
common cancers (such as colon or breast cancer) is increased two- to threefold
when a sibling has also been diagnosed.'® In contrast, the average birth defect has
a sevenfold risk among siblings, reaching as high as 50-fold for certain defects."”
If all other factors are equal, the search for a genetic association would be more
promising among diseases with high familial recurrence.

Multifactorial/Threshold Model

The multifactorial/threshold model provides a theoretical framework for the joint
action of multiple genes. This model assumes there is a continuum of vulnera-
bility to a given disease, with the disease expressed only when a certain threshold
of risk has been crossed.?® Vulnerability in this context can result from the pres-
ence of multiple gene variants as well as environmental insults. With enough risk
factors present, a person will be pushed over the threshold into disease. Although
this concept was developed in the context of birth defects, it could in principle
apply to any illness with multiple causes.

Factors That Affect Gene Function

Studies tend to focus narrowly on the way in which a certain gene variant
increases the risk of a given disease. However, the same gene variant may have
different functions in different contexts and at different stages of life, acting
as a liability under some conditions and offering benefits in others.?' The pos-
sibility of multiple functions should be considered especially for gene variants
that have become relatively common in the population. One way that a vari-
ant becomes common is by conferring a crucial adaptive advantage in survival
and reproduction, even though it may also be associated with risk of disease.
Furthermore, there are mechanisms that diversify the effects of a given allele,
thus complicating its indictment as a disease gene. Some of those mechanisms
are described here.

Heterozygote Advantage

Some genes have a different health effect when present in one copy than when
present in two. A well-known example is hemoglobin S. A person who carries two
copies of this allele is likely to have sickle-cell disease. However, persons who
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are heterozygous for the allele (carrying only one copy) do not have the disease
and, furthermore, have an advantage over noncarriers in their ability to survive
an acute bout of malaria.?? In regions where malaria is endemic, the advantage of
being a heterozygous carrier can be substantial.

Heterozygote advantage could be suspected for any disease allele that has
become relatively common in populations. For example, the recessive allele that
causes cystic fibrosis has probably survived by giving the heterozygotes resistance
to a major infectious disease, possibly typhoid fever.?* With typhoid no longer a
widespread scourge, this hypothesis is difficult to test. The vast improvements in
human living conditions over the past 10,000 years may have made many of the
former heterozygote advantages less apparent.

Alternative Splicing

It was once dogma that a single gene produces a single protein. In fact, a single
gene may produce tens, or hundreds, or even thousands of subtly different protein
products by means of alternative splicing, a mechanism by which segments of
messenger RNA are rearranged to convey different messages.>* Alternative splic-
ing helps to explain how humans can produce so many proteins (estimated to be
a million or more) from only 25,000 or 30,000 genes.

Epigenetics and Gene Inactivation

Yet another way in which a given gene can expand its repertoire of effects is
through the phenomenon of epigenetics. Until recently, the function of a gene
was thought to be determined entirely by its DNA sequence. We now know that
gene expression (a crucial aspect of gene function) can be affected by changes
upon (epi-) the gene that do not alter the DNA sequence. Epigenetic effects can be
produced in several ways, including the attachment of methyl groups to particular
parts of the DNA molecule. Such methylation is often associated with gene inac-
tivation and is useful in modulating gene expression. Methylation can accumulate
over the course of a person’s lifetime, or it can be inherited. Methylation patterns
that are laid down during the development of the sperm or ovum are known as
imprinting.

IMPRINTING. The classic Mendelian model of inheritance assumes that the effect
of a gene does not depend on which parent has contributed the gene. Imprinting
is an exception to this rule. Specific patterns of DNA methylation for certain
genes can be imposed during the development of the sperm or the oocyte and pre-
served in the conceptus. These genes will therefore behave differently depending
on whether they were inherited from the father or from the mother. Although rel-
atively few genes are imprinted by the parents, these genes can have substantial
effects on placental and fetal development. 3
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The development of the placenta and the fetus is a dynamic process in which
some genes promote growth and others suppress growth. Many of the genes that
are imprinted (that is, inactivated) by the father are genes that tend to restrict
placental and fetal growth. By inactivating those genes, the father gives more
influence to other genes (from either the father or the mother) that promote fetal
growth. (Note that the effect of gene imprinting is an implied double-negative:
imprinting by the father increases fetal growth by suppressing his genes that sup-
press growth.) Similarly, the maternally imprinted genes are those that tend to
increase placental and fetal growth, and their inactivation leads to a smaller fetus.
Smaller fetuses do not tax the maternal system as severely as larger ones, and they
offer less threat to the life of the mother at delivery.

Theoretical biologist David Haig has suggested that this contest between mater-
nal and paternal genes in fetal growth represents the father’s interest in a healthy
fetus regardless of the risk to the mother, whereas the mother more judiciously
balances the benefits for the fetus against her own well-being and that of her other
children (who may or may not have the same father).?® The placenta in particular
tends to be influenced by paternal imprinting, as befits an organ that exists for the
benefit of the fetus rather than the mother.

Regardless of its evolutionary roots, the process of imprinting has some remark-
able consequences. One example can be seen in conceptuses that are occasionally
formed with two complete sets of chromosomes from the father rather than one
set from each parent. (This could happen, for example, if an ovum is fertilized by
two sperm and the maternal contribution is lost.?’) The resulting conceptus has
a double dose of paternally imprinted genes, which promotes a rapid overgrowth
of the placental tissue in the absence of a viable fetus. This condition is known as
hydatidiform mole, or molar pregnancy. Such pregnancies end in miscarriage or
must be surgically removed.

Imprinting explains a curious pair of syndromes, both caused by deletion
of the same segment of chromosome 15. One is Angelman syndrome, char-
acterized by severe developmental disability and disorders of movement. This
syndrome occurs when the deletion occurs in the chromosome inherited from
the mother. If the same segment is missing from the chromosome inherited
from the father, then Prader-Willi syndrome is produced (marked by overeating
and developmental delays).?® The deleted region contains important imprinted
genes, which presumably explains the different expressions of disease when the
genes are missing.

Disorders related to imprinted alleles could be suspected in any disease as-
sociated with inheritance of a gene from one parent but not the other. Type 1
diabetes (insulin-dependent) has been reported to be more common among the
children of affected fathers than affected mothers.?” Other diseases that may
fall into this category include autism, schizophrenia, retinoblastoma, and male
infertility.>
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Are Monozygotic Twins Genetically Identical?

It is well known that monozygotic twins are not necessarily the same in all respects.
For example, one can have a malformation at birth while the other is unaffected.
Monozygotic twins also differ in their risk of disease throughout their lifetimes.
Environmental factors presumably play a role in these differences; epigenetic dif-
ferences may also contribute. It appears that a person’s patterns of gene methylation
change over time. Such changes may be influenced by external exposures (such as
diet), and perhaps by errors in the transmission of methylation patterns across succes-
sive cell divisions.?! The consequence is that as monozygotic twins become older, they
diverge in their patterns of gene expression and thus become less “genetically” similar
as time goes by.*

Concerns have been raised about the possibility that the methods of reproduc-
tive technology may disturb imprinting processes among the resulting offspring.*
Even if associations are found between assisted conception and imprinting dis-
orders among offspring, the interpretation is not straightforward—an association
could be caused by the disturbance of DNA methylation by in vitro procedures
or by preexisting problems in methylation (especially of sperm) that have made
fertility treatment necessary.

EPIGENETIC TRANSPLACENTAL EFFECTS. There has been fascinating speculation
on ways in which exposures—particularly in utero exposures of the fetus—might
affect methylation and gene expression in the adult.?>** Although these mecha-
nisms could in principle be important to human health, this possibility remains
largely hypothetical.

X INACTIVATION IN FEMALES. There is one example of gene suppression that
occurs exclusively in females. Every woman has two X chromosomes, but
only one is active in any given cell. Around the time that the female conceptus
implants, individual cells begin to inactivate one or the other of their X chro-
mosomes. This leaves only a single active X chromosome (which could be from
either the mother or the father) in each cell. This X inactivation, which is pre-
sumably random, produces two different cell lines in the embryo. Females thus
grow up as genetic mosaics for the X chromosome. Unlike men, who carry the
same X chromosome in all their cells, women have the advantage of heterozy-
gosity of the X chromosome, even though this heterozygosity operates among
cells within a given woman rather than within each cell. One consequence is that
diseases caused by gene variants on the X chromosome are generally more se-
rious in males than in females,* presumably because males missing an essential
gene product from their particular X chromosome lack the backup of a second X
chromosome.
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Mitochondrial DNA

The discussion so far has been on nuclear DNA, that is, genetic material con-
tained within the nucleus of the cells. However, not all DNA is in the cell nu-
cleus. Mitochondria are tiny organelles in the cell cytoplasm that carry their own
DNA.% Each mitochondrion contains a ring of DNA that is similar to the DNA in
certain bacteria, suggesting that mitochondria are the descendents of ancient bac-
teria that acquired a symbiotic relationship with our ancestral cells. Mitochondria
are our cells’ power source—they produce the chemical energy that keeps cell
metabolism running. Mitochondria replicate independently of cell replication and
according to the energy requirements of the cell. The number of mitochondria in
a cell varies from one to several thousand, depending on the cell type.

Mitochondrial DNA passes from generation to generation through the mother, via
the cytoplasm of the oocyte. (Sperm have no cytoplasm.) For this reason, the mito-
chondrial genes provide a marker of matrilineal descent, just as the Y chromosome
provides a marker of patrilineal descent (for men, at least). Mitochondrial transmis-
sion is a possible explanation (along with imprinting) for observations of maternal
transmission of disease risk in families. However, diseases caused by genetically
defective mitochondria do not necessarily show maternal transmission; many arise
as new mutations.*® Rare syndromes associated with mutations in mitochondrial
DNA include deafness®” and an assortment of neurodegenerative diseases.?

Genetic Studies of Perinatal Disease

Whole textbooks are devoted to genetic epidemiology, and the study designs
available to explore the associations of genes with illness. Perinatal outcomes are
particularly well suited to genetic studies for several reasons, including the gen-
erally high recurrence of specific perinatal problems in families. This recurrence
risk suggests a strong contribution of genetic variation (see, for example, Tables
7-1 and 7-2 in Chapter 7).

A structural advantage of genetic studies of perinatal diseases is that the bio-
logical parents are likely to be available after birth, and they are likely to be mo-
tivated to participate in etiologic studies if their child is affected. One particular
design for genetic studies (the case-parent triad approach) takes advantage of this
availability of parents.

Case-Parent Triads

The case-parent triad design is an example of case-only studies, which are made
possible by the rigid structure of Mendelian transmission of genes from parents
to offspring. For any given gene, an offspring receives two of the four alleles car-
ried by its two biological parents. The parents transmit these alleles randomly to
their offspring. However, when offspring are selected for having a given disease,
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The Legacy of Genghis Khan (1162-1227)

Genghis Khan ruled a vast empire that at its peak (in the early 1200s) stretched from
modern-day Hungary and Poland to China and Korea. A writer 40 years after Genghis
Khan’s death estimated that the emperor had 20,000 living descendants. This might
be dismissed as a fawning tribute to a powerful conqueror except for a curious recent
discovery. About 8% of Y chromosomes sampled from a large region of central Asia
trace back to a single individual who lived roughly a thousand years ago. Such genetic
clusters can sometimes happen by chance in homogeneous populations that arise
from a small group, but this specific chromosome has been reported in 16 populations
including the Han Chinese, the largest ethnic group in the world. The cluster seems to
have originated in Mongolia and is distributed across the regions of the former Mongol
Empire.’® George Washington was merely the father of one country. Genghis Khan
seems to have been the father of many.

Genghis Khan

they will carry an excess of alleles that cause the disease (Fig. 5-1). In an unse-
lected population, half of offspring with the parents shown in the figure would be
expected to carry Aa and the other half AA. To the degree that allele a confers
risk of the disease, the affected offspring with this set of parents will more often
carry Aa than AA. (This excess of the causative allele is analogous to the excess
of smokers found among a group of persons with lung cancer.) Thus, to the extent
that a given allele is found in cases more than would be predicted by the distribu-
tion of the allele in parents, the allele is associated with the disease.
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Mother Father
Aa AA

Affected child
Aa > AA

Figure 5-1. The expected allele distribution when allele a increases the risk of
the disease, and families are selected as having an affected child.

The relative risk associated with the allele can be directly estimated within the
triad design. This is done by comparing the observed frequency of alleles in cases
with the expected frequency (based on the alleles of their parents). This provides
a true relative risk, with no rare-disease assumption necessary.> Another analytic
approach to the analysis of these case-parent-triad data is the transmission dis-
equilibrium test (TDT).** One limitation of the TDT (for epidemiologists, at least)
is that the test provides a p-value but no relative risk estimate.

The case-triad approach can be extended to genes that work through the phe-
notype of the pregnant woman to affect disease risk in her fetus.* For example,
a maternal gene might cause a mother to metabolize an environmental exposure
into a toxic form that crosses the placenta. In this case, the maternal genome
would be associated with disease in the fetus regardless of whether the fetus
inherited the allele.

The case-parent triad approach can be combined with the case-control design
(recruiting controls and their parents). Such combined designs overcome disad-
vantages of either design separately: the case-control aspect of the study allows
confirmation of Mendelian transmission (an essential assumption of the case-par-
ent analysis), whereas the case-parent aspect of the design is resistant to distortion
by population stratification (a weakness of case-control studies).*? Although the

Are You and I Related? Probably

Make that “definitely!” Any two human beings can find a common ancestor if they go
back far enough. (After all, if you're willing to go back far enough, you and your rose
bush have a common ancestor.) What people often do not realize is how recently our
common ancestors lived. Even if you are a Masai born on the Serengeti, you and I (an
American with European roots) almost certainly have a common ancestor who lived
within the last 3,500 years, and maybe as recently as 2,000 years ago.** Even more
remarkable, if we go back 7,000 years, we all have the same ancestors. That is, going
back just 350 generations or so, you and I and Nelson Mandela and Mao Zedong all
come from the same set of forefathers and foremothers.
Have a good day, cousin!
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case-parent design can in principle be used for genetic studies of any disease, the
family structure makes this design especially useful for perinatal studies.
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6

Evolutionary Biology and Eugenics

The concepts of evolutionary biology are essential to a full understanding of repro-
duction. Indeed, successful reproduction and survival of the offspring is the very
definition of evolutionary fitness. But as history has proved, fitness and natural
selection are also concepts that are subject to stunning abuse.

Evolutionary theory is a profoundly elegant principle that binds together all
of biology. Evolutionary processes are particularly relevant to the topics of this
book. Fertility and early pregnancy are filters through which every new genetic
variation must pass. Selection seems especially stringent during the first half of
pregnancy when at least one-third of human conceptions are lost.

All else being equal, genetic variants that improve the chances of successful
reproduction will become more prevalent, whereas those that decrease reproduc-
tion will fade away. That being the case, it is curious that reproductive problems
typically have an increased probability of recurrence in families, which suggests
the presence of stable, heritable gene variants that contribute to the risk. How
have these genes survived the selection against them? One possibility is that genes
contributing to a risk (say, preeclampsia) also have other effects that provide the
carrier with evolutionary advantages.! Such counterbalancing effects are seen in
other areas of human health, as in the sickle cell allele discussed in the previous
chapter.?

Conversely, what is good for the fetus may not necessarily be good for that
individual late in life. If a genetic variant were to improve survival of the embryo,
perhaps through more rapid growth, it might not matter (from an evolutionary
perspective) if that same gene variant were to increase the person’s risk of cancer
or heart disease many decades later.

Similarly, specific gene variants may help in one setting and hinder in another.
They may be bad for one generation and good for the next. Genetic variability
is like a life insurance policy for the whole species. As with life insurance, gene
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variability exacts a small steady cost year-by-year while providing the possibility
of major payoffs in a crisis. The crisis would be an abrupt change in our environ-
ment, for example the introduction of a new and virulent infectious agent. Even
though many might die, the few who happen to have genetic resistance to the
infection would allow the species as a whole to continue. Thus, the usefulness of
any given allele depends on its circumstances. Genetic “perfection” has no mean-
ing outside an impossibly narrow context.> Although this may seem self-evident,
it has not always been regarded so.

The Birth of Eugenics

It was 150 years ago that Charles Darwin published his book On the Origin of
Species by Means of Natural Selection.* The title captures the thesis: Darwin
proposed the radical idea that species are not permanent but rather are part of a
dynamic process driven by heredity and natural selection. Species change. Even
our own species is changing.

Darwin’s ideas had a huge effect on the intellectuals of his day. One important
convert was his half-cousin, Francis Galton. In the wake of Darwin’s discover-
ies, Galton became fascinated with the implications of evolutionary theory for
humans (which Darwin had only hinted at). Galton conducted large-scale studies
to measure human variation in such characteristics as height and span. In the pro-
cess, he developed such essential statistical concepts as correlation and regression
to the mean.

With Galton’s encouragement, the theory of evolution gave new emphasis to
heredity as an influence over all human characteristics. Environment, upbring-
ing, education, and social opportunity took a back seat to the principle that “like
begets like”—successful parents produce genetically successful children. In 1883,
Galton coined the word “eugenics” and proposed that the practice of late marriage
and few children among Britain’s upper classes was a genetic disadvantage for the
population as a whole. Galton suggested that society’s best and the brightest, by
limiting their own fertility, were failing to pass their superior capacities to their
fair share of the next generation.?

Galton’s most brilliant protégé was Karl Pearson, the founder of mathematical
statistics. Pearson shared Galton’s fascination with measurement and the analysis
of data. Using Galton’s voluminous data on the heights of men and their sons,
Pearson developed the concept of linear regression, and he introduced a measure
of correlation (Pearson’s r) that we still use. Pearson was an idealist who advo-
cated women’s rights and whose socialist principles led him to decline a knight-
hood. He was also a eugenicist (Fig. 6-1).

In 1907, Karl Pearson gave a lecture at Oxford University in which he presented
his views on genetics. He began his lecture by stating that researchers should not
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Figure 6-1. From evolution to eugenics (A) Charles Darwin (1809-82),
(B) Francis Galton (1822-1911), (C) Karl Pearson (1857-1936)

study haphazard collections of individuals but rather whole populations, using
“actuarial methods applied to biological data.”® In this he articulated a central
tenet of modern epidemiology. (Pearson also influenced the field of epidemiol-
ogy in other ways. Pearson taught Bradford Hill, who developed the familiar
guidelines for inferring causation in observational studies. Hill in turn persuaded
Richard Doll to enter the field of epidemiology,” and in the last half of the twenti-
eth century Doll became its most eminent practitioner.)

In his Oxford lecture, Pearson went on to present what he called the “two
great principles” of human genetics. The first was the inheritance of measurable



EVOLUTIONARY BIOLOGY AND EUGENICS 95

physical characteristics. This principle was a direct legacy of Francis Galton and
his collections of physical measurements. The second principle was the correla-
tion in heredity of unlike imperfections. Pearson drew on a diverse (and flawed)
body of research that suggested certain problems seemed to cluster in individuals.
Babies with birth defects not only had a higher risk of having other birth defects
but were more likely to be mentally retarded and to become criminals or prosti-
tutes. In Pearson’s view, the fact that ostensibly heritable diseases were concen-
trated in a minority of the population was grounds for social action:

[In considering] the habitual criminal, the tuberculous, the insane, the mentally defective,
the diseased from birth or from excess, there can be little doubt of their unfitness. Here
every remedy ... which reduces their chances of parentage, is worthy of consideration....
The duty of the man of science is to...waken the conscience of his countrymen.®

Pearson didn’t specify what “remedies” he had in mind to reduce the chances of
parentage, but he didn’t have to. In the same year (1907), the U.S. State of Indiana
made it legal to sterilize mental patients, criminals, and paupers without their
permission.® Twenty-eight other U.S. states soon followed.

In 1913, Theodore Roosevelt wrote:

Some day, we will realize that the prime duty, the inescapable duty, of the good citizen of
the right type, is to leave his or her blood behind him in the world; and that we have no
business to permit the perpetuation of citizens of the wrong type.’

By the 1920s, hundreds of colleges and universities in the United States were
offering eugenics courses that exhorted young citizens of the “right type” to
reproduce. Meanwhile, the U.S. Supreme Court ruled that involuntary steriliza-
tion of the “wrong type” was constitutional. At least 40,000 U.S. citizens were
forcibly sterilized.!®

In 1907, the same year that Pearson gave his Oxford lecture, a young artist was
seeking admission to the Academy of Arts in Vienna. He applied twice and failed
both times. He was reduced to living in a homeless shelter. In 1925, he published
a book called My Struggle, which became a best-seller. From its title, this could
be the inspirational story of an artist who pursued his vocation against all odds.
It was not. In fact, the following excerpt from his book suggests that the artist was
paying more attention to distinguished professors such as Karl Pearson:

The demand that defective people be prevented from propagating equally defective off-
spring is a demand of the clearest reason and, if systematically carried out, represents the
most humane act of mankind. It will spare millions of unfortunate people sufferings they
don’t deserve, and consequently will lead to a rising improvement of health as a whole.”"!

The artist was Adolf Hitler, and the book Mein Kampf. In 1933, the year that
Hitler became Germany’s Chancellor, Germany established “genetic health
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courts” that imposed sterilization on German citizens who were judged to be
unfit. The “unfit” included thousands of people with birth defects. The Germans
carried out 400,000 forced sterilizations."”

In 1938, a German researcher conducted an epidemiologic study of the recur-
rence risk of facial clefts as part of his medical thesis. His data showed that 47%
of all babies with cleft lip or cleft palate were born into families with an affected
member—yet one more piece of evidence used to justify the eugenics creed.!”
The researcher was Joseph Mengele, later known as the “angel of death” for his
experiments on children at Auschwitz.

The Death of Eugenics?

The proximity of eugenics to medical research is discomfiting. After the end of
the Second World War, there was a backlash against the collection of certain
kinds of population-based data. In most European countries (but not the United
States), it became illegal to collect data on race or ethnicity as part of any official
record, including vital statistics. Researchers distanced themselves from the prin-
ciples of eugenics and anything associated with it.

The final irony is that eugenics had not been based on good science. For
example, Pearson’s second “great principle” of genetics (the ‘“correlation in
heredity of unlike imperfections”) is not a valid generalization. This can be seen
in the familial recurrence risks of various types of birth defects, which are largely
independent of one another (Table 7-2). Of course, there are factors associated
with low socioeconomic status (illness, crime, poverty) that do cluster in fami-
lies—but for much more complex reasons than simple inheritance.

Eugenics took hold of the scientific and popular imagination not merely because
of its supposed logic but because of its deep appeal to powerful prejudices about
class and race. This is not an isolated historical incident. Science, and the inter-
pretations of science, are never isolated from the values of the society in which
science is conducted.

Today, the modern revolution in molecular genetics has inspired a resurgence
of genetic determinism. Although no one claims eugenic intentions, there have
been suggestions (carefully phrased) that genetic engineering might improve
human capacities. Genetics in combination with the application of artificial repro-
ductive technology has been proposed not just as a way to avoid rare and devas-
tating genetic diseases but as a way to acquire offspring with particular attractive
characteristics—so-called “designer” children.!?

Once again, the evidence for these claims is scanty. The more we learn about
gene functions, the less “deterministic” genes turn out to be. The actions of our
genes are entwined with each other and with our environment in ways far more
subtle and intricate than we would have thought possible even a decade ago. It no
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longer seems within our grasp to predict with certainty how complex phenotypes
(such as intelligence or athletic ability) arise from genotype. To fully understand
this would require an integration of biology, mathematics, engineering, and com-
putation at a level that we can barely imagine.'* Genetic manipulation of complex
sets of genes certainly remains possible, but its full consequences are virtually
impossible to predict—much less control.

Family Planning and the Neo-eugenists

Eugenic views motivated no less a hero than Margaret Sanger, champion of modern-
day birth control methods and founder of Planned Parenthood. In her words, “More
children from the fit, less from the unfit—that is the chief issue of birth control.”®
Although eugenics was roundly rejected after World War II, an enthusiasm emerged
in the 1970s for controlling population growth at any cost. Spurred by apocalyptic
visions of overpopulation and sustained by confidence in their own wisdom, policy
makers launched international programs that in some cases (and incredibly) included
sterilization without consent.!

International family-planning programs are a vital component of maternal and child
health programs. Even so, the ease with which certain family planning programs vio-
lated human rights in the pursuit (once again) of apparently laudable purposes serves
to remind us, in the words of William Faulkner, that “the past is never dead. It’s not
even past.”°
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Heterogeneity of Risk

Most reproductive risks vary widely in populations, with some couples at low risk
and others at high risk. One of the most important dynamics in reproductive epide-
miology is the way that previous pregnancy outcomes can affect selective control
of fertility to distribute high- or low-risk couples in misleading ways.

The underlying risk of any given disease varies in the population. This is the
basis of epidemiology: if there were no high-risk people to contrast with low-risk,
we would have no opportunity to identify the factors associated with the higher
risk. Reproductive epidemiology provides an added window on this heterogeneity
in that we can frequently observe recurrence risk. Couples typically have more
than one pregnancy in their lifetimes and thus are exposed to reproductive risks
multiple times. The larger the relative risk of recurrence, the stronger the underly-
ing heterogeneity of risk in the population.

Heterogeneity and Recurrence Risk

Figure 7-1 represents a hypothetical population of people distributed along a spec-
trum of risk for a disease. A few people are at very low risk, and a few are at very
high risk, with the bulk of the population clustered in the middle. The vertical
arrow shows the median risk.

The exact risk for a particular person is rarely known. However, we can learn
something about a person’s risk by whether or not he or she gets the disease. As
time passes, the disease risk will express itself (Fig. 7-2). Some portion of the
population will contract the disease. High-risk people are more likely to get the
disease—although not all people who get the disease are at high risk. A few
affected people are low-risk individuals who just had bad luck. Even though
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Figure 7-2. Occurrence of disease in a population

occurrence of disease is not a perfect predictor of individual risk, the median risk
for the affected group is higher than that for the base population (Fig. 7-3).

Now imagine that the group of affected people is cured and that we observe
them for an additional period of time. Even if we assume the second occurrence of
the disease is not affected by the first occurrence, occurrence will be higher in the
previously affected group than in the original population. No one has changed his
or her position on the risk scale—everyone has exactly the same risk in the sec-
ond period as they did in the first. They are at “high risk” for second occurrence
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Figure 7-3. Median risk among affected persons

simply because the first occurrence identified them as being (on average) higher-
risk people.

The difference between the median risk for the base population (Fig. 7-1) and
the median risk for the selected group (Fig. 7-3) is a measure of recurrence risk—
the subject of this chapter. Recurrence risk is often expressed as a ratio (recur-
rence risk divided by occurrence risk). For reproductive outcomes, recurrence
risk ratios are commonly in the range of 2 to 10 and can range up to 50 or more
for specific types of birth defects.

The size of the recurrence risk ratio depends on the extent of the population
heterogeneity. If the risk were completely homogeneous (with every person hav-
ing the same risk), then recurrence risk would be exactly the same as occurrence
risk. (There also would be no work for epidemiologists because there would be
no opportunity to contrast low- and high-risk people.) The greater the heteroge-
neity in risk, the more likely it is that we can discover factors associated with
that risk.

Assumption of Risk Independence

We have made a crucial assumption about risk, namely, that having the disease
once does not change the chances of getting the disease again. There are areas of
epidemiology where this assumption does not hold. For example, many infectious
diseases confer immunity, so that the occurrence of the disease directly reduces
the chances of the affected person having it again. There are some diseases that
increase the chance of their recurrence by making the affected person more
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susceptible; for example, infection can damage a heart valve, making the valve
more vulnerable to further infection. As a general rule, reproductive problems do
not directly increase or decrease subsequent risk.

Examples

Reproductive epidemiology provides abundant examples of recurrence risks
higher than occurrence risks.! Table 7-1 presents recurrence risk ratios for various
causes of perinatal mortality. The researchers used data from Norway to consider
a woman’s risks and recurrence risks for specific kinds of perinatal death of her
offspring.? The first column shows the major causes of death among first births.
The next columns show the relative risks of those causes of death in second births,
conditional on the outcome of the mothers’ first birth. (The reference group is
mothers whose first baby survived.) Among women whose first pregnancy ended
in early stillbirth, there was a 22-fold higher risk of early stillbirth in second preg-
nancies. These women also had increased relative risks of other causes of fetal or
infant death, although none as high. This pattern is seen for each cause of death:
recurrence risk for the specific cause is usually higher than that for other causes.
Infant morbidity, including developmental disabilities, also has high recurrence
risk in families.?

What artifacts could contribute to these associations? The categories of peri-
natal causes of death are not always mutually exclusive (for example, a stillborn
infant may also have birth defects). Some doctors or some hospitals may prefer
certain diagnoses over others, which could increase the apparent recurrence risk.
Also, the presence of a particular diagnosis in a woman’s previous pregnancy may

Table 7-1. Relative risk of recurrence of mortality by specific causes in second
birth, given the cause of death in the first birth*

Relative risks for specific causes of death in second birth

Outcome of Early Late “Birth Birth SIDS Al
first birth stillbirth ~ stillbirth related” defects other
Survivor (ref.) 1.0 1.0 1.0 1.0 1.0 1.0
Early stillbirth 22 4.7 16 2.1 2.0 5.5
Late stillbirth 2.6 4.6 3.0 1.9 — 2.6
“Birth related” 4.5 1.9 13 1.8 — 3.2
Birth defects 2.5 1.7 — 72 — —
SIDS — — — — 5.8 —
All other 3.9 2.0 59 — — —

“Medical Birth Registry of Norway, 1967-88 (from Oyen et al?). No rates are shown for cells with
fewer than five cases; shaded cells on the diagonal are relative risk for recurrence of the same out-
come; remaining cells are relative risk of a different outcome.
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Table 7-2 Relative risk of recurrence of specific birth defects in the second
birth, given the occurrence of a birth defect in the first birth*

Relative risk of recurrence in second birth

Outcome of first birth Similar defect Dissimilar defect
No defect in first birth 1.0 (ref) 1.0 (ref)

Clubfoot 7 1.4

Genital defect 5 1.5

Limb defect 11 2.4

Cardiac defect 6 1.1

Cleft lip with or without cleft palate 31 1.2

“Medical Birth Registry of Norway, 1967-89 (from Lie et al.#).

increase the chance that her doctor will use the same diagnosis with a subsequent
perinatal loss. Such biases may contribute to the observed patterns, although they
are unlikely to explain the large recurrence risks entirely.

There is a strong pattern of recurrence risk for birth defects as well. Table 7-2
shows the recurrence relative risks for types of birth defects in second births
given the presence of the defect in the mother’s first baby. Here the risks are even
more specific: the relative risks for recurrence of the same type of defect range
from 5 to 31, whereas the relative risks for dissimilar defects in affected families
are all less than 3. Similar patterns of increased risk of recurrence are found for
most reproductive outcomes.

Underlying Causes of Recurrence Risk

What can recurrence risk tell us about the underlying causes of reproductive
problems? The causes of recurrence risk are no different from the causes of risk
in general, except that the causes of recurrence risk must persist over time. The
most persistent of all risk factors is of course a person’s genome. Recurrence
risk has been studied most intensively in the context of families (pedigree stud-
ies), in which risk is traced among first-degree, second-degree, and more distant
relatives as a way to describe the presumed genetic features of a disease. (In
pedigree studies, genes are assumed be the complete explanation for recurrence
in families.)

It can be a mistake to attribute all recurrence risk to genes; shared environment
can also play arole. Especially in sibling studies (in which “recurrence” is measured
among children of the same parents) (Tables 7-1 and 7-2), there could be dietary pat-
terns, environmental conditions, or personal behaviors of the mother that expose a
series of pregnancies to a consistent risk. Evidence for environmental factors can be
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seen in a study of couples whose first baby had a birth defect. The recurrence risk of
the birth defect in the next child is lower if the parents move to a different munici-
pality after the first birth.* Whatever the mechanism for this observation, it is prob-
ably not genetic. Perinatal recurrence risk can be regarded as woman-specific, or
as couple-specific (in which case recurrence risk would be restricted to a woman’s
pregnancies by the same father). Recurrence risk that changes when one or the other
parent changes partner suggests a genetic etiology—although the possibility of im-
portant environment changes with a change in partner cannot be excluded.

The Interpretation of Recurrence Risk

In reproductive studies, recurrence risk is seldom if ever a case of one unfavorable
outcome causing another. This confusion is evident in clinical literature. Studies
have been conducted “to determine the harmful effect of abnormal pregnancy
outcome on the immediately following pregnancy.” A paper titled “Influence
of past reproductive performance on risk of spontaneous abortion,” found that
women with one miscarriage were at high risk for having another. The authors
concluded that “the outcome of a woman’s first pregnancy has profound conse-
quences for all subsequent pregnancies.” Perhaps the authors didn’t mean this
literally, but the suggestion that one miscarriage causes another is misleading.
Simple simulations with plausible assumptions about heterogeneity can replicate
the observed associations with no need for inventive causal mechanisms.” A mis-
carriage reveals a woman'’s high intrinsic risk; it does not create it.

That said, recurrence risk can be a rich source of insight about causation. A
classic example comes from the study of birth defects. There is a spectrum of
facial clefts going from cleft lip only, to cleft lip and palate, to cleft palate only.
Are these a continuum of outcomes from the same etiologic mechanism, or do
they represent distinct groups? Based only on structural pathology, the answer is
not obvious. A Danish surgeon named Fogh-Andersen unlocked the answer by
keeping careful records of families over decades.® These records showed that cleft
palate by itself had high recurrence in families, but these families were unlikely
to have a baby with cleft lip. Conversely, families affected by cleft lip were likely
to have other family members with cleft lip (sometimes with cleft palate and
sometimes without), but rarely with cleft palate alone. Fogh-Anderson inferred
two distinct categories of facial clefts, a finding that has since been confirmed
through studies of embryonic facial development.

Furthermore, this understanding of subcategories of facial clefts is essential for
studying the causes of clefts. The two types of facial clefts tend to have different
risk factors.>'° If the two kinds of clefts are grouped, this dilutes the possibility of
identifying a risk factor that affects only one type. Thus, recurrence risk can help
separate etiologically distinct diseases that may otherwise appear similar.
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Conversely, recurrence risk can show links between seemingly unrelated out-
comes, suggesting the presence of shared biological causes. This has been shown
for stillbirth risk, which is much higher among women whose previous baby was
preterm and small for gestational age, suggesting that the causes of stillbirth are
related to the causes of fetal growth restriction and preterm delivery.!!

Recurrence risk data can be useful in other ways. For example, geneticists who
are interested in studying birth defects may have a better chance (all else being
equal) of identifying genetic causes of cleft palate (which has a sibling recurrence
relative risk of 56)'2 than, say, cardiac defects (with a recurrence relative risk of 6).*

Recurrence Risk across Generations

Another type of familial “recurrence risk” is the risk that parents transmit their
own conditions to their offspring. Risk across generations raises complications of
interpretation not found in sibships. (For example, the recurrence of lethal birth
defects can be studied in sibships but not across generations.) Even so, data across
generations extends the possibilities for understanding causal pathways.

Birth Weight

Several authors have noted the heritability of fetal growth restriction or
macrosomia.'*!* Seen in another light, these observations are simply another
example of Galton’s studies on the inheritance of continuous characteristics. As
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Figure 7-4. Relation of father’s birth weight to child’s birth weight (Norway,
1967-2003) (bars indicate 95% confidence intervals, which are too narrow to be
visible at most points) (Reprinted from Lie et al's)
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Figure 7-5. Relation of mother’s birth weight to child’s birth weight (Norway,
1967-2003) (bars indicate 95% confidence intervals) (Reprinted from Lie et al')

shown in Fig. 7-4, there is a nearly linear relationship between father’s birth weight
and weight of his offspring (an increase of about 125 g in offspring birth weight per
kilogram of father’s birth weight)."> The simplest explanation is that certain genes
that influenced the fetal growth of the father are passed to his offspring.

The same analysis for mothers and their offspring shows an even stronger pat-
tern (Fig. 7-5). For every kilogram difference in maternal birth weight, there is
a more than 250-g difference in the weight of her offspring.!> Part of this inheri-
tance is presumably the same as with the father: certain genes that influence fetal
weight are passed from the parent to the offspring. Where does the additional
contribution of the mother come from?

Imprinted genes may explain part of this difference (see Chapter 5). Additional
heritable factors may also play a role. A mother’s own size directly contributes
to the size of her fetus in that larger women apparently allow more space for the
fetus to grow. (A study of donated ova found that the baby’s birth weight was asso-
ciated with the carrier mother’s height and weight more than with the egg donor’s
height and weight.!¢) To the extent that a woman’s birth weight is correlated with
her adult size,'” a mother’s adult phenotype may be an additional genetic pathway
in the association of her birth weight with her offspring’s birth weight. Another
possibility (although less likely) could be environmental factors that are shared
between mothers and daughters.

Preterm Delivery

The recurrence of preterm delivery offers an interesting contrast to the pat-
tern seen with birth weight. Here, the association is entirely through the mother
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Figure 7-6. Risk of preterm delivery by gestational ages of the parents
(Norway, 1967-2004) (bars indicate 95% confidence intervals) (Reprinted from
Wilcox et al'®)

(Fig. 7-6)."® The figure shows the relative risk of early delivery (defined here as
less than 35 weeks of gestation) conditional on the gestational age of the mother
and the father at birth. The more preterm the mother, the more likely she is to
deliver her own baby early. No such pattern is seen for the father.

In the absence of any evidence for an association through the father, there is
little to support fetal genes (from either parent) as a major contributor to preterm
delivery. (An exception would be a contribution through imprinted fetal genes.)

For associations that pass entirely through the mother, it seems likely that heri-
table aspects of the mother’s phenotype play a major role. For preterm delivery,
relevant aspects of maternal phenotype might include genetic susceptibility to
exposures (for example, infections) that increase preterm risk. It is also possible
that shared environmental factors across generations could produce the associa-
tion, although such a factor would have to be more strongly related to preterm
delivery than any environmental causes yet discovered. A third possibility is that
being born early in some way might make a woman less able to carry her own fetus
to term (although such mechanisms are at this point speculative). In any event, for
outcomes (such as preterm delivery) with largely unknown etiologies, patterns of
generational inheritance may help point to promising research directions.

Other Uses of Recurrence Risk

Recurrence risk is also a tool for clinical studies. Observational studies had
strongly suggested that folic acid reduces the risk of neural tube defects (NTDs)."
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The Role of Linked Data

Estimates of perinatal recurrence risk require data that link related persons.
Unfortunately, such data cannot be dependably reconstructed from vital statistics.
Each birth certificate exists in isolation, without connection to the records of other
births having the same mother or father.

It might seem simple to use vital statistics to link sibling birth certificates through
the mother’s name, birth date, etc., but in fact this effort is frustrated by the presence
of common names, by spelling errors or inconsistencies, and by the mother’s name
changes. Furthermore, women who cannot be successfully linked are not a random
sample of the population—they typically are from disadvantaged subgroups of the
population. As a result, linked records based only on vital statistics are rarely repre-
sentative of the whole population.

The most reliable linked data sets come from special registries in countries with
unique personal identification numbers. There are a few countries in the world with
population-based systems for using such linkages, mostly in Scandinavia. Linked data
from Norway, Denmark, and Sweden provide much of what is known about recurrence
risks of pregnancy.

A clinical trial was needed, but neural tube defects are a rare outcome—they
occur in fewer than 3 per 1,000 births. An enormous sample size would be needed
to demonstrate a protective effect. This problem was circumvented by recruiting
women who had had a previous baby with an NTD. These women have a much
higher risk of NTDs among their offspring (on the order of 3 per 100). With this
higher birth prevalence, investigators were able to demonstrate the efficacy of
folic acid supplements for the prevention of neural tube defects.?%2!

After the clinical trials of NTDs, some skeptics argued that effects on recurrence
risk could not necessarily be generalized to occurrence risk. For the generalization
to fail, one would have to propose that highly susceptible people incur their risk
through unique mechanisms unrelated to ordinary risk. This is theoretically pos-
sible, but for most diseases it seems likely that risk is a continuum, as in Figure 7-1,
and that recurrence risk expresses the same basic underlying risk factors as occur-
rence risk. Thus, this strategy of studying previously affected mothers can be used to
improve the power of almost any study of reproductive problems.

The predictive power of prior outcomes is also useful to clinicians who wish to
identify high-risk women for closer surveillance. Women with a history of preg-
nancy problems are more likely to be referred to high-risk clinics. Such referral
patterns can create problems for unwary epidemiologists. Specialty obstetric clin-
ics often have higher rates of preterm birth or perinatal mortality. These referral
centers can create misleading patterns of risk in surveillance data, for example,
simply because women with previous poor outcomes have been referred to the
centers. Control for measurable risk factors in the current pregnancy would not
adequately adjust for this excess risk.
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Adjustment for Prior Pregnancy Outcomes

A confusing dilemma of reproductive epidemiology is whether to adjust for pre-
vious pregnancy outcomes. A woman’s history of one miscarriage strongly pre-
dicts the occurrence of another. At first glance, it may seem logical in a study of
miscarriage risk to control for a prior miscarriage. If the purpose is prediction,
then including prior outcomes in a multivariate adjustment may be appropriate.
However, if the purpose is to understand causation, statistical adjustment for pre-
vious miscarriage is fraught with the possibility of bias, and there is no simple
solution.?>?3 Some women may have changed their behaviors as the result of a pre-
vious poor pregnancy outcome. An analysis that adjusts for previous pregnancy
outcome without having data on exposures for that pregnancy could be biased
because of a dependency between current exposure and past pregnancy history.?*

Heterogeneity of Risk and Selective Fertility

Chapter 3 discussed methods by which couples are able to control their fertility
and achieve their desired family size. We now consider how this “selective” fer-
tility (that is, the control of fertility to produce a certain number of children) can
combine with risk heterogeneity to produce analytic trouble.

Miscarriage Risk and Gravidity

A woman’s gravidity is the number of times she has ever been pregnant. Risk of mis-
carriage increases with gravidity.?* This association is seen even after carefully con-
trolling for maternal age and social class, and has led to speculations about biological
pathways through which past pregnancies might increase the risk of miscarriage.
This association between miscarriage risk and gravidity turns out to be an arti-
fact of selective fertility and heterogeneity of risk.”? To understand this, consider an
extreme situation in which every woman wants two children, and all women control
their fertility perfectly so that no woman has more than two living children. In this
setting, the only women who will have three pregnancies are women who lost one
of their first two pregnancies. Thus, all women proceeding to a third pregnancy will
be women selected as being at higher risk for pregnancy loss. This will produce an
apparent increase in risk of loss among the third pregnancies. The same bias (on a
milder scale) explains the observation of increasing risk of miscarriage with gravid-
ity. Women who are at high risk are overrepresented among the higher gravidities.”

Birth Interval and Pregnancy Outcome

There is an extensive literature on pregnancies conceived only a short time after a
previous pregnancy.? Such pregnancies are more likely to end in loss. Hypotheses
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have been developed about maternal depletion of essential nutrients with closely-
spaced pregnancies. The more difficult questions are to what extent the short
interval is a true cause of pregnancy loss, and to what extent the association is a
function of selective fertility.

One reason women get pregnant again after a minimum delay is the loss of the
baby in the earlier pregnancy. Thus, high-risk women are overrepresented among
women with short pregnancy intervals.?’ Careful account must be taken of the
outcome of the earlier pregnancy in order to rule out reverse causation (women at
high risk having short pregnancy intervals, rather than short pregnancy interval
producing higher risk in the second pregnancy). The presence of reverse causation
has been cleverly shown in an analysis of babies born before a short pregnancy
interval.?® Those babies had an increased risk similar to the babies born after the
short interval. Even so, if women with poor outcome at the previous pregnancy are
excluded, the adverse effects of pregnancy interval are not eliminated.?”* Short
pregnancy interval may in fact contribute to an increased risk of preterm delivery.

Birth Order and Perinatal Mortality

The association of birth order with perinatal mortality has been extensively
researched (in part because of the easy availability of vital statistics data).
Although the question may appear simple, the answer is not—for the same reason
as in previous examples.

The usual pattern of birth order and perinatal mortality is shown in Figure 7-7.
Based on birth records (cross-sectional data), there is a decrease in mortality from
first to second births and then a gradual increase in mortality with subsequent

25 1
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Figure 7-7. Perinatal mortality by birth order (Norway, 1967-84)%
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Figure 7-8. Perinatal mortality by birth order and total number of births
(Norway, 1967-73)*

births. Investigators have proposed that cross-sectional data used for this pur-
pose are misleading and in fact the pattern is strikingly different when considered
within families®® (Fig. 7-8). When data are stratified by completed family size,
women with two pregnancies have a decline in mortality at the second pregnancy.
For women with three pregnancies, mortality is higher in the first birth but again
drops sharply from the first to second to third pregnancies. This pattern is
repeated for women with four pregnancies, with perinatal risk falling at the later
pregnancies. According to the investigators, these patterns show that mortality
falls with increasing parity (parity being a woman’s number of previous deliv-
eries). The authors concluded that the increasing mortality with birth order in
cross-sectional data must be an artifact.

Instead, the artefact lay in the authors’ own analysis. Notice how much higher
the mortality is for first pregnancies of women with four pregnancies compared
with women with only two pregnancies. The explanation lies in the selection of
women by total number of pregnancies. Women with four pregnancies include
women who wanted only two or three children but lost babies on the way. By
conditioning the analysis of first births on women’s total number of pregnancies
(in effect, conditioned the outcome of first birth on future events), the authors
inadvertently conditioned on women’s underlying risk for poor pregnancy out-
come. The mortality by birth order, when stratified by total number of pregnan-
cies, provides no information on the biological effects of birth order. (What this
analysis does demonstrate is the tendency of women to stop their reproduction
with a success, but this is not an effect of birth order.)
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Figure 7-9. Perinatal mortality by birth order, before and after adjusting for the
overrepresentation of high-risk women at higher birth orders (Norway, 1967-84)%°

The naive cross-sectional analysis actually comes closer to describing the
biological effects of birth order. One shortcoming of the cross-sectional data is
that there is a modest inflation of risk at the higher birth orders with the overrep-
resentation of high-risk women (those with earlier perinatal deaths). Adjusting
for this overrepresentation modifies the birth-order pattern slightly, without fully
removing the higher mortality at higher birth orders* (Fig. 7-9). This increase in
adjusted mortality at subsequent pregnancies may reflect residual confounding
from unmeasured socioeconomic factors. In contrast, the higher mortality in first
pregnancy compared with second is not explained by selection or confounding
and may be a real biological difference between first and second births.

Stratification by completed family size in the analysis of parity (Fig. 7-8) is
an easy error to make. (Indeed, the same mistake appears in 1999 in a report on
reducing perinatal and neonatal mortality.’?) George Santayana’s caution about
the fate of those who do not learn from the past is apt for epidemiologists. We
have to understand the missteps of the past—including our own—if we are to
avoid repeating them.
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Reproductive Epidemiology

Themes and Variations

Reproductive biology presents particular advantages—and also some challenges—
for epidemiologists. As with other epidemiologic specialties, the particularities of
reproductive epidemiology can shed light on the practice of epidemiology more
generally.

Each specialized area of epidemiology adjusts to fit its subject matter. In turn,
each epidemiologic specialty develops tools and insights that enrich epidemiology
as a whole. Infectious disease epidemiologists led the way in integrating labora-
tory methods into field studies. Cancer epidemiologists contributed to the design
and analysis of case-control studies. It may be too early to say what reproductive
epidemiology will provide, but it is possible to describe some of its distinctive
aspects.

Study Designs

All the standard epidemiologic study designs are useful for reproductive epide-
miology, with some interesting twists. For case-control studies of rare outcomes
(such as birth defects), the relatively brief time between exposure and outcome
allows more accurate reconstruction or recall of exposure. The compressed time-
window for reproductive outcomes also make cohort studies attractive for the
study of frequent outcomes. Pregnancy cohort studies (usually of women recruited
during pregnancy or at delivery) have provided a wealth of data on maternal expo-
sures during pregnancy and the events of delivery and early infant development.
Such cohort studies often become the foundation for continuing follow-up stud-
ies, sometimes long past the original plans.! More recent and larger birth cohort

115
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studies in Denmark,? Norway,® and the United States* provide ongoing research
opportunities.

The fact that women typically have more than one pregnancy presents repro-
ductive epidemiologists with further options. It is possible to study the effects of
exposures that change within women from one pregnancy to the next. Women
serve as their own controls, perfectly matched for genes and well matched for
many background factors. An example is the effect of maternal smoking during
pregnancy on cognitive function of the offspring. Several studies have suggested
that mother’s smoking is associated with mild deficits in her child. A problem
in interpreting this association is the possibility of residual confounding by so-
cial class or other factors. Swedish researchers found that among women who
smoked during one pregnancy but not the next, there was slightly reduced ac-
ademic performance among both the exposed and unexposed children,’ thus
implicating factors besides smoking. This approach is attractive in principle but
requires large linked data sets.

Challenges

Epidemiology is shaped not only by the questions that need to be addressed but by
the obstacles that have to be overcome. None of the following problems is unique
to reproduction, but taken as a whole, these conditions convey the distinctive fla-
vor of reproductive epidemiology.

1. Some reproductive outcomes lack a true denominator. The sine qua non
of epidemiology is the denominator. Even so, reproductive epidemiologists
must cope with outcomes for which the denominator is unknown. The clas-
sic example is birth defects. We observe the prevalence of malformations at
birth, but we cannot observe incidence at the time the embryo’s organs are
being formed. To the extent that malformations reduce the survival of the
embryo and fetus during pregnancy, birth prevalence will be less than the
incidence.

2. We can observe only eligible segments of the population, not the whole.
To the extent that some people never attempt pregnancy, it is not possible to
describe the prevalence of reproductive problems for a “whole population.” We
can observe outcomes only among the subset who participate in reproduction.
For example, the prevalence of infertility cannot be known for an entire popu-
lation but only for those who have unprotected intercourse. Those who (for
whatever reason) never participate in unprotected intercourse are not a random
sample of the population; this group can vary in size and characteristics among
different populations.
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3. Couples who are trying to conceive at any given time are highly selected.
Most people are biologically capable of producing more children than they
want. As a result, most people take measures to restrict their fertility during
most of their reproductive lives. Such restrictions are not random—they
depend on access to effective contraception, social and economic conditions,
and the outcomes of previous pregnancies. Past outcomes can influence future
behavior in particularly complex ways. If a couple’s experience of a poor out-
come alters their behavior (including decisions about future pregnancies), then
their behaviors can become associated with risk in misleading and noncausal
ways (see Chapter 7).

4. The quality of data on reproductive outcomes varies from near-perfect to
nonexistent. At one end of the spectrum, variables such as infant mortality
and birth weight are precisely measurable, recorded by law, and freely avail-
able online for whole populations. Data of more middling quality are recorded
for miscarriages and birth defects in clinical and official records, with no
single source capturing them all. At the low end of the data-quality spectrum
are very early pregnancy losses (those occurring before 6 weeks). In the past
25 years, roughly 37 million early losses have occurred in the United States, of
which 143 have been documented.®"!

5. Pathologic conditions involve more than one person. Unlike most diseases,
reproductive problems usually involve several people. In studies of infertility,
both the man and the woman must be considered. If the endpoint is preterm
delivery, then studies must include at least the mother and her fetus. If birth
defects are the topic, then father, mother, and fetus are all relevant contributors.
In a study of the genetic aspects of reproductive problems, family relationships
become even more important. For example, if both the fetus and the mother
carry a gene variant that impairs the metabolism of folate, the risk of neural
tube defects may be greater than if only one of them carries the variant.'?

6. Adverse events range from the extremely common to the extremely rare.
The incidence of reproductive endpoints spans four orders of magnitude.
Homocystinuria (a genetic error of metabolism for which newborn babies are
routinely screened) is found in 0.5 out of 10,000 births."? There are dozens of
birth defects in the range of 5 to 10 per 10,000 births." Stillbirth and infant
mortality both fall in the range of 50 to 100 births per 10,000 in many
developed countries. Preterm delivery occurs in about 500 to 1000 of 10,000
births, the risk of miscarriage is about 1,200 per 10,000 clinical pregnancies,
and earlier loss (before clinical recognition) occurs in about 2,500 per 10,000
implantations.® For the relatively common outcomes (such as preterm delivery
or miscarriage), the odds ratio does not provide an accurate estimate of the
relative risk. This is a common mistake when interpreting the analysis of
reproductive data.
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7. Time between exposure and outcome can be very short or very long. An
often-stated advantage of studying reproductive toxicants is the short time
from exposure to outcome. Teratogens can produce a detectable birth defect
within 9 months. A toxicant could in principle make a man azospermic in 9
weeks—the time it takes mature spermatozoa to develop from the sperma-
togonia. However, not all latencies are short. Exposures in pregnancy can
also produce damage to the fetus that does not become apparent for decades.
Diethylstilbestrol (DES) given to pregnant women caused changes in their
female fetuses that, 50 years later, caused the daughters to have an increased
risk of breast cancer.”” The possibility of extremely long latency is a serious
complication in studies of toxic exposures to the fetus (see Chapter 20).

8. Reproductive endpoints do not occur in isolation. Even though stud-
ies focus on particular endpoints (infertility or miscarriage risk or specific
birth defects), these endpoints are all part of a continuum of development.
If a reproductive toxicant has different effects on this continuum at different
doses, a confusing dose-response pattern may result. For example, an expo-
sure at low doses might increase the risk of a birth defect, whereas at high
doses it may cause frank embryonic death. A study of the birth defect alone
might suggest greater risk at low doses of the exposure than at high doses.!

9. Reproductive data are a private matter. Epidemiologic studies may require
the collection of information on topics that are not ordinarily shared with
strangers. These include sexual behaviors, sexual partners, sexual orienta-
tion, sexually transmitted diseases, methods of birth control, history of fetal
or infant deaths, and induced abortions. The information people are willing
to provide may not be complete or accurate.

10. Not all domains of reproduction lie within the medical sphere. Cases can-
not necessarily be identified within a clinical setting. For example, not all
infertile couples seek medical assistance. To do population-based studies of
infertility or miscarriage risk may require data collection outside the medi-
cal system. It follows that the clinical validation of certain outcomes may be
difficult.

11. Reproductive endpoints can compete with one another. An increase in
one risk can decrease the risk of another. For example, if a pregnancy ends in
miscarriage, the pregnancy cannot end in a preterm birth. A pregnancy that
ends in preterm delivery is not at risk of stillbirth at term. Such trade-offs
among competing outcomes could easily lead to mistaken causal inferences.
To the extent possible, the events of reproduction should be considered com-
prehensively rather than as isolated outcomes.

12. Different reproductive endpoints can be linked by shared causes.
Unmeasured factors can disrupt reproduction at several stages and, in so
doing, create associations that link seemingly unrelated problems. For exam-
ple, couples who are subfertile also have a higher risk of preeclampsia.'” Such
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13.

14.

associations can create further confusions in that treatment for the earlier
outcome may be associated with the later outcome. Thus, fertility treatments
might be blamed for preeclampsia when the association is a result of the rela-
tion of infertility with preeclampsia.

Is the unit of analysis the mother or the pregnancy? In exploring preg-
nancy risk, one can analyze pregnancies as individual events or as the total
reproductive experience of a given mother. When the mother is the unit of
analysis, the observed outcomes of her pregnancies provide a “sample” of her
underlying risk. The choice of approach depends in part on the question being
addressed. The assessment of individual pregnancies is appropriate when the
risk factor varies by place or time. More stable risk factors (such as genes
or persistent exposures) may be better approached by considering a woman’s
complete reproductive history. One unbiased approach is to restrict analysis to
first pregnancies.!® The options may also be limited by the data source. Vital
statistics provide data for pregnancies in isolation, not linked by mother, and
so pregnancies are of necessity the unit of analysis. The mother can be the
unit of analysis when data come from studies that collect complete pregnancy
histories (with the potential for recall errors) or from population registries that
link all pregnancies of a given mother. Registries have beginning and ending
dates, which complicate the assessment of “complete” pregnancy histories.
Strong associations suggest reverse causation. Large risks are generally
considered evidence for causation, and reproductive studies are no excep-
tion—except that in reproductive epidemiology, reverse causation is also a
source of strong associations. An example is prenatal care and preterm deliv-
ery. Mothers who have more frequent prenatal visits have a markedly reduced
risk of preterm delivery.!” At first, it was tempting to interpret this association
as an argument in support of more prenatal visits. However, an association
can arise because mothers with shorter pregnancies have less opportunity for
prenatal visits. In this case, preterm birth causes the reduced number of pre-
natal visits, rather than vice versa. More subtle variations of reverse causation
abound in reproductive epidemiology, in part because the events of reproduc-
tion occur in such a compressed time period.?
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Fertility and Fecundability

The capacity to conceive is, for most couples, a valued part of their health. Despite
its importance, there is no comprehensive way to assess this capacity before the
couple actually attempts pregnancy. The assessment of fertile capacity at a popu-
lation level is nearly as difficult.

Infertility is one of the most common health concerns among young adults. Ten
to fifteen percent of couples report that they are unable to have the number of
children they would like.! Behind this simple statistic lies a much more complex
picture.

Fertility as a Continuum

At its essence, fertility is a matter of probability. A couple’s chances of conceiv-
ing with unprotected intercourse on the most fertile days of a menstrual cycle can
vary from zero to quite high. This underlying probability is expressed in the time
(number of cycles) a couple requires to conceive. Couples with a high probability
of conception are likely to conceive within one or two cycles. Couples with a low
probability of conceiving may take many cycles of trying. These couples may be
diagnosed as subfertile or infertile—that is, reduced in their chances compared
with most couples. Couples with a zero chance of conceiving will not conceive
naturally no matter how many cycles they try—they are sterile.

The fact that fertility is a continuous variable means that any definition of
infertility is somewhat arbitrary. Infertility is usually defined clinically as a fail-
ure to conceive after 1 year (or sometimes 2 years) of trying.? Some clinicians
regard even 6 months without pregnancy as evidence of subfertility and a basis for
clinical treatment,* especially in older women whose window of opportunity is
already diminished. In any group of couples having trouble conceiving, some will
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be sterile and others will not; indeed, some couples will conceive in their next
cycle of trying. This capacity of “infertile” couples to conceive must be kept in
mind when evaluating clinical interventions. (Conception by an “infertile” couple
is not proof that a therapy is efficacious.)

Another difficulty with defining infertility is the fact that it is a characteristic of
two people, not one. Two relatively infertile people may have difficulty conceiv-
ing with each other but be successful with other partners who are more fertile.
Thus, an individual’s apparent fertility may change (for better or for worse) with
a change in partners.

Infertility is usually not diagnosed until the couple has actually attempted to
conceive. Some couples may be aware of potential problems (for example, if the
woman has had extremely irregular cycles, or the man has experienced mumps as
an adult). However, for most healthy couples, the current tools of clinical exami-
nation and testing are unlikely to provide reliable information on the couple’s
capacity to conceive.* The best way for most couples to know their reproductive
capacity is actually to try to become pregnant. This creates a dilemma for couples
who might prefer to defer their childbearing but would not delay if they knew
their fertility was already marginal.

Definitions

The definitions of fertility and infertility are further complicated by the fact
that the terms are not always used consistently. Fecundity is generally accepted
as a person’s (or a couple’s) capacity to produce a baby. Fertility is also com-
monly used in this way (as in this chapter so far). Fertility is also used in a
completely different sense, as the actual production of a baby rather than the
capacity to produce a baby. This definition is standard among demographers.
(For example, the total fertility rate discussed in Chapter 3 uses fertility in this
sense.) Epidemiologists follow the more colloquial (and medical) use of fertility
as capacity to conceive.

Infertility is a term used to describe couples who are having difficulty con-
ceiving but are not necessariliy unable to conceive. Primary infertility refers to
couples who have been unable to conceive at any time in the past, and secondary
infertility describes couples with at least one previous pregnancy who have prob-
lems subsequently. Subfertility is a loosely defined term that means “less fertile
than normal.”

The word fecundability is a less familiar term, but a useful one for epidemiolo-
gists. Fecundability is a quantitative measure of a couple’s capacity to conceive,
defined as the couple’s probability of conceiving in one menstrual cycle (assum-
ing the couple is having regular unprotected intercourse). We cannot know a given
couple’s fecundability, but we can calculate the mean fecundability for a group



FERTILITY AND FECUNDABILITY 125

2.0

1.0

Density function

0.0 T T v T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Fecundability

Figure 9-1. Estimated distribution of fecundability (calculated from time-to-
pregnancy data for 486 nonsmoking women, Minnesota, 1983) (Adapted from
Weinberg and Gladen®)

of couples. Like any probability, fecundability cannot be less than zero or greater
than 100%. Fecundability probably never actually reaches 100%, but we know
there is a wide range among couples. Figure 9-1 shows an estimated distribution
of fecundability.> Couples who are at the low end of the spectrum could expect
to have to try for a while before they are able to achieve pregnancy. Couples who
have high fecundability will, on average, conceive quickly.

Fertility as an Epidemiologic Endpoint

Epidemiologists have several options for the study of human fertility, all of them
imperfect. One is the study of male semen characteristics. This can in principle
be done among the general population, although the proportion of men who are
willing to participate in such studies is limited. In women, one can study the
menstrual cycle. Women with irregular cycles are at increased risk of infertility,
although ordinary menstrual patterns are no guarantee of normal fertility. Yet
another epidemiologic approach is the study of clinically diagnosed infertility,
based on the selected couples who seek clinical treatment. A fourth option is the
study of fecundability, based on measures of time to pregnancy.

Epidemiologic Measures of Male Fertility

A semen sample (usually obtained by masturbation) allows sperm characteristics
to be assessed at a particular point in time. Semen analysis includes measures of
semen volume and sperm concentration, motility, and morphology. (Sperm assays
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based on DNA integrity hold promise for epidemiologic studies, although these
assays have not yet been as well characterized.®) Although semen analysis has the
advantage of being a direct bioassay, the data are not simple to interpret. To begin
with, the necessary laboratory methods are not simple. Large variations are found
among laboratories, and quality control procedures are often lacking.’

Semen characteristics also vary for a given man. One very important consider-
ation is time since last ejaculation: a man’s sperm concentration can double as the
time since previous ejaculation increases.® Other factors that affect semen param-
eters are conditions at collection, the way the specimen is stored and handled
before analysis, and season of the year. Even controlling such factors does not
remove individual variability. Figure 9-2 shows changes in sperm concentrations
within men who collected monthly specimens under well-controlled conditions.’
Because of this variability, semen specimens are sometimes collected from men
at several points in time and averaged to get a more stable assessment of a man’s
baseline semen parameters.

As if these problems were not enough, epidemiologists must also cope with the
fact that true population-based studies of sperm characteristics are virtually im-
possible. Many men are reluctant to take part in semen studies. Although partici-
pation can sometimes reach 50%, many published studies are based on data with
participation rates less than 30%.!%!' Low participation rates leave open the pos-
sibility of selection among participants—for example, men with prior evidence
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Figure 9-2. Individual variation in sperm concentration over time (monthly
data from 45 young men for nine consecutive months, United States, 1986—-87)°
(Unpublished figure courtesy of Steven Schrader)
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Figure 9-3. Variability in sperm concentration among fertile men at vasectomy
(190 men, France, 1973-78) (Data from David et al*)

of infertility problems are more likely to volunteer for semen studies.”>? Men with
vasectomies cannot participate and are likely to be among the most fertile. Thus,
even the most basic descriptive statements about “population-level” semen char-
acteristics must be regarded with caution.

The Sorry Tale of DBCP

One of the most notorious exposures related to fertility is dibromochloropropane
(DBCP), a highly effective fumigant used to eradicate plant pests. In 1977, a paper
in The Lancet reported that of 25 men who worked in the manufacture of DBCP, 11
had either no sperm or sperm concentrations below 1 million per cc.!* The U.S. EPA
suspended most uses of DBCP immediately, and Dow Chemical Company halted all
production of DBCP. However, Dow had some left over and sold 500,000 gallons of
the fumigant to Dole Foods for their banana plantations in Central America. (DBCP
increases banana harvests by 20%.) Subsequent exposures to thousands of plantation
workers in Latin America have generated ongoing lawsuits.!*

Given all these caveats, the most striking thing about human semen is its low
quality compared with that of other mammals."* Even in “normal” men, most
sperm have abnormal forms. Figure 9-3 shows a distribution of one of the most
basic semen parameters, the concentration of sperm (in millions) per milliliter of
semen (colloquially called the “sperm count”). These data come from 170 men
who had fathered at least one child and who provided a semen sample at the time
of vasectomy.!® Although these data do not necessarily characterize the men at
the time they fathered a child, the data suggest that sperm counts can vary widely
even among fertile men—in this example, more than 10-fold.
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Table 9-1 WHO reference values for “normal” semen

parameters

Semen parameters WHO normal value!’
Volume 2 cc or more
Concentration 20 million per cc or more
Motility 50% or more

Viability 75% or more

Normal morphology 30% or more

What constitutes an “abnormal” semen finding? The World Health Organization
has provided criteria for ‘“normal” levels of various semen parameters (Table 9-1)."
Given the wide variability across laboratories, WHO emphasizes that these num-
bers are only guidelines, although, in the absence of better alternatives, these cri-
teria are widely cited. At the lowest extreme, there is no question that poor semen
parameters predict poor fertility: men without sperm are sterile. Men whose sperm
lacks normal motility or morphology are severely limited in their capacity to father
children. But the true relationship of sperm measures to fertility is not well captured
in dichotomies.

Figure 9-4 shows the estimated fecundability (the per-cycle probability of con-
ception) across four standard semen parameters.'”® The semen parameters that
best predict fertility are sperm concentration (in the lower range) and the pro-
portion of nonmotile sperm. Semen volume has practically no association with
fecundability.

LATENCY OF TOXIC EFFECTS ON SPERM. A few occupational exposures have been
associated with effects on semen parameters, including DBCP (see Box on DBCP)
and lead.” One factor that complicates the epidemiologic study of semen param-
eters is the fact that toxic effects can have latencies ranging from days to decades.
An acute exposure that damages adult spermatozoa (perhaps impairing motility)
could in principle be detected almost immediately. Damage to spermatogenesis
would not be manifest in men until 9 weeks after exposure, at the time the exposed
cohort of sperm reaches maturity. At the extreme, exposures may not be manifest
until a generation later. Maternal smoking during pregnancy has been associated
with lower sperm concentrations in their adult sons.?

Epidemiologic Measures of Female Fertility

The most easily observed aspect of a woman’s reproductive function is her men-
strual cycle. The absence of menses usually means a woman is not ovulating.
Irregular menses are associated with reduced fecundability?! and can be a sign of
underlying pathology (such as polycystic ovary disease or thyroid dysfunction).
However, even women with highly variable cycles can be fertile.
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Menstrual cycles can be studied at various levels of detail. Women can simply
be asked their usual cycle length and how much their cycles usually vary. More
exact information can be obtained from menstrual diaries, in which women pro-
spectively record their bleeding days. The most detailed information comes from
menstrual diaries combined with daily hormonal measures (usually in urine).
Within the usual range of variation, even cycle-related hormones may have little
value in predicting fertility.?? Female hormone levels (follicle-stimulating hor-
mone and estradiol) have some predictive value among infertile women being
treated by assisted reproductive technology,? but it is not known how well these
tests might generalize to an unselected population. Menstrual disruption may be
useful as a marker of exposure to reproductive toxicants, but this remains a rela-
tively unexplored area of epidemiologic research.*

Epidemiologic Study of Clinical Infertility

Infertility is an unusual “health problem” in that it is neither visible nor life
threatening. Those who are affected may or may not seek medical care. Data
from several countries suggest that among couples who meet the usual med-
ical criterion of infertility (12 months of trying without pregnancy), only about
half go to a doctor for advice.”> Among those who see a doctor, fewer than half
have diagnostic procedures and get treatment. Thus, studies of infertility based
on diagnosed patients are likely to be a highly selected sample of all infertile
couples.

There are further difficulties in studying clinic patients. There are a range of
possible diagnostic procedures and treatments, and these are not conducted in a
systematic order. Different clinics may have different routines, and the diagnosis
given to a couple who has multiple problems may vary depending on the order
in which tests are conducted. Even with complete workups, not every infertile
couple has an obvious reason for their difficulty; 5%-15% of infertile couples are
normal on every clinical test.?®?” Given the effectiveness of in vitro fertilization
for most types of infertility, there is becoming less reason to establish a firm cause
of the couple’s infertility. Furthermore, clinic patients are likely to offer small
numbers of cases with occupational exposures or other exposures suspected of
having reproductive toxicity.

Despite these problems, epidemiologic studies of clinic patients offer some
advantages. The diagnostic tests performed as part of the clinical workup provide
information about specific mechanisms of infertility (for example, anovulation
or blocked tubes or low sperm count) that can help focus etiologic hypothesis.
Also, couples who are already being seen in a clinical setting are often willing
to undergo additional tests as part of a research protocol (for example, semen
analyses or ultrasound procedures). Some of the more common clinical causes of
infertility are discussed below.
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CLINICAL REASONS FOR MALE INFERTILITY. Among the diagnoses that contribute
to male infertility are adult mumps, birth defects of the male genitalia including
undescended testicle (even after repair), Klinefelter syndrome, and microdele-
tions in the Y chromosome.?® Even though varicocele (varicose veins of the testes)
is often discussed as a “treatable” cause of infertility,” a Cochrane review of
clinical trials has found no evidence that treatment improves fertility.>° Obesity
has recently been identified as a risk factor for male infertility, perhaps through
endocrine dysregulation.’!

CLINICAL REASONS FOR FEMALE INFERTILITY. A common condition under-
lying female infertility is polycystic ovary syndrome. Symptoms are irregu-
larity or absence of ovulation (with resulting menstrual irregularity), obesity, and
increased body hair caused by excess production of androgens. Women with poly-
cystic ovary syndrome are often insulin resistant or frankly diabetic. The causes
of polycystic ovary syndrome are unknown, and there is no known cure. There
are several obstacles to the epidemiologic study of this condition: the pathology
that gives this condition its name (cysts in the ovary) is not externally appar-
ent, its symptoms are nonspecific, and the diagnostic criteria remain a matter of
controversy.*?

Other common causes of infertility are endometriosis and fibroids (see Chapter
18) and pelvic inflammatory disease (see Chapter 4). Women with Turner syn-
drome (a single X chromosome) are completely sterile. Low caloric intake and
obesity are both associated with female infertility,*® as is extreme exercise.*

Epidemiologic Study of Fecundability

Fecundability is a simple concept: it is the probability that a couple will conceive
in a given menstrual cycle, given ordinary patterns of intercourse and no use
of birth control. (By conceive, we usually mean a pregnancy that survives long
enough to become clinically detectable; fecundability can also be defined as time
to the conception of live births.) Fecundability integrates all the biological path-
ways that contribute to conception as well as factors that affect the survival of the
fertilized conceptus to the time of clinical recognition or birth. Thus, fecundabil-
ity provides a broad, non-specific fertility endpoint. It is impossible to determine
fecundability directly, but it can be measured indirectly through the number of
cycles a couple takes to become pregnant (time to pregnancy).

Time to pregnancy is only an approximation of a couple’s fecundability. Two
couples with equal fecundability (say, 20%) may have completely different experi-
ences in trying to get pregnant simply because of chance. Twenty percent of such
couples will conceive in their first cycle of trying, and 7% will still not be preg-
nant even after 12 cycles. If each couple could provide time-to-pregnancy data for
50 or 100 pregnancies, we could arrive at a good estimate of their fecundability.
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Unfortunately for epidemiologists, this is not practical. The best we can do is to
estimate the mean fecundability for groups of couples and then observe how this
mean fecundability might differ across groups that differ by some key character-
istic we are interested in studying.

Demographers developed the original concept of fecundability and, from stud-
ies of live births, determined that the average probability of conceiving in 1 month
is around 25%.% This percentage is affected by how pregnancy is defined. The
fecundability rate would be slightly higher when pregnancies that end in miscar-
riage are also included. The highest estimates of fecundability would include all
detectable pregnancies, as observed for example in prospective studies that mon-
itor conceptions among women who are trying to conceive.*® A typical pattern of
conception rates for clinical pregnancies is seen in Table 9-2.

This life-table presents a theoretical cohort of 1,000 couples who are discon-
tinuing any methods of birth control in order to become pregnant. Fifty couples
(5%) are designated as sterile, although they are not aware of this at the beginning
of observation (5% is the estimated sterility rate for young couples.?”). Each row
represents a menstrual cycle. A certain proportion of women conceive in each
cycle (column D) and are thus removed from further consideration (they are no
longer eligible to become pregnant). The “survivors” are couples who do not con-
ceive in a given cycle and are thus available to try again.

The proportion who conceive (fecundability) is highest in the first cycle and
steadily declines thereafter (column E). This decline does not represent a true
change in fecundability over a short time. Rather, it reflects the gradual accumula-
tion of infertile and sterile couples among those who have not yet conceived. The
couples who are most fertile conceive the most quickly (on average), leaving the
less fertile to try again. Sterile couples comprise a steadily growing proportion
of the surviving couples (column B as a proportion of column A). The increasing
concentration of the less fertile and the sterile among the “survivors” produces the
apparent drop in fecundability.

The numbers in this table are a fair summary of results seen in many studies.
Typically, about 60% of couples conceive within 3 cycles, about 80% within 6 cycles,
and about 90% within 12 cycles.>* Even among the “infertile”” (those who have not
conceived after a year), about half will conceive in the next 3 years even without
medical treatment. (In the life table example, 58 nonsterile couples still had not con-
ceived after 12 cycles of trying, out of a total of 108 nonpregnant couples.) All these
percentages can of course vary depending on age and other factors that affect the
couple’s fertility, as well as the proportion of sterile couples in the population.

The first cycle is not merely the cycle with the highest proportion of
pregnancies—it is also the cycle that demonstrates the mean fecundability for the
population. The proportion conceiving in the first cycle is an unbiased estimate
of the true fecundability of the whole population (including the sterile couples)
before any selection has taken place.



Table 9-2 A simulated pattern of monthly conception rates among 1,000 couples who have discontinued a nonhormonal method of
birth control

Cycle A B C D E F
Couples trying to conceive at ~ Sterile  Fertile Clinical Percentage of couples ~ Cumulative percentage of
the beginning of the cycle couples couples pregnancies who conceive couples who have conceived
(A-B) (D/A)
1 1,000 50 950 285 29% 29%
2 715 50 665 180 25% 46%
3 535 50 485 121 23% 59%
4 414 50 364 87 21% 67%
5 327 50 277 61 19% 73%
6 266 50 216 43 16% 78%
7 223 50 173 33 15% 81%
8 190 50 140 25 13% 84%
9 165 50 115 19 12% 85%
10 145 50 95 15 10% 87%
11 130 50 80 12 9% 88%
12 118 50 68 10 8% 89%

13 108 50 58




134 OUTCOMES

STUDYING TIME TO PREGNANCY. The crucial data required for Table 9-2 are times
to pregnancy (number of cycles) for a cohort of couples. This information can be
collected either prospectively or retrospectively and then used to calculate the un-
derlying fecundability of the group. Intercourse frequency and timing can affect
fecundability, especially if frequency is low.* Data on intercourse frequency
should be included in fecundability analyses if possible.

As mentioned above, fecundability can be conveniently estimated by the pro-
portion who conceive in the first cycle, although this does not take full advantage
of the available information. A more powerful way to estimate fecundability is
to model the underlying distribution of fecundability, for example, as a beta-geo-
metric distribution.*’

For comparing the fecundability of different groups, the usual approach is to
use a discrete form of the Cox proportional hazard model.* This provides an
estimated hazards ratio (in this case, a fecundability ratio) that lends itself to mul-
tivariate adjustment. Unlike hazards ratios for outcomes such as cancer or heart
disease, in which a ratio less than 1.0 indicates a benefit, a fecundability ratio
less than 1.0 indicates impairment. (Thus, a fecundability ratio of 0.5 means that
couples are only half as likely to conceive in a given cycle as the reference group.)
This approach allows adjustments for confounding and the capacity to adjust for
exposures that change from cycle to cycle.

Collection of data. The gold standard for time to pregnancy is prospective data
collection. Such studies have been conducted, although women who plan a preg-
nancy in advance may be a selected group (especially in the United States and
other countries with a high proportion of unplanned pregnancies). Fortunately,
women seem to be reasonably able to recall how many cycles they took to be-
come pregnant (although perhaps not if the recall time is long*?). Thus, time
to (clinical) pregnancy can be a reasonable endpoint for retrospective studies.
Also, couples may be more likely to cooperate in retrospective studies than in
more intensive prospective studies, making it possible to generate fecundabil-
ity estimates that are more nearly representative of the general population. For
these reasons, fecundability has become an increasingly used tool in reproduc-
tive epidemiology.

Limitations to time-to-pregnancy studies. Although the measurement of time
to pregnancy is simple in principle, the actual collection and analysis of data
are fraught with pitfalls.** For example, the definition of cycle number needs to
be handled carefully in questionnaires. Some couples who conceive immediately
after stopping their birth control may say that they got pregnant in zero cycles,
and others may say in one cycle. Such misclassification can create problems.
Some women are unable to provide any number because they conceived acci-
dentally. In that case, the correct time to pregnancy would be the total number of
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cycles in which the woman was at risk of accidental pregnancy, a number that is
not straightforward to reconstruct.

Unplanned pregnancies are usually excluded from fecundability studies, but
they leave behind selection problems in the remaining sample. Unplanned preg-
nancies tend to occur more often among the most fertile couples. (If two couples
are using the same imperfect method of birth control, the couple more likely to
conceive accidentally is the one that is more fertile.) Thus, where many pregnan-
cies are unplanned, subfertile couples will be overrepresented among the remain-
ing planned pregnancies. If unplanned pregnancies are more common among
women with a particular exposure, this could bias an association between the
exposure and reduced fecundability.

Another disadvantage of retrospective studies of time to pregnancy is that there
is no simple way to include sterile couples. If an exposure were to cause sterility
in a susceptible subgroup but had no effect on the fecundability of the remainder
of the exposed, this effect could be missed in a study based only on couples who
conceived.

Exposures would ideally be measured in every cycle, but this is seldom possi-
ble. The most relevant cycle is the first cycle of trying. Studies that measure expo-
sure only in later cycles (for example, the cycle in which conception occurred)
could be badly biased if the woman changed her behavior because she was having
trouble conceiving.

Exposures that change over time can create other problems.** Suppose an expo-
sure has become more prevalent with time (cell phones, for example). Women
with the longest times to pregnancy will be the most likely to have begun their
attempt when the exposure was less prevalent. Conversely, women with the short-
est times to pregnancy will be more likely to have started their attempts later,
when exposure prevalence had increased. An analysis that measures exposure
only in the first cycle of trying (and fails to account for the changing prevalence
of exposure over time) would conclude that cell phones improve fecundability. In
the same manner, an exposure that has become less prevalent over time would
appear to damage fecundability.

In spite of these difficulties of time-to-pregnancy studies, fecundability pro-
vides a fertility endpoint that integrates many possible biological mechanisms.
One need have no specific mechanism in mind in order to explore factors that
have an overall association with reduced fertility. One of the first applications
of time-to-pregnancy was to show that cigarette smoking decreases women’s
fecundability.*>#6 The harmful effect of smoking on female fertility is widely
accepted today, even though the specific pathways through which this occurs
are still not established.*” Other exposures that are emerging as possible factors
that reduce fecundability include women’s occupational exposures to solvents*
and antineoplastic drugs,* and men’s occupational exposure to pesticides.®
Multivitamins with folic acid may reduce the risk of ovulatory infertility.!
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Sterilization as Worker ‘‘Protection”

Companies can protect their workers from reproductive toxicants in several ways. One
is to discontinue the use of the toxicant, as in DBCP (see Box on DBCP). Another is to
improve industrial hygiene. This was the strategy taken with anesthetic gases. Initial
studies had suggested that anesthetic gases may cause an increased risk of miscar-
riage.>> More conclusive studies were never conducted because protections were so
easily implemented. A third option is to ban fertile workers. This was the path chosen
by a battery manufacturer known as Johnson Controls. Workers at Johnson Controls
were exposed to such high levels of lead that it potentially endangered the fetuses of
pregnant women. The company’s response was to require women to certify that they
were sterile before they were allowed to work in production jobs. Women who de-
clined to be sterilized could lose their jobs. This policy was struck down by the U.S.
Supreme Court in 1991 as discriminatory.*

RELATION OF FECUNDABILITY TO OTHER ADVERSE OUTCOMES. Infertile women
appear more likely than other women to have a range of perinatal difficulties if
they become pregnant. These include increased risks of preeclampsia,’* preterm
delivery,> and birth defects.’® These correlations presumably reflect the presence
of etiologic factors that contribute to both infertility and pregnancy problems.
Although these problems may not be directly caused by fertility treatments, it is
treatment that allows those perinatal risks to be expressed. The burden of those
risks can fairly be regarded as part of the total public health burden associated
with infertility and treatment.>’

Is Human Fertility Declining over Time?

Why is the Birth Rate Constantly Declining?

Is there a general decline in fertility among Western civilized nations?. .. The one question
which all must dread becomes apparent: not whether the birth rate is falling, but whether
the fertility of our people is falling.

The New York Times, July 16, 1916

Concerns about a possible decline in human fertility have been around for at least
a century. One difference today is that the wide distribution of environmental
pollutants provides reasonable hypotheses for possible causes of reduced fertility.
Concern has been exacerbated by astonishingly low birth rates in some developed
countries, often far below replacement levels (see Chapter 3). This has spurred
speculation that we may be experiencing an actual biological decline in fecund-
ability and not simply a reduction in desired family size.>

A decline in human fecundability would have profound consequences. Fiction
writers have presented unsettling pictures of human societies dealing with mass
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infertility (The Handmaid’s Tale by Margaret Atwood and The Children of Men,
by P. D. James). The question is whether our fecundability is truly in decline and
how soon we might be able to recognize it if it were.

Sperm Concentration over Time

In 1992, a meta-analysis was published showing an apparent decline in sperm
concentration over the previous 50 years.®® Data from this paper are shown in
Figure 9-5. This report has been cited more than 1,000 times in the scientific liter-
ature, some dismissing the results, some supporting them, and some interpreting
them differently. The weaknesses of the paper include all the problems with mea-
suring semen analyses (discussed above) and more. As other authors have pointed
out, when the data are restricted to studies from the last 20 years (the interval with
most of the data), the figure shows an increase in sperm counts.*!

Regardless of its validity, this paper has brought increased scientific attention
to the epidemiology of semen parameters. There is some evidence that environ-
mental pollutants such as polychlorinated biphenyls (PCBs) may affect aspects of
semen, especially motility.5

“TESTICULAR DYSGENESIS SYNDROME.” The hypothesis has been advanced that
cryptorchidism, hypospadias, testicular cancer, and impaired semen parameters
are all expressions of testicular toxicity that are increasing as a result of the pres-
ence of hormonally active environmental pollutants.5® It is true that testicular
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Figure 9-5. Mean sperm concentration over time as reported in 61 studies
(Circles are proportional to the sample size of each study) (Reproduced from
Carlsen et al% with permission from BMJ Publishing Group Ltd)
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cancer rates are on the rise®*—one of the few examples of cancer that is increas-
ing. However, time trends for cryptorchidism and hypospadias (as well as sperm
concentration) are much less clear.%® The possibility that these several testicular
conditions constitute an environmentally sensitive syndrome is intriguing (and
one that its proponents are energetically pursuing), but it remains unproven.®’

Fecundability over Time

A general decline in sperm quality would unquestionably be a matter of public
health importance. However, even if such a trend were firmly established, it would
not necessarily mean a detectable effect on human fecundability. A decline in
mean sperm concentration could occur by a decrease in high sperm concentra-
tions, for example, with no overall loss of fertility (Fig. 9-4).

Studies of time to pregnancy have attempted to reconstruct fecundability over
recent decades, with mixed results. There have been vast social changes over the
past five decades in the type and availability of birth control measures and in
the availability of abortion. These social changes alter the mix of fecundability
among the subset of couples who are trying to conceive, and this group is the
only one that provides information on time to pregnancy. (These problems are
less severe when various groups are compared within a given cultural context at a
given point in time.) Assessing changes in fecundability during periods of social
change raises daunting questions,*® and studies of fecundability over time have
shown little consistency.

There is no question that an extreme drop in fecundability would be detectable by
current methods. The problem lies in the relative insensitivity of our methods and
whether we would be able to recognize a more subtle decline in fecundability early
enough to discover its cause and do something about it. For the meantime, the ques-
tion of a possible decline in the human capacity to conceive remains unanswered.
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Early Pregnancy Loss

The loss of a pregnancy between conception and the time a woman recognizes she
is pregnant is, from one perspective, a component of infertility. If all of a woman’s
conceptions were to end in early loss, she would perceive herself as sterile. From
another perspective, very early loss is part of a spectrum of pregnancy losses that
extends to stillbirth.

There is no marker for the occurrence of a human conception. Fertilization can be
observed in vitro under the rarified conditions of assisted reproductive technology,
but fertilization of an egg in a woman’s body produces no measurable signal. The
subsequent voyage of the fertilized egg through the oviducts to the uterus remains
cloaked in secrecy. Only as the blastocyst begins to implant and secrete hCG does
the first hormonal signal of pregnancy become identifiable in mother’s blood or
urine. It is at least another week or two before a woman notices that her period is
delayed. Soon after, she may begin to experience symptoms of pregnancy.

If the conceptus dies at any stage up to this point, the death will probably be
unnoticed. The failed conceptus will be washed out in menstrual flow that is
indistinguishable from ordinary menses. From a public health standpoint, such
losses are of little or no importance. Still, they constitute a major portion of human
reproductive wastage. Furthermore, to the degree that these losses are more likely
to occur among damaged or defective conceptuses, the losses potentially affect
the prevalence of every reproductive problem we observe among the survivors.

The Incidence of Early Pregnancy Loss

Estimating the Outer Bounds

Until the 1970s, the amount of early loss in humans was mostly a matter of specu-
lation.! At the most, such loss could not exceed the upper bound set by the observed
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fecundability in human populations. If the mean probability of conceiving a clini-
cally recognized pregnancy in one cycle is around 25%, then no more than 75% of
all human conceptions could end in early loss (assuming a 100% conception rate
in every cycle with unprotected intercourse). To the extent that the true conception
rate is less than 100%, the amount of early loss would be less than 75%.

At the other extreme, early loss rate could in principle be zero, with every fer-
tilized egg producing a clinical pregnancy. Although early losses had been docu-
mented in other primates, the first evidence of early pregnancy loss in humans
was published in 1959.

Surgical Evidence

An extraordinary study was conducted in the 1940s and 1950s by Hertig and
Rock (the same Rock who developed the birth control pill).2 These researchers
invited premenopausal women who were scheduled for hysterectomy to engage
in unprotected intercourse before their surgery. After surgical removal, their repro-
ductive organs were carefully inspected for fertilized ova. Over a 17-year period,
210 women ages 25 to 43 participated. Of these, 34 were carrying a fertilized con-
ceptus at surgery; 24 conceptuses were judged to be normal under microscopic
examination and 10 were judged to be abnormal. These unique data provided
strong evidence of early pregnancy loss in humans, but without a reliable estimate
of its extent.

Biochemical Evidence

The crucial advance in the measurement of early loss took place in the 1980s with
the development of sensitive and specific assays for human chorionic gonadotropin
(hCG). Produced by the conceptus, hCG is the cardinal hormonal signal of early
pregnancy. The hormone quickly becomes detectable in maternal blood around
the time of implantation and is excreted in urine. Human chorionic gonadotropin
is a robust molecule and is highly stable in urine over time and under varying
conditions of storage, a great advantage for field studies.

NONPREGNANCY HCG. Although hCG is highly specific to pregnancy, it can also be
produced by the pituitary during the extreme transitions of menopause® and is made
by most types of cancer cells.* (It is probably not coincidental that cancer cells imi-
tate trophoblast cells in the production of hCG; both types of cells are characterized
by extremely rapid proliferation, although cancer cells are far less organized.)

As increasingly sensitive hCG assays were developed, it became apparent that
minute quantities of hCG can be found in healthy nonpregnant persons, including
men.> All human cells carry the genetic instructions for the production of hCG,
so it is not surprising that a few cells at any given time might have their molecular
machinery accidentally activated for the production of hCG.
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VARIETIES OF HCG. Human chorionic gonadotropin has many functions in early
pregnancy, including enhancement of embryo implantation, stimulation of tro-
phoblast invasion, and modulation of gene expression and enzyme production.®
This versatility is enhanced by important structural variants of hCG, including
a hyperglycosylated form that serves as a promoter of trophoblast invasion.’
Assays to distinguish these varieties of hCG may eventually offer tools that
allow epidemiologists to assess the viability of early conceptuses or the quality
of placentation.

ASSAY-BASED STUDIES OF EARLY LOSS. Human chorionic gonadotropin has evolved
to mimic LH (see Chapter 1). It is not surprising, therefore, that the early hCG
immunoassays were not able to distinguish hCG from luteinizing hormone (LH).
The first biochemical studies of early loss based on hCG were limited by the fact
that ovulation could not be distinguished from a transient pregnancy.®’

The development of a highly specific and sensitive assay for hCG (with virtu-
ally no cross-reaction to LH)' allowed the first direct measure of early pregnancy
loss.!" In a North Carolina study, 221 women who were planning a pregnancy were
recruited from the community at the time they stopped using their method of birth
control. Women collected daily urine samples for up to 6 months. Because hCG
might be present at very low levels in nonpregnant women, a comparison group
of women with tubal ligations was also enrolled. The criterion for a pregnancy
was three consecutive days of hCG above a certain level not seen in the sterilized
group. By this criterion, 199 pregnancies were detected among more than 700
cycles. Twenty-four percent of these pregnancies were lost very early, within the
first 6 weeks after the last menstrual period."

There is no gold standard against which to validate these losses—the evidence
is entirely indirect. The putative losses occurred soon after ovulation among
women who were trying to conceive, and there is a continuum of hCG profiles
that extends from those meeting the minimum criteria for elevated hCG to those
that resemble clinical miscarriages (Fig. 10-1).
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Women who volunteer for such intensive studies may not be representative of
women in general, but similar estimates of early loss have been found with simi-
lar methods in a variety of settings.'>""

Estimating Total Pregnancy Loss

Studies of early pregnancy loss based on hCG can answer only one limited ques-
tion: the extent to which pregnancies are lost after the time of implantation. The
more complete question—the amount of loss after fertilization—remains tanta-
lizingly beyond reach. One of the holy grails of reproductive biology has been a
marker that would signal the fertilization of an ovum. Such markers have been
claimed,! but none has so far proved valid.

The incidence of loss that occurs between conception and implantation could be
substantial. In cycles being treated by advanced reproductive technologies (ART),
more than half of embryos selected to be of good quality fail to implant.” If ART
were carried out with all fertilized eggs instead of those selected to be good quality,
the failure rate would presumably be even higher. However, the artificial conditions
of ART make it difficult to extrapolate from these results to normally conceived
pregnancies. Until there is a way to identify natural conception before implantation,
this key chapter in the natural history of human pregnancy will remain incomplete.

Studies of Early Pregnancy Loss

Causes of Early Pregnancy Loss

In studies of early embryonic loss in domestic and laboratory animals, the risk of
loss does not appear to be easily influenced by external exposures.'”® Among the
handful of studies of early loss in humans, few external factors have been identi-
fied as possible causes, and none has been replicated.

Even the immediate biological causes of loss are not clear. It is plausible that
many could be due to chromosomal abnormalities of the conceptus. Studies of
later, clinically recognized miscarriages have found that about half carry chromo-
somal abnormalities.'>?° Aneuploidy is also common among ART conceptions,?!
although the procedures of ART might contribute to this problem.

Conceptuses that take a longer time to implant after ovulation have a higher risk
of early loss.?? The direction of causality is not clear, however: do late-implanting
conceptuses miss the window of optimum uterine readiness, or is their slowness a
sign of their own frailty? As happens so often in reproductive epidemiology, both
directions of cause and effect are plausible.

The Contribution of Early Loss to Time to Pregnancy

In principle, an increased risk of early loss will lengthen the time to clinical preg-
nancy. Thus, fecundability studies might provide an indirect way to detect an
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increase in early losses. As a simple example, assume a baseline mean fecund-
ability of 30% for clinical pregnancies, and assume there is one undetected early
loss for every three clinical pregnancies (25% loss). A doubling of the early loss
rate (to 50%) would reduce the apparent clinical fecundability by one-third (from
30% to 20%). Thus, in interpreting a reduction in fecundability, one possible
mechanism is increased early loss.

Does repeated early loss cause infertility in certain couples? There may be a
subset of infertile women for whom repeated early losses are a factor.'* However, for
most women, an early loss appears to be relatively good news: early loss provides
evidence that the woman is ovulating, the sperm are capable of reaching and fertil-
izing the egg, and the resulting conceptus is able to implant. Women who have an
early loss appear to have relatively good fecundability in their subsequent cycle.!!3

Are Early Pregnancy Losses all “Unrecognized”?

There is a gray area of early loss in which it is difficult to distinguish between
losses that occur without recognition and those that a woman recognizes. The
bleeding that accompanies early losses provides no clue—bleeding with loss is
like ordinary menses.?*> Whether the loss of an implanted conception is recog-
nized depends on many things including a woman’s attention to early symptoms,
the regularity of her cycles (and the degree to which delayed menses might be
apparent), and her access to pregnancy tests. A less subjective definition of early
loss is loss within six weeks from the last menstrual period. This definition is eas-
ily replicated across studies, and 90% of the losses before this time occur without
being specifically recognized by women.!'>4

Bias in Studies of Early Pregnancy

An important potential bias in the estimation of early pregnancy loss comes from
the hCG criterion chosen to define early pregnancy. Because trace hCG can come
from nonpregnant sources, the definition of pregnancy usually requires hCG to
persist above a certain level for a consecutive number of days. The more stringent
this criterion, the more likely it is that small early losses might be missed. This
lack of sensitivity will underestimate the proportion of pregnancy losses but with-
out otherwise introducing bias.

In contrast, a lack of specificity in the definition of early loss will identify early
losses in cycles where none exists. The problem with false positives is there are
far more nonconception cycles (in which false positives might occur) than there
are clinical conception cycles. Furthermore, nonconception cycles are not evenly
distributed among women—they are more common in subfertile women. Thus,
even a small false-positive error will lead to more apparent losses among less-
fertile women, thus creating an association of early loss with factors associated
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with infertility.?> The best protection against this bias is to set strict criteria that
maximize specificity, even at the loss of some sensitivity.

The extent of loss among biochemically detected pregnancies is striking.
Adding early losses to clinical miscarriages (discussed in the next chapter), we
find that one-third of all implanted conceptions fail to survive beyond midpreg-
nancy. For every two babies who are born, at least one is spontaneously lost along
the way. (This estimate is surprisingly close to the original estimates of Hertig
and Rock.?) The high mortality of early pregnancy (most of which occurs beyond
the observation of ordinary epidemiologic studies) becomes an element in the
interpretation of practically every pregnancy outcome that follows.
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Miscarriage

The spontaneous death and expulsion of the fetus is the most frequent problem
of clinical pregnancy. It is also one of the most erratically recorded, and least
discussed.

In 1932, the Mexican muralist Diego Rivera was working on a magnificent series
of murals at the Detroit Institute of Arts. The murals can still be seen today. The
central figure in the first panel is a fetus in the bulb of a plant (Fig. 11-1). Diego’s
wife was pregnant at the time. His wife—Frida Kahlo—was a renowned artist in
her own right.

Kahlo’s pregnancy ended in a miscarriage (as did both of her other pregnan-
cies). Kahlo created a harrowing portrait of her loss, with a fetus floating above

Figure 11-1. Fetus in the bulb of a plant (from mural by Diego Rivera) (Detroit
Industry, East Wall [detail], Infant in the Bulb of a Plant. 1932-33. Diego M.
Rivera, Gift of Edsel B. Ford, Photograph © 2001 The Detroit Institute of Arts,
reprinted with permission)
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Figure 11-2. “Henry Ford Hospital, 1932” by Frida Kahlo (©2009 Banco de
México Diego Rivera & Frida Kahlo Museums Trust, photo credit: Schalkwijk/
Art Resources NY, reprinted with permission)

Kahlo’s blood-soaked bed (Fig. 11-2). This image is in stark contrast to the usual
reserve with which miscarriage is treated in modern cultures.

Defining Miscarriage

Miscarriage (also called spontaneous abortion) is the expulsion of a fetus between
the time a pregnancy is clinically recognized and the time it reaches a gestational
age at which the fetus could presumably survive outside the uterus. (Fetal deaths
after this point are defined as stillbirths.) For many years, the definition of mis-
carriage was a clinical loss before 28 weeks of gestation. However, the week used
to separate miscarriage from stillbirth has moved to earlier gestational ages as
more effective medical intervention has improved the survival of very preterm
babies. The lower boundary of stillbirth (which is to say, the upper boundary of
miscarriage) has shifted to 24 weeks, 22 weeks, or even 20 weeks, depending on
the country.! Given the imprecision of gestational age (see Chapter 14), a crite-
rion of fetal weight is often added to the definition (less than 350 g, or 500 g, or
1,000 g).12
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The risk of miscarriage is expressed as the number of miscarriages divided by
the total number of miscarriages and births (live and stillbirths). This proportion
is usually expressed as a percentage and is typically 11% to 14% for women in
their prime reproductive years.

About 40% to 50% of clinically recognized losses have some form of
aneuploidy.®* As discussed in Chapter 5, chromosomal abnormalities are usually
lethal, with only a tiny fraction surviving to birth. A small portion of chromo-
somal abnormalities can be attributed to balanced chromosome translocation in
one of the parents, but most chromosome errors are new events. The remain-
ing miscarriages usually have no obvious pathology. There is little evidence that
fetuses with malformations are at increased risk of miscarriage, independent of
chromosomal abnormalities.* (Table 6-2

The clinical features of miscarriage vary depending on when during pregnancy
the loss occurs. In early pregnancy, the bleeding can be similar to menses, some-
times with passage of clotted tissue. (On ultrasound examination, many of the
pregnancies that end in early loss are empty amniotic sacs or severely disorga-
nized embryos.) The earliest clinical losses may occur at home and not require
medical attention. If miscarriage occurs later in pregnancy, the bleeding can be
heavy and include the passage of recognizable fetal tissue. These late losses may
require hospitalization, and surgery is sometimes performed to remove tissue
retained in the uterus (a procedure known as dilatation and curettage, or D&C).

Measuring Miscarriage Risk

Retrospective Data

Unlike stillbirths, which are recorded by law, there is no requirement (and indeed,
no practical mechanism) for the legal registration of miscarriages. Epidemiologic
data can be extracted from medical records or based on women’s self-report.
Both tend to be incomplete. Miscarriage risk based on medical records has the
advantage of using routinely collected data, but with underascertainment of the
earliest recognized losses (which may be recognized by the mother but never
medically recorded). Estimates based on women’s own recall of their medi-
cal history also tend to miss the miscarriages that occur earlier in pregnancy.’
Retrospectively recalled risk can be overestimated as well, for example in settings
where induced abortions are illegal and past abortions are represented by women
as miscarriages.

Prospective Data

Prospective data provide the most accurate estimates of miscarriage risk.
Miscarriage data can be collected from women enrolled early in their pregnancy.
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Although prospective data are the gold standard, such data are nonetheless sen-
sitive to the stage at which the pregnancy comes under observation. The earlier
a pregnancy is documented, the longer the surveillance time and the higher the
cumulative risk of loss. Because few studies observe pregnancies from the begin-
ning (and different pregnancies come under observation at different times), there
is a problem with “left truncation.” Partial observations of the earliest stages of
clinical pregnancy can be dealt with through a life-table analysis and the calcula-
tion of week-by-week risk. When miscarriage risk is compared between exposed
and unexposed groups, left truncation can be accommodated with Cox regression.
Right truncation can also be a problem in prospective data, for example, with
women who choose to end their pregnancy with an induced abortion (see below).

Furthermore, life-table data are vulnerable to entry bias, in which women who
are having symptoms of impending miscarriage may be more likely to seek medi-
cal care or to enroll early in a pregnancy study. This bias will inflate the apparent
risk of loss in the first week of enrollment. For this reason, a careful life-table anal-
ysis requires the exclusion of the first few days of observation for each woman.’

The first life-table estimates of miscarriage risk were published in 1962 by
French and Bierman.? Investigators conducted a 4-year study on the Hawaiian
island of Kauai, in which all residents of the island were asked to report pregnan-
cies within 1 month of their missed period. Only 10% of the 3,000 pregnancies
in the study were registered within the first 2 months of pregnancy. Based on a
life-table analysis, the total risk of pregnancy loss between 4 weeks and 20 weeks
was calculated as 21%. Half of this risk was within the first time period of 4 to 7
weeks and may reflect the very high rates of early loss found before 6 weeks (see
Chapter 10).

A more detailed life-table of fetal loss was published by Goldhaber and Fireman
in 1991 (Fig. 11-3).” Their analysis was based on a retrospectively constructed co-
hort of nearly 10,000 California pregnancies registered in a comprehensive health
care program. Follow-up began at the date of a woman’s positive pregnancy test at
the clinic or first prenatal visit, with a lag of 2 days to avoid entry bias. The calcu-
lated risk of loss from week 6 through week 20 was 11%. The California life-table
data are very close to week-specific risks in the Danish Birth Cohort, which pro-
duced an estimate of 10% pregnancy loss between weeks 6 and 20.° A true gold
standard would be the study of women who are enrolled before six weeks, with
measurement of clinical miscarriage risk for all women starting at 6 weeks of
gestation. Pooling data from four such prospective studies produces a miscarriage
risk of 13% (95% confidence interval = 10% to 16%).'%-'3

Miscarriage risk reaches its highest levels at weeks 10 to 12 and then declines.
Note that after week 20, the weekly risk is extremely low, around 1 per 1,000
per week (Fig. 11-3). For this reason, it makes little difference to the total risk of
miscarriage whether the upper limit is set at 20 or 24 or 28 weeks. In contrast,
variations in the lower bound of gestational age can have large consequences.
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Figure 11-3. Rates of fetal loss, by week of pregnancy (California, 9055
singleton pregnancies, 1981-82)’

As described in the previous chapter, the risk of pregnancy loss is high before 6
weeks. If just a small portion of these earlier losses are included, the estimated
total risk may be substantially increased (as in the Hawaii data above).

Date of Embryonic and Fetal Death

The date of a miscarriage is determined by the event of bleeding and expulsion of
the products of conception. This is not necessarily the date of fetal death; in fact,
the embryo may have died much earlier. The increasing use of ultrasound in early
pregnancy detects many of these failed pregnancies before expulsion. A fetus that
is apparently healthy on ultrasound (with a visible heartbeat) has a much lower
risk of miscarrying than an unexamined pregnancy at the same gestational age:
among ultrasound-normal fetuses, there is about a 3% risk of miscarriage starting
at 8 weeks!* compared with 10% for unexamined pregnancies.

Risk Factors for Miscarriage

For most reproductive endpoints, the best predictor of a poor outcome is a wom-
an’s previous experience of that outcome. Miscarriage risk is about 60% higher
in women who have had a previous miscarriage.* This suggests that women (and
perhaps couples) vary widely in their baseline risk of miscarriage.
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Mother’s Age

Another important factor determining miscarriage risk is the age of the mother.
A typical pattern of age-related risk is shown in Figure 11-4.* The risk is fairly
flat until women reach their mid-30s, at which time the risk begins to rise rapidly.
The crude percentages in this figure include the influence of selective fertility.
That is, women who have experienced miscarriages in the past will continue to
attempt pregnancy in order to reach their desired family size and thus may be
overrepresented at older ages. However, such bias explains only a small portion of
the increasing risk with age.

What biological processes might explain the risk with maternal age? In broad
terms, the problem could be in the egg or in the mother. The ova could deteri-
orate with age (perhaps becoming more susceptible to chromosomal errors in
meiosis), or a woman’s capacity to support and carry a pregnancy could decline
with age.

Under ordinary circumstances, these two biological effects of aging would be
inseparable (and for many decades, this question was unanswerable). However,
pregnancies conceived through artificial means offer an opportunity to address
this question. Schieve and colleagues provide revealing data from a U.S. registry
of pregnancies conceived by artificial reproductive technologies. These data com-
pare the risk of miscarriage among pregnancies conceived with the woman’s own
ova and among pregnancies conceived with ova from younger donors (in their 20s
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Figure 11-4. Risk of miscarriage by maternal age (Data provided by Jennie
Kline from Fig. 17-2 of Kline, Stein, and Susser.* Includes all miscarriages re-
gardless of whether the karyotype was known.)
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Figure 11-5. Miscarriage risk by pregnant woman’s age, for ART pregnancies
conceived with woman’s own oocytes and by oocytes from young donors
(United States, 1996-98) (Reprinted from Schieve et al'’)

or early 30s) (Fig. 11-5).15 Risk rises rapidly with age for women who conceive
with their own aging eggs (in a pattern very similar to the overall age effect in Fig.
11-4). In contrast, older women have low rates of miscarriage when the ova come
from younger women. Thus, the main contributor to the increased risk of miscar-
riage with age is the decreasing quality of ova, whereas a woman’s capacity to
carry a pregnancy remains fairly stable.

Father’s Age

A difficult problem in reproductive epidemiology is to separate the effects of
an aging mother from the effects of an aging father, given that people tend to
find partners near their own age. The decline of the ova with age is well estab-
lished, but the contribution of aging sperm to reproductive failure is less clear.
The hypothesis has been raised that male aging may lead to an accumulation of
genetic mutations in the male germ cells (see Chapter 5). This could in principle
increase the miscarriage risk among pregnancies fathered by older men. However,
given the large effects of maternal age, huge sample sizes are required to avoid
residual confounding by maternal age, even within small strata of maternal age.
There is the further possibility of social confounding, in that the combinations
of parental ages that are most informative (old fathers married to young moth-
ers, and young mothers married to old fathers) are people who may be atypical
in other ways as well. There have been few reports of effects of paternal age on
miscarriage risk, and the evidence is limited.!®



156 OUTCOMES
Medical Conditions

A few infectious diseases have been associated with miscarriages in humans,
although evidence is weak (see Chapter 4). Maternal pathology such as malformed
uterus, hypothyroidism, or poorly controlled diabetes may contribute a small pro-
portion of miscarriages. There are also rare single-gene mutations of the fetus
associated with miscarriage risk (PKU, G6PD deficiency).”” Parentally shared
human leukocyte antigen (HLA) genes and other immunologic problems have
been proposed as contributors to miscarriage risk, but proof remains elusive.!?
When all conditions known or suspected to contribute to miscarriage risk are
taken into account, these explain only a small fraction of chromosomally normal
miscarriages. This has naturally led to a search for external causes.

Environmental and Lifestyle Exposures

The Love Canal is the poster child of toxic-waste dumps—a ditch in New York
State where 12,000 tons of chemical waste was buried in the 1940s. The land
was later sold for residential development.!® In the 1970s, residents started no-
ticing a foul sludge seeping into their basements, and the disaster was exposed.
The health endpoint that first captured public attention was an apparent increase
in miscarriages among women living closest to the waste dump." Although this
increase could not be confirmed, the observation raised scientific interest in the
possibility that miscarriage might be an early sign of exposure to reproductive
toxicants.?

Several decades of research have dampened this enthusiasm, in part because
studies of miscarriage risk are so difficult and in part because few positive findings
have held up. Women who smoke appear to have a modest increase in their risk of
miscarriage, although this association is not entirely consistent across studies.?!
Other exposures such as caffeine?? or alcohol® are even less consistent in their
associations with miscarriage risk. There is no evidence that moderate stress or
trauma in the mother affects the survival of pregnancy,?* notwithstanding the
drama of Scarlett O’Hara’s tumble down the stairs and subsequent miscarriage.?
Similarly, exercise appears to have no adverse effects.?®

Concerns over environmental exposures and miscarriage have a long history.
According to one biblical translation, the citizens of Jericho complained to the
prophet Elisha that the pollution of their drinking water was causing miscarriages
(2 Kings 2:19%7). In the modern age, drinking water can contain solvents, disinfec-
tion byproducts, and other environmental contaminants with possible reproduc-
tive toxicity. Worrisome environmental exposures through other routes (air, food,
etc.) include pesticides, phthalates, and persistent polychlorinated hydrocarbons
(for example, dioxins). Despite these concerns, epidemiologic studies have pro-
vided little convincing data that environmental exposures contribute to miscar-
riage risk.?® High levels of ionizing radiation and heavy metals (especially lead
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and mercury) can increase miscarriage risk, but evidence of effects from lower-
level environmental toxicants is limited at best and absent for most.?

The fact that half of miscarriages are chromosomally abnormal has been pro-
posed as a tool for etiologic inference.* In principle, causal factors should act dif-
ferently on chromosomally normal and abnormal miscarriages. If so, the power
to detect an effect by studying all miscarriages combined would be considerably
weakened. A focus on the affected subgroup should in principle clarify associa-
tions that otherwise are ambiguous. One problem with implementing this approach
is that most fetuses are not routinely karyotyped after miscarriage—especially
miscarriages that occur earlier in gestation. Where karyotype information has
been collected, the categorization of fetuses by chromosomal abnormalities has
not advanced causal interpretation.

As with other reproductive problems, there is the possibility that a woman’s
exposures as a fetus or child could affect her risk. A preliminary report finds evi-
dence that childhood passive exposure to parental smoking increases later risk of
miscarriage in women who are conceiving by artificial technologies.*

Secular Trends: Contrast between Miscarriages and Stillbirths

As discussed above, the line between miscarriage and stillbirth is ill-defined (see
Fig. 11-3). Even so, a striking difference emerges between these two types of fetal
death when comparing populations. Miscarriage rates seem to be stable across
populations and over time, whereas stillbirth rates vary greatly among popula-
tions and have fallen over time. The U.S. stillbirth rate (fetal deaths after 28 weeks
of gestation) fell from 15 per 1,000 in 1950 to 3 per 1,000 in 2003.3' Meanwhile,
miscarriage rates have remained fairly constant, so far as we can tell.??

This contrast in time trends persists even within recorded vital statistics for
early and late fetal deaths (20 to 27 weeks and 28 weeks or later). Figure 11-6
shows U.S. data over a recent 15-year period.? The occurrence of fetal deaths at
20-27 weeks (corresponding to what used to be called late miscarriage) has been
virtually flat, while later fetal deaths have declined more than 40%. These trends
reinforce the impression that early fetal mortality (miscarriage risk through 27
weeks) is more likely to reflect intrinsic biological processes than later fetal
deaths. This suggests that miscarriage may not be a particularly sensitive end-
point for detection of environmental toxicants.

Problems in the Analysis of Miscarriage Risk

The Competing Risk of Induced Abortion

Induced abortions are not considered in the usual formula for miscarriage risk
(miscarriages divided by the sum of miscarriages and births). This can create
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Figure 11-6. Changes over time for early and late stillbirths (United States,
1990-2004) (Reprinted from MacDorman et al?) (Source: CDC/NCHS, National
Vital Statistics System)

analytic difficulties. Pregnancies destined for induced abortion can contribute
miscarriages but not births and thus can distort the estimation of miscarriage
risk. It follows that the larger the proportion of pregnancies scheduled for induced
abortion in any given population, the higher the apparent risk of miscarriage.
(Consider the extreme case: a population where every pregnant women gets an
induced abortion would have a miscarriage risk of 100% by the standard defini-
tion.) To the extent that the prevalence of induced abortion varies among groups,
the group with the higher prevalence of induced abortion will also appear to have
the higher miscarriage risk.

This difficulty could be avoided by a careful life-table analysis. However, such
analysis requires information on the gestational age at which induced abortions
take place—information that is often not available. In the absence of such data,
an approximate adjustment for induced abortions can be made by adding a num-
ber equal to half of the induced abortions to the denominator of miscarriage
risk.*

Other Competing Risks

A small but occasionally vexing question of miscarriage analysis is what to do
with other outcomes of pregnancy such as hydatidiform moles or tubal (ectopic)
pregnancies. Should they be included in the denominator as part of the total popu-
lation of pregnancies? Biologically, there is no simple answer, but pragmatically,
the answer is easy. These outcomes are uncommon—tubal pregnancies occur
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in 1-2 per 100 pregnancies,** and molar pregnancies are less than 1 per 1,000.%
Thus, to disregard them has little impact on the risk of miscarriage.

Selective Fertility

We have discussed how selective fertility can produce an artifactual association
of miscarriage risk with gravidity (Chapter 7) and with maternal age (earlier in
this chapter). Selective fertility can produce other distortions as well. In a cross-
sectional study, the risk of miscarriage is likely to be lower in a woman’s most
recent pregnancy than in her earlier pregnancies. A naive analysis of such data
might conclude that miscarriage rates are declining with age or over time. The
correct explanation for this pattern is that women tend to stop their pregnancies
with a success. Women with a miscarriage are more likely to become pregnant
again soon, whereas a woman with a live birth may prefer not to get pregnant
again for a while (and maybe not ever). This produces a time-length bias in which
there is less time to observe that a woman’s most recent pregnancy is a miscar-
riage than to observe that it is a live birth. Any study based on women’s most
recent pregnancies is vulnerable to biased estimates of miscarriage risk (or of any
other adverse outcome of pregnancy).*

One analytic strategy for avoiding problems of selective fertility is to restrict
analysis to first pregnancies.’” Although such results have the advantage of being
unbiased, they do not take full advantage of the data. An analysis of all pregnan-
cies requires a careful consideration of the structure of the data collection and the
goals of the analysis.

The “Unhealthy Worker” Effect

Epidemiologists familiar with occupational studies will recognize the phenom-
enon of the “healthy worker” effect, in which persons with health problems are
generally less likely to remain in the workforce. As a result, the prevalent health
in the workforce is usually better, and the incidence of new disease is lower, than
in the general population. The opposite selection can occur with reproduction.
Women who are fertile and achieve their desired family size are more likely to
withdraw from the workforce to stay home with their children, whereas women
who are infertile or otherwise impaired in their reproduction are more likely to
remain employed. If control groups are not carefully selected for occupational
studies, this selection can create an association between workplace exposures and
poor reproductive performance.

The “Habitual Aborter”

There is a natural tendency for clinicians to dichotomize people into the sick and
the well. However, when the underlying risk is continuous (as with miscarriage
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risk), dichotomies can be misleading. The “habitual aborter” is a clinical diag-
nosis based on the observation of repeated miscarriages. The label implies a
pathologic condition when, in fact, this group includes some low-risk women
who have just had bad luck. The mistaken notion that habitual aborters have
little hope of successful pregnancy has led to uncontrolled studies of interven-
tions in which success in subsequent pregnancies is presented as evidence of the
efficacy of treatment.*® Typically, 75% of women identified as having recurrent
miscarriages will be successful with their next pregnancy in the absence of any
treatment.®

Epidemiologists are not immune to the pitfalls of defining women as habitual
aborters. Investigators sometimes assess the effects of an exposure for women
with prior losses and those without. The inherent risks of abortion within the two
categories (and the contrast between their observed risks in subsequent pregnan-
cies) depend on such factors as the total number of past pregnancies and the extent
to which women have controlled their fertility. Generally speaking, the categori-
zation of women as habitual aborters should be avoided.*®

Coffee and Miscarriage: The Problem of Reverse Causation

The association of coffee consumption and miscarriage is an example of the chal-
lenges of data interpretation in reproductive studies. Women who drink coffee in the
first trimester are more likely to experience a miscarriage.* However, dietary patterns
in early pregnancy are strongly related to the nausea and vomiting of early pregnancy,
and such symptoms in turn are related to the health of the fetus. Although the pres-
ence of symptoms does not necessarily mean the conceptus is healthy, the absence
of symptoms is associated with an increased risk of miscarriage.*? (Pregnancies des-
tined to end in miscarriage are less likely to produce the high hormone levels that
trigger nausea.) Women who suffer symptoms tend to avoid coffee,* whereas women
without pregnancy symptoms are likely to continue to drink coffee. The result is an
association of coffee drinking with miscarriage that is difficult to interpret. Even care-
fully conducted prospective studies will not necessarily be able to disentangle cause
and effect.* The coffee-and-miscarriage question remains unresolved.

Adjustment for Previous Pregnancy Outcome

A problem related to habitual aborters is whether—and how—to adjust for
women’s previous miscarriages. There is no single good answer to this question,
and many wrong ones (see Chapter 7).

Clusters of Miscarriages

Because miscarriages are common, accidental clusters of miscarriages are also
common. Clusters are especially likely to be observed in settings where women
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already have concerns about their health and are therefore more forthcoming in
sharing information about their pregnancies. Miscarriages that otherwise might
not have been openly discussed can suddenly appear to cluster when women be-
come alarmed about a possible risk. Clusters have been reported in office build-
ings, trailer parks, public housing complexes, and the USA Today newsroom.®
Such clusters sometimes lead to intensive epidemiologic studies but rarely (if
ever) to the identification of a new reproductive hazard.
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Stillbirth and Infant Mortality

Birth is a dangerous passage. The baby’s risk of dying is highest during labor and
delivery and in the period immediately following birth. These deaths are registered
by law in most countries, and mortality rates are used as an indicator of public
health and economic development. Stillbirth and infant mortality rates have fallen
dramatically around the world, demonstrating the strong influence of external fac-
tors. Even so, the specific reasons for the decline in mortality rate remain incom-
pletely understood.

Birth is a time of perilous transition. Figure 12-1 shows the hourly rate of death
around delivery. (Risk is on a log scale to accommodate the 2,000-fold range.)
Although mortality at birth is low in absolute terms, the pattern is revealing. The
risk of fetal death rises sharply as labor commences, reaches its maximum during
the minutes around delivery, and then falls rapidly.

The extreme spike of mortality around delivery corresponds to the time in
which the baby experiences high physical stress. The baby is extruded through
an opening not quite large enough for its head and then undergoes an abrupt
transition from complete life support to the first stages of independent living. The
circulation of blood through the heart is rearranged, and the lungs experience
air for the first time. The immediate causes of death during this time are often
specifically related to labor, including birth trauma and asphyxia. The ordeal of
delivery may be especially difficult if the fetus has been weakened by a hos-
tile intrauterine environment (for example, intraamniotic infection). Once babies
survive delivery, their risk of death rapidly falls and continues to decline in the
months that follow.

The data in Figure 12-1 (from the British Perinatal Mortality Survey of 1958)
offer a detailed look at the timing of fetal and infant death as it may naturally
occur, before fetal monitoring and cesarean section were as widely used as
they are today. However, technology appears not to have changed this pattern.

164
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Figure 12-1. Hourly rates of babies’ mortality around birth (British Perinatal
Mortality Survey, 1958) (First data point assumes that stillbirths before the
onset of labor are delivered within 1 week of death. Remaining data points are
midpoints of varying time spans ending with deaths at 14 to 27 days of age.)
(Data courtesy of Jon Johnson, Centre for Longitudinal Studies, Institute of
Education, London)

Figure 12-2 shows similar data (although in cruder time categories) for deaths
occurring to live births in the United States in 2003—-2004. The 1958 British data
are provided in the same categories for reference. Even though overall neonatal
mortality is 75% lower in the more recent data, the pattern of extreme risk in
the first hour after birth remains. (To some degree, modern technology may con-
tribute to this pattern by intervening because a fetus is faltering and thus bringing
delivery to the time of death rather than the delivery causing death.)

Definitions

Technically, the baby is a fetus until the completion of delivery, and an infant
afterwards. By social convention, the spike of mortality at birth is split into
two parts: stillbirth and infant mortality. Both stillbirths and infant deaths are
recorded by law in most countries, although births in developing countries are
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Figure 12-2. Neonatal mortality by time since birth, Britain 1958 and United
States 2003-2004.

often unregistered.! (Examples of registration forms for fetal deaths, infant births,
and infant deaths are provided in the Appendix.)

Stillbirth

Stillbirth is the death of a fetus mature enough to have survived outside the uterus.
The concept is reasonable, but converting this idea into specific criteria is diffi-
cult. For many years, the gestational-age criterion for a stillbirth was a minimum
of 28 weeks. As medical care for preterm babies has steadily improved, survival
has become possible at earlier and earlier ages, and the criterion for stillbirth has
had to change as well. In this era when survival at early gestations is steadily im-
proving, there is no standard. Fetal deaths are reportable at 26 weeks in Belgium
and at 16 weeks in Norway. Regardless of where the cutoff is set, stillbirths are
usually underreported at the earliest legally required gestational age.? For fetuses
born near the borderline, it is often easier administratively to dismiss the loss as a
miscarriage than to give it legal status as a fetal death.

In order to sharpen the distinction between unregistered miscarriages and reg-
istered stillbirths, a birth weight criterion is sometimes added (e.g., 350 g, 500 g,
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or 1,000 g). With so many possible combinations of gestational age and birth
weight, there are now a multitude of definitions of stillbirth among countries, and
even among states within the United States.>* Given that mortality is highest at
these lower boundaries, boundary differences can have large effects on stillbirth
mortality rates. For international comparisons, the WHO recommends that still-
birth be defined as a dead fetus of at least 28 weeks of gestation or at least 1,000 g
birth weight.> The fuzzy distinction between miscarriage and stillbirth is further
confused by terminology—both miscarriage and stillbirth are often referred to
as “fetal death.”

CALCULATIONS OF STILLBIRTH RISK. Stillbirth risk is defined as the proportion of
all births ending in stillbirth. For vital statistics calculations, stillbirth risk is the
number of stillbirths in a given year divided by the total number of live births and
stillbirths in the same year. The definition of stillbirth as a proportion of all births
is widely accepted as a summary measure, but its extension to gestational-age-
specific risk of stillbirth is more contentious.

The argument has been made that stillbirth risk at a given gestational age
should be expressed as a proportion of all continuing (in utero) pregnancies (the
denominator from which the stillbirths arise) rather than as a proportion of only
the deliveries at that gestational age.® This argument might reasonably apply to
the stillbirths that occur before the onset of labor. For deaths that occur during
labor and delivery, the population at risk might more logically be limited to those
fetuses who experience the stresses of labor (i.e., birth). One problem in imple-
menting this distinction between death before labor and death after the start of
labor is that data on time of death for stillbirths are incomplete—in U.S. still-
births, one-third of fetal death records lack this information.” Among those with
recorded time of death, 83% were antepartum deaths (before onset of labor), and
17% were intrapartum deaths.

Some have argued that the use of all ongoing pregnancies as the denomina-
tor is an approach that should be extended to neonatal deaths and other birth
outcomes.®® Because much of neonatal death occurs very soon after delivery (and
is presumably related to the ordeal of delivery), it is not obvious that fetuses who
have not yet been put through this ordeal should be considered as at risk of its
consequences.!?

Infant Mortality

Infant mortality is simpler to define, although the definition is still not without
problems. Infant mortality is the proportion of live births who die in the first
year of life. For national statistics, this number is almost always estimated by
the number of deaths among infants under the age of 1 year in a given calendar
year, divided by the total number of live births in that calendar year. Thus, the
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numerator is not from the same cohort as the denominator, and the calculated
infant mortality rate does not represent a specific cohort of births. Still, given
that birth rates and death rates vary only slightly from year to year in most popu-
lations, this method provides a convenient approximation. (The same calendar
approach is used to estimate neonatal and postneonatal mortality rates.)

The problem in defining live birth comes with the definition of “live.” A fetus
that dies in the few minutes before delivery is technically a stillbirth, whereas a
baby who dies in the minutes just after delivery is a live birth that experiences
neonatal death. The distinction between these two events can be subjective. How
strong do the lingering signs of life in a dying baby have to be in order to declare
that a baby was born alive?

As a general rule, splitting a distribution at its peak is a bad idea. This causes
both parts to be maximally sensitive to small changes at the boundary. In this case,
infant mortality is sensitive to any condition that affects the distinction between
a stillbirth and an early neonatal death. For example, administrative convenience
may matter. A fetal death creates less paperwork for a birth attendant because it
requires the completion of only one legal form (a fetal death certificate), whereas
a neonatal death requires both a birth certificate and a death certificate. In the
middle of the night, these small things can make a difference.

To complicate matters, there may be legal criteria for “live birth” that override
clinical signs. If a birth weight criterion is part of the definition of live birth, then
a neonatal death that occurs to a live birth weighing less than the criterion will be
regarded as a stillbirth.> There was a time in the Soviet Union when babies born
very preterm were not counted as live births unless they survived the first week.
This caused infant mortality to be underestimated by as much as 25%.!

Neonatal Mortality and Postneonatal Mortality

Infant mortality is often divided into subcategories as a way to accommodate the
concentration of mortality during the first days and weeks of life. “Early neonatal
mortality” describes deaths of live births during the first week after birth, and
“neonatal mortality” describes deaths in the first month (28 days). Postneonatal
mortality comprises deaths after the first month but in the first year.

Perinatal Mortality

“Perinatal mortality” is an alternative category of death designed to capture the
whole peak of mortality around the time of birth. Perinatal mortality is the com-
bination of stillbirths and deaths in the first week (or sometimes the first month).
This summary measure is a useful epidemiologic endpoint in that it resolves prob-
lems arising from the indistinct boundary between stillbirths and early neonatal
deaths.”? In analyzing factors that affect both fetal and infant deaths, the use of
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perinatal mortality can improve power (for example, in the description of selec-
tive fertility!®). However, to the degree that stillbirths and neonatal deaths have
distinct etiologies, combining the two may confuse the picture.!

The Relative Distribution of Stillbirths and Infant Deaths

Figure 12-3 shows the categories of stillbirth and infant mortality in proportion
to their numbers. As a rough rule of thumb, developed countries have about as
many stillbirths as infant deaths. Perinatal mortality (through the first week of
life) captures about three-quarters of all stillbirths and infant deaths. Among live
births, one-half of all deaths in the first year occur in the first week (one-third in
the first day, and 10% in the first hour'®). Postneonatal mortality is a minor portion
of all fetal and infant deaths. Although there is no reason to expect these relative
proportions to remain fixed, the proportions have not changed much in developed
countries during recent decades, even as the overall rates of stillbirth and infant
mortality have continued to decline.'s

In the poorest countries, the pattern is different. Infant deaths exceed still-
births, and postneonatal deaths may equal or even exceed the number of neonatal
deaths.!” Poverty and infectious diseases undoubtedly contribute to the high rates
of infant death after the neonatal period. Underreporting of stillbirths and very
early neonatal deaths in the developing countries also contributes to these differ-
ences between developed and developing countries.

Stillbirths Livebirths
47% i’ 53%
Perinatal mortality |
75%
Neonatal Post-neonatal
mortality mortalitz
35% 18% |
Early
neonatal
mortality
28%
7 28 1
BIRTH Days Year

Figure 12-3. Definitions of the categories of fetal and infant mortality, with
each category shown in proportion to its size (U.S., 2005)*'8
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Trends over Time

Infant Mortality

The huge decline in infant mortality over the past century is one of the most
remarkable phenomena in all of reproductive epidemiology. This decline has
been linked to a host of improvements in medicine and public health, and no
doubt many factors have contributed to this improvement. Still, our understand-
ing of the forces that shape infant mortality is far from complete.

Figure 12-4 shows the decline of infant mortality in the United States since
1900. This picture is typical for developed countries. In 1900, infant mortality
in the United States was 162 per 1,000 births—a rate higher than in any country
today except war-torn Angola.'”” Within the first 25 years of the twentieth century,
U.S. infant mortality fell by half. This huge decline took place before most of the
important medical discoveries of the twentieth century, including antibiotics and
vaccinations for whooping cough and diphtheria.

The downward trend of infant mortality over time has provided many tempting
opportunities for interpretation. Credit for the decline has been given to virtually
every emerging public health intervention, economic improvement, and medical
advance. However, such “ecologic” correlations—in which two factors change
together over time—is one of the weakest arguments for causation. It may be
that medical or public health advances have played a role, but the analytic studies
necessary to establish causation are rarely available.
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Figure 12-4. Decline of US infant mortality from 1900 to 2006 (US National
Center for Health Statistics)
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Figure 12-5. Infant mortality among the European aristocracy 1600-1930,
compared with U.S.20

The importance of economic factors in infant mortality (in contrast to medi-
cal factors) is underscored by historical data assembled by Peller.22! Peller used
detailed historical records for families of the European aristocracy to reconstruct
the mortality among live births across several centuries. In the 1600s, infant mor-
tality in these families was around 25% (Fig. 12-5). This risk declined in the
1700s and continued to fall steadily. By the last half of the 1800s, infant mortality
among the aristocracy had reached 40 per 1,000, a rate not achieved in the United
States until the 1940s. In the first three decades of the 1900s, the infant mortality
among the aristocracy was 8 per 1,000—equal to the U.S. rate in 1994.

The improvement among the aristocracy may reflect the advantages of adequate
nutrition, hygiene, insulation from infectious diseases, and other comforts. It may
be possible that factors such as good nutrition benefit infants cumulatively across
generations, through mechanisms not yet well understood such as epigenetics.?

Neonatal and Postneonatal Mortality

Figure 12-6 separates the decline of U.S. infant mortality into two components:
deaths within the first 4 weeks (neonatal) and subsequent deaths in the first year
(postneonatal).?? These two mortality curves are presented on a logarithmic scale
to highlight the ratio between the two. (A constant distance on a log scale indi-
cates a constant ratio.) Between 1915 and the late 1940s, postneonatal mortality
went from being greater than neonatal mortality to being about half of neonatal
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Figure 12-6. Neonatal and postneonatal mortality over time (U.S., 1915—
2005) (US National Center for Health Statistics)

mortality. This general relationship has continued with the exception of the period
from the mid-1970s to the mid-1990s (see Box on SIDS).

SIDS: “Back to Sleep”

Sudden infant death syndrome (SIDS) is the unexpected and unexplained death of an
infant between the ages of 3 weeks and 9 months.>* By definition, SIDS is mostly a
postneonatal death. Through the 1980s and 1990s SIDS was a chief cause of postneo-
natal mortality in developed countries. In the early 1990s, epidemiologic and clinical
data strongly suggested that SIDS could be averted by placing infants to sleep on their
backs. Public health campaigns led to the decline in SIDS deaths by at least a third in
the United States and other countries.?>

What is sometimes lost in the telling of this public health success story is the tragedy
of its origins. Putting children to sleep on their backs was once customary practice. In
the 1970s, physicians began to recommend that babies be put to sleep on their stomachs,
among other reasons to avoid the theoretical possibility of aspiration of regurgitated
food.?¢ In the absence of supporting data (but with a seemingly self-evident rationale),
parents were encouraged to place babies to sleep on their stomachs. In Sweden, this led
to a nearly fourfold increase of SIDS deaths between 1973 and 1990.2° Rates returned to
their previously low levels only after the “back-to-sleep” campaigns of the 1990s.

Stillbirth Mortality

Stillbirth mortality has also declined over recent decades.?”?® As noted in the
previous chapter, most of the decline has been among fetuses that survive to at
least 28 weeks, with little change among earlier fetal deaths (see Fig. 11-6). This
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pattern implies that external risk factors are more likely to contribute to stillbirths
occurring after 28 weeks than before.

Infant Mortality and Life Expectancy

Infant mortality and life expectancy are among the world’s most widely cited
health statistics. Infant mortality is a prime indicator of general health and eco-
nomic development. The annual release of new statistics on infant mortality is
reported in the media, and regions take pride (or suffer embarrassment) on its
account. Similarly, life expectancy statistics provide a universal measure of the
well-being of a population.

The close links between infant mortality and life expectancy are seldom appre-
ciated. Mortality risk in the first year of life is often the highest that people expe-
rience at any age until late adulthood. In the United States, the death rate does not
exceed the risk of death in the first year until a person reaches their late fifties.”
In developing countries, people typically do not reach the newborn risk until their
70s.%° It follows that improvements in infant mortality can contribute strongly to
improvements in life expectancy.

Life expectancy is a widely misunderstood statistic. Consider the follow-
ing newspaper quote: “When [U.S.] Social Security was enacted in 1935, with
full benefits kicking in at 65, the average life expectancy in America was 63.
[Thus]...the average American worked nearly until he (or she) died.”* The au-
thor mistakenly concludes that because the U.S. life expectancy was 63, people
did not have much chance of making it to age 65.

Life expectancy is the average number of years of life remaining for persons
who have reached a given age, assuming a given set of age-specific death rates.?
Life expectancy is most commonly estimated at birth and thus includes the rela-
tively high mortality around birth. One common misunderstanding is that life ex-
pectancy defines the age at death. It does not—it is an average, with some people
dying sooner and some dying later.

Another misunderstanding is that the life expectancy at birth is the age an
adult can expect to reach. Not so—adults have the advantage of having survived
the high death rates of infancy, and so their life expectancy is longer. In 1900,
the U.S. life expectancy was 48 years, but this does not mean that most adults
never made it to age 50. Indeed, people who reached age 48 in 1900 had a life ex-
pectancy of 23 more years, to age 71. Going back to the newspaper article about
Social Security, U.S. men of working age in 1935 had a life expectancy of age 70,
with half of them living even longer. Nearly two-thirds of U.S. men who were 40
in 1935 could expect to live past age 65 and collect Social Security benefits.

The major contributor to improved life expectancy over the past century has
not been better treatment of the diseases of old age (although that has surely
helped), but rather the enormous decline in infant mortality. Since 1900, the life
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expectancy at birth in the United States has increased by 30 years, but the life ex-
pectancy of a 48-year-old has increased by only 10 years.

International Comparisons

The World Health Organization estimates that less than 15% of the world’s births
are recorded, despite the fact that most countries have laws requiring the regis-
tration of births.?? Stillbirths are especially prone to underreporting, and interna-
tional comparisons are therefore sketchy. The best available estimates suggest a
sixfold range of stillbirth rates across nations (ranging from 5 to 32 per 1,000).%

In contrast, there is more than a 60-fold difference in infant mortality rates
around the world. Differences among nations today are as striking as the decline
in infant mortality experienced in the rich nations during the last century. In 2008,
the median infant mortality for the nations of the world was 19 deaths per 1,000
births'" (equivalent to the rate in the United Kingdom around 1965). In the worst-off
nations, where poor nutrition and infectious diseases are rampant, infant mortality
is eight times higher than the median. At the other end of the spectrum, infant mor-
tality in the most privileged countries is one-eighth the median. The explanation for
the extremely low rates is not as obvious as the reasons for the high rates.

There is a strong association between infant mortality and a nation’s economic
development. Figure 12-7 shows the infant mortality of 200 nations of the world,
plotted according to their per capita gross domestic product.” When both values
are logged, the relation is remarkably linear.

Just as we have little understanding of what specifically has driven the decline
of infant mortality over time, neither do we know how low the mortality can go.
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Figure 12-7. Relation between national infant mortality rates and per capita
gross domestic products (GDP) (2007) (World Factbook!?)
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It is always easy to explain patterns after the fact—it is our predictions that re-
veal our ignorance. A few decades ago, infant mortality in several countries was
approaching the previously unimagined level of 10 per 1,000. Experts declared
that the risk of infant mortality would soon plateau at an irreducible minimum?3
and that ongoing improvements in the less-developed countries would proceed to
narrow the gap among nations.

The Apgar Score

The most widely used clinical scale for assessing newborn vitality is the Apgar score.
Apgar may sound like an acronym, but Virginia Apgar (1909-74) was a real person.®
She was an anesthesiologist who studied the use of anesthesia in childbirth. At a time
when most concerns about the side effects of anesthesia were focused on the mother,
Apgar was worried about effects on the newborn. She developed her score as a simple
and structured way to assess the newborn. The score comprises five easily observed
aspects of the neonate, and assigns each aspect a score of zero (absent) to 2 (normal).
The aspects are skin color (pink is 2, pale is 0), heart rate (over 100 per minute is 2,
none is 0), reflex irritability (withdrawal from uncomfortable stimulus is 2, no response
is 0), muscle tone (active movement is 2, no movement is 0), and breathing (strong is 2,
none is 0). The score is usually tallied twice, once at 1 minute and once at 5 minutes of
life. Confusion over the origins of the name Apgar is compounded by the fact that her
score can be expressed in words that actually do spell her name (Appearance, Pulse,
Grimace, Activity, and Respiration).

Virginia Apgar, 1909-74. Reprinted Courtesy of the U.S. National
Library of Medicine*®
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The predictions were wrong. Infant mortality has continued to decline in all
countries of the world, even faster in the wealthy nations (on a percentage basis)
than in the rest of the world. The lowest rates of infant mortality today are in
Asia and the Nordic countries, with four countries in 2008 having fewer than 3
infant deaths per 1,000 births (Sweden, Singapore, Japan, and Hong Kong). The
burden of infant mortality continues to fall most heavily on the poor countries.
Figure 12-8 compares world maps with nations shown in proportion to their land
area, their population, and their number of infant deaths. Relatively few infant
deaths occur in Europe or in North or South America. The vast majority of infant
deaths occur in Africa and South Asia.

Risk Factors

Infant Mortality

Itis a truism of epidemiology that where problems are greatest, the quality of data
is the worst. Ninety-nine percent of deaths in the first month of life take place in
low-income and middle-income countries where registration is often incomplete,
and data on cause of death are unreliable or absent. Meanwhile, most research
focuses on the 1% of deaths occurring in the richest countries.*” Global estimates
of infant mortality and its causes are therefore limited. In developing countries,
tetanus and diarrhea are estimated to account for 10% of neonatal deaths, with
sepsis and pneumonia contributing another 25%.3” These causes of death are rare
in developed countries. Major contributors to infant death in all countries include
congenital malformations, birth asphyxia, and preterm delivery.

SOCIAL FACTORS. The correlation of national wealth and infant mortality between
nations has its counterpart within nations: there is a consistent correlation of eco-
nomic well-being and infant mortality within even the richest societies. In the United
Kingdom, the link between social class and infant mortality was not altered when
nationalized medicine made medical care free to all.*® In the egalitarian Nordic
countries, markers of social class remain strongly associated with infant mortali-
ty.*> To some degree, it is possible that poor health may lead to reduced income,
thus confounding the association of social class with infant mortality. However,
the same cannot be said of ethnicity, which is strongly associated with social class
in many countries and shows similar associations with infant mortality.** In the
United States, blacks have more than twice the infant mortality of whites.

MATERNAL AND INFANT CHARACTERISTICS. Certain maternal characteristics
are consistently related to infant mortality risk. A mother’s first birth has a 15%
higher risk of infant death than later births, for reasons that remain unclear. The
extremes of young and old maternal age are associated with moderately raised



Figure 12-8. The nations of the world, shown in proportion to their (A) land
area, (B) population, and (C) number of infant deaths. © Copyright 2006 SASI
Group (University of Sheffield) and Mark Newman (University of Michigan)
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risks,’® which to some degree reflect a concentration of higher-risk women at the
extremes of age. Boy babies have about 20% higher mortality than girl babies in
the first year, again for unknown reasons. This excess male risk is so reliably seen
that, where it is absent, one must suspect an unequal treatment of boys and girls
at birth (see Chapter 17). Twins have about a fivefold higher risk of mortality than
singletons, and triplets about a 10-fold increased risk.*

TOXIC EXPOSURES. Mothers who smoke have about a 40% increased chance of
losing their babies in the first year.*? Although cigarette packages around the
world provide numerous specific warnings,® it seems that none explicitly tells
pregnant women that smoking can kill their babies.

DIABETES AND OBESITY. Preexisting diabetes mellitus (either Type 1 or Type 2) is
associated with perinatal problems including preeclampsia, stillbirth, and neonatal
mortality.** Careful medical management of pregnant women with diabetes can
reduce this risk. Obstetric management has become more complicated in recent
years with the rising prevalence of obesity. Obesity by itself increases stillbirth
and neonatal mortality severalfold® and also is associated with other conditions
that increase risk, such as preeclampsia and gestational diabetes.*® Even modest
increases in maternal weight among nonobese women may adversely affect preg-
nancy outcome.*’

RH FACTOR. Most people carry a protein on the surface of their red blood cells
known as Rh factor. The Rh factor is inherited as an autosomal dominant trait.
Nearly all people are “Rh-positive” except for those of European descent, among
whom about one in six lacks the protein (“Rh-negative”). Rh factor has only one
known health consequence, and it has to do with pregnancy. Rh-negative women
who are exposed to the Rh factor of their fetus (inherited from the father) can
develop antibodies to the Rh factor. This usually causes no problem in the first
pregnancy, but if the mother has another pregnancy with an Rh-positive fetus, the
mother’s Rh antibodies can cross the placenta and attack the blood cells of the
fetus. This causes the fetus’ red blood cells to break down, leading to fetal anemia.
Also, the metabolism of hemoglobin from the red blood cells produces bilirubin as
a by-product, and high levels of bilirubin can damage the central nervous system.
In severe cases, this condition (hemolytic disease or erythroblastosis fetalis) can
be life-threatening to the baby. The problem can be prevented by injection of
the mother with Rh immunoglobulin, which suppresses her development of Rh
antibodies. Such injections are routinely given to Rh-negative mothers within 72
hours of delivering an Rh-positive baby, thus protecting future offspring.

Stillbirths

The study of risk factors for stillbirths is hampered by inconsistencies of defini-
tion and incompleteness of registration. Especially in developing countries, data
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on stillbirths may be virtually nonexistent.** Cause of death is often not recorded
for stillbirths in vital statistics or population-based registries. Some increase in
risk occurs with advanced maternal age,*® although the extent to which selective
fertility and recurrence risk might contribute to this association has not been fully
explored (see Chapter 7). Most of the factors that affect infant mortality (smoking,
obesity, diabetes) also affect stillbirth risk.*

Information on the time of stillbirth death is often lacking in vital statistics.
Still, there appear to be distinct etiologic patterns for stillbirths depending on
whether death occurs before onset of labor or during the ordeal of labor. Older
maternal age and low education are more strongly associated with stillbirth be-
fore labor. Stillbirths before the onset of labor may trace their origins to events
early in pregnancy.>

Preventing Stillbirth and Infant Mortality

There have been successes in the search for preventable causes of fetal and infant
mortality. One is the discovery that immunizing a pregnant woman against neo-
natal tetanus also immunizes her fetus, thus protecting the baby from one of the
major causes of infant mortality in developing countries.>! Another is the dis-
covery that folic acid supplementation reduces the risk of neural tube defects, a
severe and often lethal birth defect.>? A third is the recognition that sudden infant
death syndrome (SIDS) is related to sleep position (although as discussed above,
this victory is bittersweet). Educational campaigns instructing parents to place
their babies to sleep on their backs have reduced SIDS by 50% or more.*

These successes demonstrate the main challenge in discovering further pre-
ventable causes of infant mortality. Infant mortality comprises deaths from many
different causes. Each cause is likely to have its own distinct etiology and its own
intervention. Notwithstanding the global trend of reductions in infant mortality
from all causes, research efforts often focus on more narrowly defined condi-
tions or diseases of the fetus and infant that contribute to infant mortality. Some
examples of specific endpoints (such as preterm delivery and birth defects) are
discussed in subsequent chapters.
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Twins and More

Twins and other multiple births are a tiny percentage of all births and differ in
many ways from singletons. Although multiple births are often excluded from peri-
natal analyses, they are a worthy topic of study in their own right.

Multiple births are the step-children of reproductive epidemiology. Even
though they are a natural variant of human pregnancy, twins and other multiple
births are routinely excluded from perinatal analyses because they are few, and
they are different. Multiple births have smaller birth weights, shorter gestational
ages, and higher rates of birth defects and perinatal mortality. The frequency of
multiple births varies somewhat, but a good rule of thumb is that about 1 in 100
naturally conceived pregnancies will be twins, 1 in 100? will be triplets, and 1 in
1003 will be quadruplets. Thus, among all multiple births, about 99% are twins—
the focus of this chapter. Most statements about twins apply even more strongly
to higher-order multiple births.

The Biology of Twinning

Dizygotic Twins

There are two well-known types of twins: fraternal (or dizygous) and identical
(or monozygous). Dizygous twins arise when two eggs are released at ovula-
tion and both are fertilized. Such twins are genetically similar in the way that
any two siblings are similar, sharing 50% of their genes. In addition, dizygotic
twins share a common uterine environment during the same stages of develop-
ment. To the extent that this shared fetal environment affects later development,
dizygotic twins may be slightly more similar than siblings conceived in different
pregnancies.

183
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Monozygous Twins

Monozygous twins arise from a single fertilized egg that separates into two parts
(for reasons not understood) after conception. Each of the resulting conceptuses
carries the same set of genes and thus are “identical” in their genetic inheri-
tance (Fig. 13-1). In practice, monozygous twins may not be completely identical.
Genetic errors that occur after separation but during early development would
affect the two twins differently. In identical twins that are female, the random in-
activation of one of the two X chromosomes during the embryonic development
may cause different X chromosomes to predominate by chance in the two gitls.
More subtle genetic differences can emerge through life as twins experience dif-
ferential epigenetic activation of specific genes (see Chapter 5).

Monozygotic twinning is relatively rare among animal species. (A curious ex-
ception is the nine-banded armadillo, which regularly produces litters of four iden-
tical offspring.') In humans, the rate of monozygous twinning is steady at about
3.5 to 4 per 1,000 deliveries.? This constancy suggests that monozygous twinning
is more or less random and independent of outside influences. Some biologists
have proposed that monozygous twins arise from conditions that also produce
birth defects; that is, the separation of the conceptus into two parts occurs because
of an irregularity or disruption at the early stages of development.® Supporting
this notion is the observation that congenital malformations are twice as common
in monozygotic twins as in singletons, whereas dizygotic twins have no increased
risk.? However, it is also possible that the peculiar biology of monozygotic twins
itself contributes to an increased risk of malformations. The rare but dramatic
anomaly of conjoined twins (“‘Siamese” twins) occurs only among monozygotic
twins, presumably as a result of incomplete separation of the conceptuses at a rel-
atively late stage of embryonic development.

— —

Figure 13-1. Monozygotic twins (Source: www.shutterstock.com)
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“Vanishing Twins”

The widespread use of prenatal ultrasound examination has shown that in twin
pregnancies, one embryo can suffer early death and resorption while the other
embryo survives.* This loss may be accompanied by vaginal bleeding, or it may
occur without clinical signs or symptoms. The loss of a twin is not rare; by one
estimate, only 60% of twin pregnancies identified by ultrasound in the first tri-
mester end in twin births.* If this is an accurate estimate, as many as 1% of single-
ton births might have started as twins.

A less frequent and more surprising reason for twins to disappear is the phe-
nomenon of chimerism. In Greek mythology, a chimera was a monster made from
the parts of different animals. In genetics, a chimera is a single creature composed
of cell lines from two or more genetically distinct zygotes. Chimerism in humans
can occur when dizygotic twins at a very early stage merge to make one conceptus.
Chimerism is compatible with healthy development and may be discovered only by
accident. A woman whose children were receiving genetic testing was told by her
doctors that two of her children were not actually hers.> The woman assured the
doctors they were wrong. It was subsequently discovered that the mother was chi-
meric, with different genetic cell lines having produced her ovaries and her blood.
Although exceedingly rare, undiscovered chimerism could contribute to errors in
paternity or to errors in criminal convictions based on DNA.

Twin Placentation

Placentation is complicated for twins. If monozygotic twins are formed late
enough (after around day 5), they may remain connected to a single placenta.
With only one placenta, connections can develop between the blood circulation
of the two fetuses, leading to imbalanced blood supply (“transfusion syndrome’)
and increased risk of death for the undersupplied fetus.® At the other extreme, two
fetuses can each be contained in its own chorionic sac, each with its own placenta.
There are many possible variations of shared membranes and shared placentation.’
The degree to which these variations affect the health of twins is unknown, in part
because the placental anatomy is not always easy to decipher at birth.

The Epidemiology of Twinning

A key to the epidemiologic study of twins is to distinguish monozygous from dizy-
gous twins. Molecular genetic data provide this information definitively, but such
data are seldom available on a population basis. All unlike-sex twins are dizygotic,
but same-sex twins can be either dizygotic or monozygotic. Indirect methods for
identifying the type of same-sex twins have been developed. The examination of pla-
cental membranes at delivery is useful but not necessarily definitive. Physical simi-
larity of the twins is the most common method, although even this is not infallible.
Simple questions asked of parents (“‘are your twins as alike as two drops of water?””)
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are correct in about 96% of cases.® Parents who think their twins are monozygous are
more often wrong than parents who identify their twins as dizygous.

Weinberg’s Method

On the population level, the proportion of twins that are dizygous can be deter-
mined by a simple rule proposed more than a century ago by Weinberg.” The
logic is as follows. If the distribution of sex among dizygous twins is random
(and assuming the sex ratio is 50:50), then 50% of the twins will be female-male,
25% male-male, and 25% female-female. For every unlike-sex set of twins (which
must be dizygous) there is also a dizygous set of twins that is same-sex. Therefore,
doubling the proportion of unlike-sex twins provides the total proportion of dizy-
gous twins. The remaining twins will be monozygous.

Weinberg’s method is useful for the analysis of data from vital statistics or
birth registries. The Weinberg method also allows epidemiologists to estimate the
proportion of monozygous and dizygous twins in any stratum that includes infant
sex. (The fact that the true sex ratio is closer to 51:49 than to 50:50 is too trivial
to make a difference.!?)

Monozygous versus Dizygous Twinning

From an epidemiologic standpoint, monozygotic and dizygotic twins are strikingly
different conditions. Very few epidemiologic variables are associated with monozy-
gotic twinning, whereas many are associated with dizygotic twinning. For example,
consider the relation of twinning to maternal age (Fig. 13-2).!! The prevalence of
monozygotic twins at birth rises only slightly (by no more than 20%) with age of the
mother. In contrast, dizygotic twinning rises eightfold and then rapidly declines.
Parity is often regarded as an independent risk factor for dizygotic twinning.!?
However, there is no explicit biologic mechanism by which parity might affect
twinning, and this association is more likely to be an artefact of confounding
by fertility (see below) and residual confounding by maternal age. Strong dif-
ferences in dizygous twinning are seen among ethnic groups, with women of
African descent having more than twice the risk of Europeans, and women of
Asian descent having less than half the risk.? Taken together, these data suggest
strong heterogeneity among women in the risk of dizygotic twins but little hetero-
geneity in the risk of monozygotic twins. Consistent with these observations, the
risk that a woman with one set of dizygotic twins will have another is increased
by fourfold, with no evidence of increased recurrence of monozygotic twins.?
What physiologic characteristics of the woman might increase her chances of
bearing dizygotic twins? Some clue may come from the increased risk with aging.
As women age, there is a gradual rise in basal levels of follicle-stimulating hor-
mone (FSH). This may occur as a result of a gradual decline in ovarian function
(and decreased negative feedback to the pituitary). FSH is an effective stimulus of
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Figure 13-2. Twinning rates by mother’s age, for monozygotic and dizygotic
twins (Italy, 1949-54)!

ovulation (and multiple ovulation), and older women are more likely to produce
two mature ovarian follicles in a single cycle.!® Other factors associated with dizy-
gotic twinning may also act through the hormonal milieu of the mother.

The Inheritance of Twinning

The ethnic differences in dizygotic twinning and the recurrence risk of dizygotic
twins suggest that dizygous twinning may have a heritable component. Family
data suggest that the sisters of mothers who deliver dizygotic twins themselves
have twice the risk of dizygotic twins.'? (Remarkably, some of the best family
data on this topic come from the same 1901 paper in which Weinberg proposed a
method for estimating the proportions of dizygotic and monozygotic twins.’)

Secular Trends

Time-trend data are not usually calculated separately for dizygous and monozy-
gous twins. Given the general stability of monozygous twinning, it is assumed
that any trends over time reflect changes in dizygotic twinning. The prevalence
of twins in industrialized countries was generally stable during the first half of
the twentieth century, with twins comprising about 1.0% to 1.6% of births."
However, starting around 1950, twinning rates declined in most countries. By the
late 1970s, twinning rates were in the range of 0.8% to 1.0%. Rates began to rise
around 1980 and have risen to historic high levels. By the early 2000s, twinning
in most countries was in the range of 1.2% to 2%.
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Figure 13-3. Triplet and higher multiple births over time (United States, 1980 to
2005) (Reprinted from Martin et al'®)

At least part of the recent increase has been caused by the rising number of
pregnancies conceived through infertility treatments and assisted reproductive
techniques.'* Most infertility treatments include stimulation of ovulation, which
often results in multiple eggs and twin or higher-order pregnancies. Furthermore,
multiple embryos are usually transferred to the uterus with in vitro fertilization
in order to increase the possibility of a successful conception. Triplet pregnancies
increased fourfold in the United States at the beginning of the ART era'® and then
plateaued as the risks of bearing multiple fetuses became more widely appreci-
ated (Fig. 13-3).1° Even so, after taking into account ART and the trend toward
older maternal ages, there may still be an increase in twinning rates.!”

Dizygotic Twinning as a Marker of Reproductive Health

Natural dizygotic twinning has been proposed as an indicator of reproductive
health, with a decline of twinning over recent decades interpreted as possible
evidence of reproductive toxicants in the environment.”® This argument is based
on the link between twinning and high fecundability, for which there is good
evidence. Women who conceive more quickly are more likely to have dizygotic
twins,'” and women who are subfertile have a low prevalence of twins among their
pregnancies.?’ (The tendency of dizygotic twinning to increase with mother’s age
does not fit this pattern and has been described as a “paradox.”'?

However, it is not clear that increased dizygotic twinning rates are a marker
of reproductive health. There is no direct evidence that reproductive toxicants
reduce dizygotic twinning. In fact, maternal smoking (one of the most prevalent
and well-established reproductive toxicants) seems to increase dizygotic twin-
ning.?! This observation, together with the increase in dizygotic twinning rates
with age, might suggest that increased twinning rates are more likely to be a sign
of impaired ovarian function.
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“Quintland”

In an age when fertility drugs have made pregnancies of six or seven babies barely
worth a news story, it is hard to appreciate the novelty of the Dionne quintuplets. Not
only were they born at a time when quintuplets much more rare, but these girls were
identical—the first set of identical quintuplets known to have survived birth. Marie,
Cécile, Yvonne, Emilie, and Annette were born to a poor family in Ontario, Canada
in 1935, in the depths of the Great Depression. The babies became international ce-
lebrities. A special nursery was built in which tourists could watch the sisters from an
observation gallery. For a time, the sisters were Ontario’s biggest tourist attraction, sur-
passing Niagara Falls. The girls were kept this way until age 9, without formal school-
ing or social contacts other than their caregivers. Annette and Cécile are still living.

The Dionne quintuplets—Reprinted Courtesy of the National Film
Board of Canada/Library and Archives Canada

Hazards of Twinning

Twins are born about 3 weeks earlier than singleton babies on average and have
smaller birth weights at a given gestational age.?? Infant mortality for twins is five
times that of singletons.? In addition, twins are at increased risk for complica-
tions of pregnancy and delivery, such as breech birth. The second-born twin is at
higher risk of perinatal death than the first. Twins are at higher risk later in life
for mental retardation and cerebral palsy. There is further risk for the smaller
twin if the two twins have a large difference in birth weights.?* Historically, twins
have had worse academic performance than singletons, although in more recent
cohorts, this disadvantage of twins has disappeared.?
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Disease Concordance and Genetic Inference

One intensely studied aspect of twins has nothing to do with twinning itself but
with the use of twins as a window on genetic causes of disease. Francis Galton
proposed this approach in 1875, and researchers continue to explore its possibil-
ities. Galton’s approach has great intuitive appeal. Monozygotic twins share the
same intrauterine environment and (virtually) all their genes, whereas dizygotic
twins share the uterine environment but only half their genes. To the degree that a
disease is directly caused by genes, the disease will be more likely to be shared by
monozygous twins than by dizygous twins. For example, if one monozygotic twin
has a facial cleft, the chances are around 60% that its twin will also be affected.
In contrast, the concordance between dizygotic twins is no more than 10%.%° This
difference points to the strong influence of genetics in facial clefts.

The interpretation of twin data is less straightforward for childhood or adult
diseases. The concordance for prostate cancer has been reported as 19% in mono-
zygotic twins and 4% in dizygotic twins.?” The higher concordance in monozy-
gotic twins might suggest a genetic contribution to the risk of prostate cancer.
However, identical twins could also be more likely than other twins to choose
the same environmental and behavioral exposures throughout their lifetimes. As
in any family-based studies of recurrence, the possible effects of shared environ-
ment have to be taken into account.
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Gestational Age and Preterm Delivery

Gestational age is arguably the most important measurement in reproductive
epidemiology. Gestational age is what separates miscarriages from stillbirths and
preterm from term births. Given its central importance, it is remarkable that ges-
tational age can be estimated only approximately. This imprecision has conse-
quences for virtually every aspect of pregnancy research.

tis a truism that normal pregnancies last 9 months. The early Christian Church
set The Feast of the Annunciation (marking the conception of Jesus) as March
25—exactly 9 months before Christmas. Although 9 months provides women
with a useful due date, this date is only an approximation. Observers as far
back as Aristotle recognized that the length of pregnancy varies widely among
women.! The probability that a woman will deliver on her due date is less than
5% (or, as a Sicilian proverb puts it, “only the Virgin Mary actually delivered at
9 months”).

Determining Gestational Age

The ideal measure of gestational age would be from the day of conception (which
takes place less than a day after ovulation). Conception is not detectable, but ovu-
lation is. Ovulation can be identified by the surge of luteinizing hormone that trig-
gers ovulation or by the abrupt changes in estrogen and progesterone that follow
ovulation.>* These hormonal markers of ovulation are reasonably accurate when
compared with ultrasound-documented ovarian follicle rupture.’ Unfortunately,
epidemiologists rarely have the benefit of data on ovulation, and must rely on less
direct estimates of the time of pregnancy onset.

192
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The Last Menstrual Period

The standard clinical benchmark for onset of pregnancy is the first day of a wom-
an’s last menstrual period (LMP). The due-date is calculated as 280 days (40
weeks) after the LMP. The use of 280 days goes back to at least 1709,° and was
chosen not on the basis of data but because 10 menstrual cycles (of 28 days each)
seemed a harmonious number. As it turns out, this was not a bad guess. A century
later, Naegele provided a convenient way to estimate 280 days by adding 9 months
and 1 week to the LMP. This is still known today as Naegele’s Rule.

LIMITATIONS OF LMP. The basic problem with LMP as the benchmark for concep-
tion is that LMP is only a surrogate. Conception takes place immediately after
ovulation, which in turn occurs at a variable time after LMP. The assumption
with LMP is that women ovulate an average of 2 weeks after the onset of their
last menses. If the time interval from LMP to ovulation were always 2 weeks (or
any other constant length of time), LMP would be a fine marker. However, this
interval is far from constant. Figure 14-1 shows data (also provided in Fig. 1-10)
for the distribution of follicular-phase length (time from onset of LMP to ovula-
tion). The mode is 14 days, the mean is 17 days, and the tail to the right extends
as far as 8 weeks.

A second source of error in LMP is women’s recall. Women are routinely
asked at their first prenatal visit for the date of their most recent menstrual period.
The accuracy of their recall depends on the regularity of their cycles and how
much time has elapsed since the LMP. Most women can recall their LMP within
1-2 days,” but for a few the error is much greater. Pregnant women who cannot
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Figure 14-1. Variability in time from last menstrual period to conception (at
ovulation) (estimated by distribution of follicular-phase lengths, 217 women,
North Carolina, 1983-85)?
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recall any date for their LMP are likely to have less education and in other ways
be unrepresentative of the general population.® A few pregnant women have no
LMP to recall. This can happen, for example, if conception has occurred with
the first ovulation after a previous pregnancy (and before the first menses can
occur).

Long follicular phases are as fertile as shorter ones. If we assume that the dis-
tribution of follicular-phase lengths in Figure 14-1 represents the distribution of
ovulation times in conception cycles, then 15% of pregnancies would have a true
gestational age at least 1 week shorter than their LMP prediction (follicular phase
lasting at least 3 weeks), and 5% of pregnancies would have a true gestational
age at least 3 weeks shorter (follicular phase lasting at least 5 weeks). In contrast,
few pregnancies would have a true gestational age more than 1 week longer than
the LMP-based prediction (follicular phase lasting less than 1 week). Thus, LMP
introduces an asymmetric error in gestational age, producing more false “late”
deliveries than false “early” deliveries.

Ultrasound-Based Dates

Fetal size in early pregnancy is another way to estimate gestational age. This
assumes that the size of a fetus in the first half of pregnancy is a function of age
alone, not of rate of growth. This assumption is not strictly true, but ultrasound
measurements have nonetheless been widely used for this purpose. In most devel-
oped countries, ultrasound measurements of the fetus are routinely made during
LMP weeks 16-20, with fetal age based on length of the femur or width of the
fetal head (biparietal diameter). Before 13 weeks, gestational age can be esti-
mated from the crown-rump length.

Ultrasound dimensions of the fetus are converted to an estimated gestational
age (in terms of weeks from LMP). If there is a large enough discrepancy between
the ultrasound- and LMP-based estimates, the age based on ultrasound measure-
ment takes precedence; otherwise the LMP is kept as the best estimate of gesta-
tional age The amount of tolerable discrepancy varies—clinical guidelines are
typically 7, 10, or 14 days difference between the LMP and ultrasound dates.’

Fetal size could in principle be used more directly to predict delivery date,
without conversion to an LMP-based date. Norwegian researchers have provided
estimates of the time from a given fetal size to natural delivery using data from a
large number of pregnancies with ultrasound measures and delivery dates.!® This
approach provides a substantially tighter (i.e., more precise) distribution of deliv-
ery dates than LMP, with 87% of births occurring within plus or minus 14 days.
This more direct approach has not yet become widely used.

The more usual ultrasound adjustment of LMP does improve the estimation of
gestational age. Ultrasound-based adjustment substantially reduces the percent-
age of babies born postterm (presumably by replacing many of the LMPs that had
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included long follicular phases). Consequences for the percentage preterm are less
consistent. Where LMP data are of good quality, ultrasound adjustment tends to
increase the number of preterm births,” primarily among those born at 35 and 36
weeks. However, vital statistics data have more extensive errors in LMP, and the
percentage preterm may actually be reduced after ultrasound adjustment." Errors
in vital statistics LMPs seem especially common among deliveries less than 32
weeks by LMP.!2

LIMITATIONS OF ULTRASOUND DATES. Ultrasound measures are not a gold stan-
dard. Measurement error is inevitable. (Viewing a few blurry ultrasound images
on the Internet will give you an idea of the difficulty of such measurements.) A
difference of just 2 mm in head diameter or femur length can affect the estimated
fetal age by half a week.!?

Furthermore, any natural variations in the rate of fetal growth are automati-
cally translated into variations in fetal age. Given two fetuses conceived on the
same date, the one that grows more rapidly will be assigned an older gestational
age by ultrasound than the one growing more slowly. Natural variation in fetal
growth in the first half of pregnancy adds error to the ultrasound estimate of
fetal age.!® This error is probably of minor importance for most pregnancies but
may complicate the interpretation of risk for fetuses with pathologically slowed
growth. An exposure that damages the growth of fetuses but has no effect on
length of pregnancy could, on the basis of ultrasound-assigned age, appear to
increase the risk of preterm delivery.

Another problem with ultrasound dating is the potential for selection bias. If a
substantial portion of the population does not have access to ultrasound or chooses
not to have the examination, the advantages of adjusting dates by ultrasound will
not apply equally across the population. Such selection could potentially con-
found the epidemiologic analyses of gestational-age-related outcomes.

Other approaches to the assessment of a newborn infant’s gestational matu-
rity have been proposed using clinical criteria of the baby’s appearance at birth
(developmental morphology, neurologic features), bone maturation (as assessed
by x-ray), and others. These methods are extremely imprecise and have not proved
useful for epidemiologic purposes.'*

The Use of “Completed” Weeks

It is standard clinical practice to express the length of pregnancy in completed
weeks rather than ordinal weeks. This approach is analogous to how we measure
human age: a woman is not 20 years old until she completes her twentieth year
of life. When applied to delivery dates, for example, week 40 starts on day 280,
the beginning of the forty-first week. This numbering convention can be more
confusing when extended to the earlier stages of pregnancy. The onset of the last
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Table 14-1. Numbering convention for gestational age (completed weeks), in
which day zero is the first day of the last menstrual period*

LMP Ovulation
4 4
Obstetric 0123456 7...13 14...20 ... 273...279 280...286
days
Obstetric 0 1 2 .. 39 40
weeks
Embryo — — Ist . 38th 39th
weeks
Ordinal 1st 2nd 3rd e 40th 41st
weeks

¢ For comparison, the table also shows the numbering convention for embryologic age and the
ordinal numbering of weeks from LMP.

menstrual period is day 0, and the first week after LMP is week 0 (Table 14-1).
Ovulation occurs (on average) around the beginning of obstetric week 2, which is
the third week after LMP.

To muddle the picture further, embryologists use ordinal weeks to date fetal
development. The first week of life after conception is week 1. If conception takes
place on day 14 after LMP, then what embryologists call “week 1” is “week 2”
by obstetric convention, and the third week from LMP by ordinary counting
(Table 14-1). Embryologists often assume their numbering system is 2 weeks different
from the LMP-based date (because of the 2 weeks that precede ovulation). In fact,
their time-scales differ by only one week. A well-known embryology textbook has
printed an illustration with incorrect obstetric dates through eight editions.”

The Frequency Distribution of Pregnancy Length

Even with all its limitations, the last menstrual period remains a widely used
benchmark for gestational age (with or without corrections by ultrasound). Based
on last menstrual period, gestational age at birth is shown in Figure 14-2 for 11.5
million U.S. singleton births (2000-2002).

The standard deviation of the main distribution of gestational ages for term births
(37 to 42 weeks) is about 10 days. This variability has many sources, including errors
in the recall of LMP and the variability of follicular-phase length. If we could
remove all these extraneous sources of variation, how much natural variability
would remain in the true length of gestation? In a prospective study of 126 naturally
conceived babies born at term,'¢ the mean time from ovulation to delivery was 263
days. The range of gestational ages (counting from ovulation) spanned more than
5 weeks, with a standard deviation of 6 days. These data suggest that, even with



GESTATIONAL AGE AND PRETERM DELIVERY 197

30

25 1

20 1

15

Frequency (percent)

0 L L | * Tt T T T T T T T T T T T T T T 1
20 22 24 26 28 30 32 34 36 38 40 42 44
Gestational age at birth (obstetric weeks)

Figure 14-2. Distribution of the length of pregnancy (from last menstrual pe-
riod) (11.5 million singleton live births, United States, 2000-2002) (Source:
U.S. National Center for Health Statistics)

optimum measurement of conception, the duration of healthy term pregnancies has
considerable biological variation.

Such variation may reflect differences in the pace of fetal maturation and also
differences in the mother’s capacity to carry the fetus as she approaches term.
Twins are born much earlier than singletons on average, probably because of the
effects of increased physical load in the uterus. Still, we know surprisingly little
about the factors that determine when labor and delivery will take place.

The Enigma of Gestational Age

Conception is invisible,

but what triggers it is known to all.

Delivery is known to all,

but what triggers it is invisible.
—AJW.

Changes over Time

One of the striking aspects of the U.S. gestational age distribution in the last few
decades is its shift to earlier gestational ages. For many years, the distribution of
gestational age was regarded as relatively resistant to external influences. Unlike
birth weight, which is relatively sensitive to such factors as sex of the baby or
parity or maternal smoking, gestational age is relatively constant across these
variables.”” (The exception is ethnicity; African-Americans have pregnancies
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about 1 week shorter than women of European descent.’®) The recent shift in
gestational age in the United States has no precedent. From 1980 to 2004, the
whole gestational age distribution shifted downward by more than a week, from a
median of 282 days to 274 days.'*? This shift to earlier deliveries is presumed to
reflect an increase in obstetric interventions.’

Influence of Clinical Interventions

Obstetricians increasingly intervene to provoke labor and delivery before it
occurs naturally. This complicates epidemiologic studies of gestational length or
gestation-specific outcomes. Labor is induced in 20% of U.S. deliveries, usually
for medical reasons.?!-?? Indications include preeclampsia, fetal distress, and pla-
cental abruption.?® Risks and benefits of this intervention are not well studied.

Cesarean section is a more invasive intervention than induction and usually
requires a more definite medical indication. Fetal distress, prolonged or difficult
labor, breech presentation, and previous cesarean section are common reasons.
However, there is also an increasing trend toward offering cesarean section to
women as an elective option.?* In the United States, the rate of cesarean section is
30% and rising.? Private hospitals in Latin America have cesarean rates of 50%,
with some hospitals as high as 80%.26?7 As with induction, there are few data to
allow full assessment of the risks and benefits of this intervention.

Preterm Delivery

Infants born too soon are less likely to be developmentally prepared for life out-
side the uterus. This self-evident fact is acknowledged in obstetrics textbooks
since at least the mid-1800s, when prematurity was mentioned as a debilitating
condition of the infant born after 6 months but before “term.”?® The pioneering
epidemiologist William Farr added prematurity to the official causes of death in
the British system of vital statistics in 1858.%

Figure 14-3 shows neonatal mortality among births at each gestational age. There
is a steady increase in risk among deliveries at each week earlier than 40 weeks.
(Note that mortality is shown on a logarithmic scale to accommodate the steep
gradient.) Survival among babies born before 23 weeks remains uncommon.

Our current definition of prematurity is birth before 37 weeks. This definition
was proposed in 1902%* and initially won wide acceptance.’! Then came the
unfortunate detour of 1919-61.

“Prematurity” and Low Birth Weight

In 1919, an influential Finnish pediatrician named Arvo Ylppo suggested that
a birth weight criterion of 2,500 g would be a useful way to identify premature
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Figure 14-3. Neonatal mortality rates by gestational age at birth (11.5 million
singleton live births, United States, 2000-2002) (Source: US National Center for
Health Statistics)

infants.*? Even though Ylppo cautioned that birth weight is an imperfect measure
of maturity, his warning was quickly forgotten. The convenience of weight as a
criterion led the 2,500-g definition of prematurity to usurp all others. Small size
was equated with early delivery, and for decades, 2,500 g became the standard
definition of prematurity in both the clinical and epidemiologic literature.

It was not until the 1950s that epidemiologists began to come to grips with
the considerable error introduced by the 2,500-g definition of prematurity.?* Data
emerging from population-based birth studies showed that less than half of babies
under 2,500 g were actually premature by reported gestational age, and less than
half of babies preterm by gestational age were smaller than 2,500 g. In 1961, the
World Health Organization recommended that babies less than 2,500 g no longer
be referred to as “premature” but as “low birth weight.”

Usage did not change overnight: a book published in 1977 with the title The
Epidemiology of Prematurity is entirely about low birth weight.** The term pre-
maturity remained so strongly connected with low birth weight that researchers
gave up trying to redefine it and abandoned the word altogether.>* Babies who
are immature by gestational age came to be referred to as preterm, a usage that
continues to this day. Prematurity remains a useful concept, and when enough
years have passed, perhaps the word can be restored to use in its original sense, to
describe a baby born before its time.
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Occurrence of Preterm Delivery

The proportion of births delivered preterm (including stillbirths) ranges from 5%
to 9% in most developed countries.?® Data from developing countries are less
reliable, and in many cases are unavailable. Even within developed countries, the
risk of preterm can vary severalfold. The proportion of preterm is 5%—6% in the
Nordic countries,*” 7% in Hong Kong Chinese,*® and 13% in the United States.
Within the United States, rates are 12% in whites and 18% in blacks.?® Factors
that may contribute to these differences include regional differences in the criteria
for registration of stillbirths and live births, differences in the extent of medical
interventions (such as induction and cesarean section), and differences in the
estimation of gestational age.

The proportion of preterm babies in the United States has been steadily ris-
ing.?’ This increase has been almost entirely among the relatively more mature
preterm deliveries (35 and 36 weeks); very early preterm births have increased
only slightly over recent decades.*

Subtypes of Preterm Birth

Preterm birth is the final common pathway for many different factors that can
produce early delivery.’® In an effort to clarify the causes of preterm birth,
various attempts have been made to create more homogeneous subcategories.
One approach is to categorize preterm births by gestational ages, for example,
“very preterm” (before 32 weeks) and ‘“extremely preterm” (before 28 weeks)
(Fig. 14-4). (Definitions of these subgroups vary among studies.) Although the
earliest preterm births carry the highest mortality risk, they are also rare. Among
all U.S. live births, 0.5% are born extremely preterm (before 28 weeks), and
another 1% are born very preterm (between 28 and 31 weeks). There is some evi-
dence that the gestational-age subgroups of preterm may be etiologically distinct.
A few risk factors (cigarette smoking,*® race?’) have relatively stronger effects on
earlier preterm births than on later preterm.

The category of live births before 28 weeks is remarkable in that it exists at
all. Only a few decades ago, births before 28 weeks did not even qualify as still-
births because they were regarded as having no hope of survival. By 1995, 44%
of infants born at 25 weeks in the United Kingdom were surviving to hospital
discharge.*!

Preterm births can also be categorized by their clinical presentation (idio-
pathic preterm labor, preterm premature rupture of the membranes, and induced
labor or cesarean section for medical complications) or by their presumed
etiologic pathway (infection, vascular pathology, specific complications, uterine
overdistension).*® Examples of all of these subcategories can be found in the epi-
demiologic literature, although these are not consistently defined or widely used.
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Direction of Causation?

Preterm delivery is often described as the leading cause of infant mortality in
developed countries. This is based on the fact that the number of infant deaths
among preterm babies far exceeds the number of deaths among babies born at
term. It does not necessarily follow, however, that had all those preterm babies
been born at term, their mortality would be as low as other term births. The mor-
tality associated with preterm delivery is not simply a matter of the baby being
delivered before it is ready. Pathological conditions that predispose the baby to
preterm delivery (e.g., maternal diabetes or congenital malformations) can also
contribute directly to the morbidity of the baby.

The fact that babies born preterm are smaller on average than the fetuses that
continue in utero is further evidence that these babies are struggling even before
they are delivered.”? To the degree that impaired fetal development or fetal dis-
tress can cause preterm delivery, those conditions also contribute to the mortality
and morbidity observed in association with preterm delivery. Thus, effective in-
tervention must include prevention of the causes of preterm delivery, not simply
interventions on early labor. Early delivery may be preferable to continuation if
delivery allows an ailing fetus to escape adverse intrauterine conditions. (This is
one rationale for physician-initiated deliveries.)

It follows from this argument that the risk with immaturity may be less than
the observed rates of gestation-specific mortality would suggest. Evidence for
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Figure 14-5. Gestational-age-specific mortality for singletons, twins, and trip-
lets (Norway, 1967-98) (Reprinted from Lie*)

this comes from a comparison of the perinatal mortality curves for singletons,
twins, and triplets (Fig. 14-5).** Multiple births tend to deliver early for reasons
related to their plurality rather than to any specific pathology. This could explain
the lower mortality seen among twins—and especially among triplets—at early
gestational ages compared with singletons. Put another way, the mortality of
singletons at the same gestational age may be higher because singletons born at
early gestational ages are more likely to have some predisposing problem that
has triggered their preterm delivery. Delivery at an early gestational age could
be less dangerous than suggested by the mortality rate of all babies born at that
gestational age.

Causes of Preterm Delivery

PROXIMAL CAUSES OF PRETERM DELIVERY. Infections of the reproductive tract
have been widely studied as a factor in preterm delivery. There are plausible
biological pathways for this effect,** and extensive circumstantial evidence to sup-
port the hypothesis. For example, very preterm newborns are much more likely
to have blood infections at birth.* The important question is whether outcome
of pregnancy can be improved with antibiotic treatment. Although results are
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not conclusive, clinical trials suggest possible benefits with antibiotic treatment
during pregnancy.*¢+

IATROGENIC CAUSES. Medical procedures increase the proportion of preterm
babies both directly and indirectly. A direct cause is the increased use of interven-
tions to deliver babies early, usually for reasons of the mother’s or baby’s health.
For example, preeclamptic pregnancies are more often being interrupted before
the condition can advance to the point of endangering the mother. Although
such interventions may increase the proportion of preterm deliveries, the pur-
pose is to reduce mortality and morbidity, and there is some evidence that this is
succeeding.*®

Less directly, the increase in conceptions by assisted reproductive technology
has contributed to an increase of preterm delivery. This happens in at least two
ways. First, singleton babies conceived by ART have twice the preterm risk of
other singletons.* (Some of this excess risk is probably caused by the underlying
condition of the mother rather than by her treatment.® Even so, to the degree
ART pregnancies would not otherwise occur, they contribute risk.) Second, ART
pregnancies comprise about 17% of twins in the United States and about 40% of
triplets.’' Pregnancies with multiple fetuses are much more likely to deliver pre-
term and suffer the associated mortality.

SOCIAL AND BEHAVIORAL CAUSES. The strong contrast in U.S. preterm rates by
maternal race suggests that socioeconomic and behavioral factors play an impor-
tant role. Even in egalitarian societies such as the Nordic countries, mothers with
less education have higher risk of preterm birth.’” The epidemiologic search for
factors underlying these associations has had limited success. Smoking increases
the risk of preterm birth (especially early preterm birth).*® This explains only
a small part of the social-class association.”> Other maternal characteristics as-
sociated with preterm delivery include thinness> and diabetes,™ but these are
weakly associated with social class. There is little evidence for an alcohol effect
on preterm risk, except perhaps with very high levels of consumption. Illicit drug
use (including opiates and cocaine) is difficult to study but may increase the risk
of preterm birth.*® Although observational studies suggest benefits from prenatal
folic acid and iron supplements, these have not been confirmed in clinical tri-
als.® Many studies have looked at the physical and psychological demands of
employment as well as effects of leisure physical activities; no obvious patterns of
association have emerged.*’

ENVIRONMENTAL CAUSES. Many studies of environmental contaminants have
considered effects on preterm birth; however, there is at best limited evidence
for associations with a few exposures (lead, DDT, air pollution, and occupational
exposure to PCBs).% For a host of other exposures, the evidence of association is
regarded as inadequate.
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Given the limited understanding of causes of preterm delivery, there is little
that can be said about the time windows during which exposures might affect
risk. Some causes may be proximal to delivery, whereas others undoubtedly act
earlier (leading to reduced fetal growth, for example). Some factors may act long
before women conceive. For example, women who had been exposed as fetuses
to diethylstilbestrol (DES) are at two to three times the usual risk of preterm de-
livery in their own pregnancies.>’

Markers of Preterm Risk

The previous delivery of a preterm infant is a strong predictor of preterm delivery
in the next pregnancy. Genetics may play a role: mothers who are born preterm
are at increased risk of delivering preterm themselves.*® Pregnancies with vaginal
bleeding during the first or second trimester are at increased risk of delivering
early. With bleeding in both trimesters, the risk of preterm delivery is increased
fourfold.>® A more proximal marker of risk is fetal fibronectin in the vaginal fluid.
If no fibronectin is present, the risk of impending delivery is very low, regardless
of other clinical signs. If fibronectin is present, the risk of imminent delivery is
modestly increased.®®

The Treatment of Preterm Labor

Tocolytic agents are drugs intended to delay or arrest progression of preterm labor.
In principle, such delay may defer birth long enough to permit other treatments
(such as administration of steroids to accelerate lung maturation) that improve the
baby’s chances of survival. Many tocolytic treatments have been developed, but
none has been demonstrated to improve the outcome of pregnancy.®! Progesterone
(the hormone that “supports pregnancy’’) appears to decrease the risk of early pre-
term delivery in some clinical trials, especially in women with previous preterm
deliveries. More trials are in progress to help resolve this question.? Cervical
cerclage (sewing the cervix shut) is a surgical procedure with a long history but
little evidence of benefit.®!

Long-term Sequelae of Preterm Delivery

Among the infants who survive preterm delivery, there is increased risk of devel-
opmental problems including epilepsy,®® cerebral palsy, mental retardation, and
autism.® The risks are highest among those born very early, with at least a 10-fold
increase among babies born before 28 weeks compared with term babies.®* As
discussed earlier, it is not obvious to what extent these sequelae might stem from
preterm delivery itself, and to what extent they might be associated with the fac-
tors that triggered preterm delivery. Those who survive preterm birth without
major disabilities have good prospects of normal function.®*
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Postterm Delivery

Postterm delivery is defined as pregnancies that reach 42 completed weeks or
more.® Gestational-age-specific mortality reaches its lowest levels during weeks
39 to 41 and rises at week 42 and thereafter (Fig. 14-3). Because mortality data
are cross-sectional, the direction of cause and effect is unclear: Does longer preg-
nancy increase the risk of fetal problems, or do fetuses with problems fail to trig-
ger delivery at the usual time?

About 5% of well-dated pregnancies end in postterm delivery.®® This percent-
age can easily vary with the extent of LMP correction and the practice of induc-
tion of labor. Few risk factors are known to be associated with postterm delivery.
Postterm may be increased for women who are pregnant for the first time or
for women with lower social class or education, but these associations are not
consistent.%

Errors in gestational age are a major contributor to postterm births, especially
when due dates are based solely on the last menstrual period. A long follicular
phase in the cycle of conception will cause an overestimation of true gestational
age by adding time to the interval between LMP and conception. Correction
of LMP-based gestational age by ultrasound reduces the number of “postterm”
births by at least half.5

The higher risk with ongoing pregnancy after 40 weeks is a matter of clinical
concern, especially with regard to stillbirths. Regardless of the direction of cause
and effect, late stillbirths could in principle be averted with earlier delivery. With
this rationale, induction of labor is commonly carried out in the United States
after 41 weeks, even though clinical trials have shown little if any benefit from
induced labor to prevent postterm births.” Admittedly, the low absolute levels of
perinatal risk late in pregnancy make it difficult to perform clinical trials with
power to detect a benefit.

Analytic Problems of Gestational Age

Gestational Age as a Time Variable

Gestational age is both a time scale and an epidemiologic endpoint, and therein
lies a world of trouble. Consider the question of seasonal effects on preterm
risk. A simple analysis might look at the percentage of preterm births by month.
However, this would assume that conceptions (which create the denominator) are
evenly distributed across the calendar, which they are not. An analysis of births
at one point in time compares preterm births from one conception cohort with
term births from another. If those two conception cohorts are different sizes (e.g.,
because of seasonal differences in conception), then preterm risk could appear
different by season, even if season has no effect on preterm risk. The solution
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would be to compare preterm rates within cohorts of pregnancies defined by
conception date, rather than by birth date.

Gestational time can be confused with exposure. Consider a reported asso-
ciation between maternal low blood pressure and high perinatal mortality.® The
authors found that low blood pressure was associated with increased fetal risk.
The authors hypothesized that low blood pressure could produce poor placental
perfusion and poor fetal outcome. The mechanism is plausible, but the observa-
tion was actually caused by an analytic error. Blood pressure naturally increases
during pregnancy. Women in the study were enrolled at various times during
pregnancy. The earlier the enrolment, the lower the blood pressure and the greater
the opportunity for women to deliver early (with consequent risk of perinatal
mortality). Blood pressure measurements taken later in pregnancy were higher,
and (all else being equal) those women had less opportunity to deliver early. Thus,
although there was an “association” between low blood pressure and perinatal
mortality, it was an artefact of the timing of blood pressure measurements. When
stage of pregnancy was controlled for, the association of low blood pressure with
perinatal mortality disappeared.®’

Similar problems might occur with any exposure that systematically var-
ies with gestational age. For example, maternal blood volume expands during
pregnancy and can dilute the mother’s blood concentration of micronutrients or
environmental contaminants. Thus, biomarker concentrations may decline with
advancing gestational age. An analysis of births stratified by blood concentration
at delivery could show higher concentrations of an environmental contaminant
with preterm birth, even when no direct causal association exists. Similarly, the
longer a woman’s pregnancy, the more prenatal visits she accumulates. An analy-
sis of preterm risk stratified by total number of prenatal visits could suggest that
prenatal visits protect against preterm delivery.

The Analysis of Gestational-Age-Specific Mortality

As discussed in Chapter 12, there are conflicting views on the way gestational-
age-specific risk should be expressed.””! The usual approach is shown in Figure
14-3, with deaths as a proportion of all births at a given week of pregnancy. An
alternative is to express risk as a proportion of births plus all ongoing pregnan-
cies (that is, the total number of fetuses at risk at a given gestational age).”” With
this approach used for stillbirth risk, for example, stillbirths delivered at week
29 would be expressed as a proportion of all births at 29 weeks plus all fetuses
continuing in utero. This increases the denominator greatly, producing a much
lower estimate of risk at most gestational ages.

Bothmethods provide anumber thatdescribesrisk. The “fetuses atrisk” approach
seems most justified for stillbirths that occur before the onset of labor” and less
justified for deaths that occur during delivery or after birth. Furthermore, when
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a risk factor shortens gestational age, the assessment of gestational-age-specific
mortality can be problematic. If there are unmeasured factors that increase mor-
tality and also cause early delivery, such factors can distort the comparison of
gestational-age specific mortality rates.* For all these reasons, the analysis of
gestational-age specific mortality remains a controversial issue.
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Birth Weight and Fetal Growth

Birth weight is a popular research topic because of the accessibility of data and
the strong association of birth weight with perinatal mortality. Birth weight has
become a convenient surrogate for infant health as well as a proposed pathway
for interventions to improve infant health. There are questions, however, about the
role of birth weight as a health surrogate and whether the link between birth weight
and mortality is causal.

n the face of it, birth weight is a simple variable, easily and precisely
measured. Birth weight is also among the most plentiful of perinatal data. In
most developed nations, birth weight is recorded by law as a part of birth certifi-
cate data. Birth weight data for millions of births are freely available online (for
example, see www.cdc.gov/nchs/births.htm). Most important, low birth weight is
strongly and consistently associated with high infant mortality. All these factors
have led birth weight to be highly valued as an epidemiologic variable—both as a
predictor of perinatal risk and as an outcome in itself.

Despite the central role of birth weight in perinatal studies, there are unresolved
questions about its interpretation and its utility. After years of intensive study,
there still is not a clear understanding of the underlying relationship between
birth weight and mortality. Is low birth weight a cause of infant mortality, or is
it simply a marker for other factors that affect infant mortality? Does enhancing
fetal growth reduce perinatal risk? Does restricting fetal growth increase peri-
natal risk? Before we address these questions, it is useful to consider the basic
descriptive epidemiology of birth weight.

The Frequency Distribution of Birth Weight

Figure 15-1 shows a typical distribution of birth weights for 400,000 Norwegian
live births.! This distribution has not been smoothed—the bars show the raw
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Figure 15-1. An empirical distribution of birth weights, with Gaussian curve
(solid line) (400,000 live singleton births, Norway, 1992-98) (Reprinted from
Wilcox')

data. With large sample sizes, the birth-weight distribution closely approximates
a Gaussian distribution (shown in the figure as a solid line). The overall Gaussian
distribution of birth weights is characteristic of birth weight in every known
population. The one important deviation from the Gaussian distribution is in the
lower tail, where there is an excess of low-weight, high-risk babies.

Based on these observations, the birth weight distribution can be divided into
two parts. One is the Gaussian distribution, known as the predominant distribu-
tion. This distribution typically contains 95% to 98% of births.! The other is the
excess portion in the lower tail, lying outside the main Gaussian distribution. This
is the residual distribution. Although residual births are few, they contribute a
major portion of infant deaths.

The excess small babies in the residual distribution presumably would have
been part of the Gaussian distribution had not something interfered with their
growth. This interference could in principle be either preterm delivery or re-
striction of fetal growth. In fact, virtually all babies in the residual distribution
are preterm. (Many preterm births are also growth restricted, as discussed in
Chapter 14.) The contribution of preterm delivery to the residual distribution can
be demonstrated by separating the birth-weight distribution into term and preterm
births (based on gestational age less than 37 weeks). Figure 15-2 shows these two
birth weight distributions.

Among term births, the distribution of birth weights is almost exactly Gaussian.
Removing preterm births from the birth weight distribution removes the heavier
tail to the left (the residual part of the distribution). The fact that the residual
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Figure 15-2. The birth weight distributions of preterm and term births (ges-
tational age based on last menstrual period) (11.5 million live singleton births,
United States, 2000-2002) (Source: U.S. National Center for Health Statistics)

distribution is made up almost entirely of preterm births is not to say that all
preterm births are in the residual distribution. As seen in Figure 15-2, there are
many preterm births distributed across heavier birth weights. Most of these heavy
preterm births are late preterm—35 or 36 weeks of gestation.? A few may be term
births with errors in gestational age. Even though there are preterm births in the
main distribution, they have little impact on the mean or standard deviation of the
predominant distribution.

It follows that the predominant distribution (estimated from the complete dis-
tribution of births) provides an estimate of the distribution of term birth weights.?
The residual distribution in turn provides a crude estimate of the proportion of
small preterm births. (An online program for estimating the predominant and
residual distributions is available at http://eb.niehs.nih.gov/bwt/index.htm.)

These structural characteristics of the birth-weight distribution are impor-
tant because of their constancy across all known populations. Furthermore, the
Gaussian distribution of term births and the residual distribution of small preterm
births are independent of each other. That is, populations can differ in the distri-
bution of their term births without differing in their residual distribution, and vice
versa. As an empirical observation, all major birth-weight differences between
populations can be fully described by these limited options. Populations can have
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different means and standard deviations of their predominant distribution, and
they can have different proportions of births in the residual distribution.

Factors Associated with Birth Weight

There are so many factors associated with birth weight, it might be easier to list
the ones not associated. Mean birth weight varies by most of the variables that are
of interest to reproductive epidemiologists, including ethnicity, social class, parity,
plurality, maternal height and weight, parents’ birth weights, maternal smoking,
and sex of the baby.*> A typical birth weight difference is in the range of 100 to 150
g, with larger differences seen among ethnic groups. There is limited evidence that
birth weight is reduced with exposure to certain environmental exposures includ-
ing lead, DDT/DDE, environmental tobacco smoke, outdoor air pollution, disin-
fection by-products in drinking water, and nitrate in drinking water.®

It is striking that although many factors affect birth weight, one of the most
plausible factors—nutrition during pregnancy—has little impact. Even under
the starvation conditions of the Dutch famine during World War II, mean
birth weight fell by only 300 g’ Similarly, there is little evidence for changes
in birth weight over time. As women’s adult height and weight has increased, birth
weights have remained relatively stable. In Norway, mean birth weight since 1860
has fluctuated within a range of 200 g.}

Birth-Weight-Specific Mortality

Figure 15-3 shows neonatal mortality at each birth weight. Like the distribution of
birth weight, weight-specific mortality has a characteristic shape that varies little
among populations. Mortality is highest among the smallest babies, falls rapidly
as birth weights increase, reaches a nadir, and then rises slightly among the heavi-
est babies. (Mortality on the Y axis is shown on a logarithmic scale in order to
accommodate the 1,000-fold range of mortality.) Like the distribution of birth
weight, this pattern of weight-specific mortality appears to be universal.’

Figure 15-4 combines the distribution of birth weights with weight-specific
mortality, revealing one additional feature of birth weight: the lowest mortality
occurs at a weight above the mean weight. As with other aspects of birth weight
and mortality, this is found in every known population.'

Figure 15-5 shows birth-weight distributions and weight-specific neonatal mor-
tality for the United States in 1950 and 2000." Birth weights are similar, with
slightly heavier weights in 2000. Meanwhile, neonatal mortality declined more
than 75% during this half-century, from 20.0 to 4.6 per 1,000. In absolute terms, the
improvements were greatest among the smallest babies (under 1,000 g), for whom
neonatal mortality fell from 872 to 262 deaths per 1,000 live births. However, the
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Figure 15-5. Changes in birth weight and weight-specific mortality over time
(United States, 1950 and 2000) (US National Center for Health Statistics)

shape of the weight-specific mortality curve (on this log scale) has varied little over
time; mainly, the mortality curve has shifted downward. In other words, the ratio
of mortality decline over time has been similar across the various birth weight
groups (with a constant distance on the log scale corresponding to a constant ratio).
Babies less than 1,000 g had the largest absolute decline but the least improvement
in relative terms: mortality for the smallest babies declined 70%, whereas for all
other birth weight groups the declines ranged from 85% to 93%.

Low Birth Weight

Historically, the most common approach to birth weight has been to dichotomize
weight at 2,500 g (5.5 1b). This dichotomy identifies a high-risk group of infants,
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with infant mortality 25 times higher than the mortality of heavier babies.”? A
PubMed search by “low birth weight” yields 30,000 papers, with new papers
appearing at the rate of about 100 a month. The majority of low-birth-weight
(LBW) studies describe LBW as either an adverse pregnancy outcome in itself
or as a risk factor for other adverse outcomes. Unfortunately, any use of LBW
presents major problems, as discussed below.

The Association of Birth Weight and Weight-Specific Mortality

The extremely strong gradient of mortality with low birth weight invites a causal
interpretation. Over the course of the past century this interpretation has gone
through two stages and may be about to go through a third. The first interpretation
was that the high mortality of small babies was caused by premature delivery. A
second interpretation became necessary when it was recognized that many small
babies are not preterm but are still at high risk. The explanation for the observed
risk among small term babies was “intrauterine growth retardation.” The third
possible interpretation is that the association of birth weight with mortality results
primarily from confounding by unknown factors.

“Prematurity”

LBW babies were regarded as “premature” for much of the twentieth century. (As
discussed in the previous chapter, LBW literally became the definition of pre-
maturity.) Once population-based data on gestational age and birth weight were
available, it became clear that as many as half of LBW babies are actually born at
term."® Thus, population differences in LBW could reflect differences in preterm
birth or differences in fetal size—LBW by itself does not distinguish the two.
Because preterm delivery and fetal growth are largely distinct biological phe-
nomena, the lack of specificity with LBW is a problem.

The recognition that LBW babies are not all preterm opened up an even more
unsettling problem. LBW babies who are not preterm by gestational age nonethe-
less have very high mortality—even higher, at given birth weights, than preterm
births. If their mortality is not caused by preterm delivery, what could be the
explanation? A new disease had to be defined.

Intrauterine Growth Retardation

The concept of intrauterine growth retardation (IUGR) was created to explain the
high mortality of term LBW babies. Although IUGR sounds like a medical condi-
tion, there are no particular clinical signs or symptoms that characterize IUGR.
The first definition of intrauterine growth retardation was simply “LBW babies
born at term.”™ The IUGR definition was modified to be “small-for-gestational



Fetal Growth Curves

An odd episode in the history of perinatal epidemiology was the interpretation of
mean birth weight at each gestational age as an “intrauterine growth curve.” The first
intrauterine growth curve was constructed by Lulu Lubchenco in 1963 from cross-
sectional data of birth weight distributions at specific gestational ages (see figure
below).!> This became known as the “lulugram” and was widely cited. Furthermore,
the slopes of these curves were often interpreted biologically (even though Lubchenco
herself cautioned against this). For example, the flattening of the slope near term
has been regarded as evidence of the placenta reaching its natural limits (“placental
insufficiency”).!® To interpret these curves as “growth trajectories” implicitly (and in-
correctly) assumes that a baby born at 28 or 33 weeks is a random sample of all babies
at that gestational age that continue in utero. Longitudinal interpretations of cross-
sectional data are risky under the best of circumstances and misleading in the context
of birth weight and gestational age. “Fetal growth curves” constructed from birth data
have little to do with the growth pattern of fetuses.
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age” (or SGA), which is the smallest 10% of babies at each gestational age. The
specific standards for SGA are either derived from the data set being analyzed or
based on a published referent. This may seem to be a more refined definition than
“term LBW,” but it is not much different—SGA captures almost all term babies
less than 2,500 g plus a few others.

SGA is a marker of high-risk babies independent of gestational age. In this
regard, SGA is more useful than LBW. However, SGA has its own limitations.
Like LBW, SGA still mixes preterm and term births, although not as badly. (The
proportion of SGA births that are preterm is, by definition, the same as the pro-
portion preterm in the general population.)

At first, the extension of the concept of intrauterine growth restriction to pre-
term births was regarded as an advance, but it has become a problem. By defi-
nition, the prevalence of SGA among preterm babies is 10%, just as it is in term
births. However, we now know that babies who are born preterm are smaller than
the fetuses who continue in utero."” Thus, a proper measure of growth restriction
should identify more growth-restricted babies among preterm births than among
term births. To do so would require SGA criteria based on all fetuses at a given
gestational age, which is technically difficult given our limited ability to estimate
intrauterine fetal weight. To avoid this problem, SGA is sometimes restricted to
term births.

The problem with SGA applied to preterm births points to a larger issue. The
fact that SGA (and thus IUGR) is defined as a percentile becomes a tautology.
SGA is the smallest 10% of babies, and therefore, the prevalence of SGA is 10%.
By definition, such a condition cannot be prevented or alleviated. This circularity
creates some embarrassing gaffes—more than one grant proposal has claimed
that intrauterine growth restriction is an important outcome because it affects
10% of all births.

Yet another conceptual problem with SGA is that it defines all small babies as
growth restricted, and no others. This is wrong in two ways. Not all small babies
are growth restricted. Some are small simply because of natural variability in fetal
growth.!® Conversely, there is no reason why a large baby could not be restricted
in fetal growth.! Factors that restrict fetal growth (such as living at high altitudes)
affect the entire birth-weight distribution (Fig. 15-6). Epidemiologic factors that
cause growth restriction seem to affect fetuses of all weights more or less equally.

There is one sense in which SGA can be a useful measure (at least on a
population level). SGA will detect an exposure that restricts fetal growth (and
thereby shifts the distribution of birth weights). The shift of birth weights will
cause a higher proportion of babies to fall below a predefined tenth-percentile
standard of weight. However, it would be an obvious error to interpret this excess
in SGA as “fetal growth restriction” only among SGA babies. SGA can detect
shifts of the birth-weight distribution, but it cannot identify specific babies whose
growth has been restricted.
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Figure 15-6. Fetal growth restriction in the infants of mothers who live in a
high-altitude state (Colorado, dashed line) compared with the whole United
States (1984, solid line) (Reprinted from Wilcox'®)

Unmeasured Confounding

Another option for explaining the association between birth weight and mortality
is that the association is a result of unmeasured confounding. Epidemiologists
routinely invoke the possibility of unknown confounders, but rarely in discuss-
ing birth weight and mortality. Perhaps this is because the weight-and-mortality
association is so strong. (By definition, the association between the confounder
and the outcome has to be even stronger than the confounded association it pro-
duces, and such a confounder for birth weight and infant mortality is hard to
imagine.) The possibility of confounding, however, is particularly important for
birth weight because confounding could explain one of the conundrums of repro-
ductive epidemiology—the low-birth-weight paradox.

THE LOW-BIRTH-WEIGHT PARADOX. It has been acknowledged for many years
that small babies from a high-risk population can have lower mortality than small
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babies from a lower-risk population. Maternal smoking is a classic example. The
babies of mothers who smoke have higher infant mortality. However, among LBW
babies, mortality is lower if the mother smokes.?® (This has prompted half-serious
suggestions that women who are going to have small babies could improve their
baby’s chances by smoking.) A similar advantage among small babies of high-
risk groups is found in many comparisons, including parity, plurality, and race.”!
Attempts to explain this by differences in gestational age or other known risk
factors have proven futile.??

In 1966, Brian MacMahon offered a succinct explanation for the paradox. He
pointed out that the lower mortality among small babies in the high-risk group
would be paradoxical “only if low weight were causally associated with mor-
tality. But it is not. The marked relationship between weight and mortality is the
result of factors...that affect them both.”’® If the association between low birth
weight is not causal but rather produced by unmeasured confounding, then it is to
be expected that distortions of risk will occur within a particular group of babies
defined by birth weight (such as the LBW babies of smoking mothers).

An example of this distortion is seen in Figure 15-6. The shift of birth weight
with high altitude might be expected to produce higher mortality because more
babies are subjected to the higher risks at lower weights. In fact, total mor-
tality is the same in the two populations. How could that be possible if one
population has smaller babies? It is because weight-specific mortality rates are
not the same in the two populations. It is as if the specific mortality rates at
high altitude have shifted with the birth weight distribution, leading to no net
change in mortality. The LBW paradox is apparent in this figure: at any given
weight below 3,000 g, babies born at high altitude have slightly better survival
than other babies.

An analysis of weight-specific mortality in this comparison produces a con-
fusing picture: mortality is lower for smaller babies, higher for larger babies,
and not different overall. Using the same argument as MacMahon, Meyer and
Comstock concluded in 1972 that it is a mistake to analyze birth-weight-specific
mortality at all.?! These cautions by Comstock and MacMahon— two of the most
prominent epidemiologists of their day—fell on deaf ears. Researchers continued
to ponder the low-birth-weight paradox and to try to glean meaning from weight-
specific mortality rates.

MacMahon’s argument has recently been enriched through the application of
directed acyclic graphs.?* In a simple example (Figure 15-7), a factor (altitude)
affects birth weight but not mortality. If another factor is present that affects both
birth weight and mortality, birth weight becomes a “collider,”* and stratifying on
birth weight (say, by 2,500 g) biases the relationship between altitude and mor-
tality within those weight strata. The same is true if the variable being analyzed
(such as smoking) has its own direct effects on mortality (Fig. 15-8).

In these graphs there is no causal arrow between birth weight and mortality.
Simulations have shown that the observed patterns of birth weight and mortality
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Figure 15-7. Directed acyclic graph for the analysis of the association of altitude
with birth weight and neonatal mortality; an unmeasured confounder that affects
both birth weight and neonatal mortality will make birth weight a collider and
thus disrupt the association between altitude and mortality within strata of birth
weight

Unknown confounder

Mortality

a

Smoking

Figure 15-8. Directed acyclic graph for the analysis of the association of
smoking with birth weight and neonatal mortality; again, an unmeasured
confounder makes birth weight a collider and disrupts the association of
smoking with mortality within strata of birth weight

can be produced with no causal effect of birth weight on mortality.?® Furthermore,
the observed patterns of weight-specific mortality cannot be reproduced unless a
causal effect of birth weight is either absent or small in comparison to the unmea-
sured confounder.? It is not yet possible to conclude that birth weight has no
direct effect on mortality. However, if birth weight does have a causal effect, it is
likely to be much weaker than the observed association.

The identity of the inferred unmeasured confounder (or confounders) of birth
weight and mortality remains a mystery. It is of course possible that no such
factor exists. Still, there is no other option at present that comes close to explain-
ing the observed patterns of weight-specific mortality. MacMahon’s insight
may be the correct one, even if we are far from understanding its biological
underpinnings.

High Birth Weight and Mortality

The slightly higher mortality among babies with the heaviest weights (see
Fig. 15-3) is generally given less attention than the risk among small babies. This
may be because the excess mortality contributed by heavier babies is relatively in-
consequential. Maternal obesity and diabetes are often mentioned as contributors
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to this risk, although this pattern is also prominent in developing countries where
obesity or diabetes are rare.” Birth injuries are another frequent explanation, but
this does not fit the data either. Higher mortality with heavy birth weight is found
for all the major causes of death.?’ Like the rest of the mortality curve, this pattern
persists in all populations and over time. It is possible that additional unknown
confounding is present, in which unmeasured factors contribute to both large
birth weight and higher mortality.

The Association of Birth Weight and Later Morbidity

In addition to its strong associations with perinatal risk, birth weight is asso-
ciated with morbidity and mortality later in life. The reverse-J shape of birth-
weight-specific mortality persists (albeit in a steadily weakened form) throughout
childhood?® and even into adulthood. Cardiovascular disease in adults follows the
reverse-J-shaped pattern of risk, as do other causes excluding cancer (Fig. 15-9).
Cancer mortality, in contrast, steadily increases with birth weight.

Birth weight is also associated with morbidity, especially morbidity related to
neurologic function. In children a reverse-J pattern with birth weight is found for
mental handicap (Fig. 15-10).3° There are similar patterns for IQ,?' hearing and
vision,*? and the risk of schizophrenia.?

The association of birth weight with cardiovascular disease (seen in Fig. 15-9) has
been energetically pursued by David Barker and others in an evolving hypothesis
about fetal nutrition and long-term effects on cardiovascular health.3* Barker’s the-
ories have stimulated an extensive scientific literature spotlighting the links be-
tween fetal life and adult life. These links undoubtedly deserve attention. However,
the present focus on nutrition and cardiovascular-related diseases has perhaps dis-
tracted from the strong patterns between low birth weight and neurologic diseases,
between low birth weight and other causes of death, and between high birth weights
and cancer risk—relationships that are not addressed in the current theories of fetal
adaptive response.

Birth Length

A birth characteristic strongly related to mortality (independent of birth weight) is
length of the baby. Even though this association was featured on the cover of the 1984
textbook, Perinatal Epidemiology, the topic has had little attention from epidemiolo-
gists. Length independent of birth weight is fundamentally a measure of leanness.
Both extremes (i.e., leanness and fatness) are associated with increased mortality.?
None of the usual measures used to combine weight and length (BMI, ponderal index,
Rohrer’s index) are statistically optimal, in the sense that none of them fully expresses
leanness independent of birth weight.
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Figure 15-9. Birth weight as a predictor of adult mortality (in major categories
of death) (Adapted from Baker et al?)

The Analysis of Birth Weight

For all the misunderstandings surrounding birth weight and its interpretation, this
variable can be useful in reproductive epidemiology, although perhaps in more
limited ways than has generally been thought.
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Figure 15-10. Birth weight as a predictor of mental handicap among school
children (ages 12-15, Florida, 1996-97)%

Fetal Growth Restriction

On a clinical level, a slowing of fetal growth during pregnancy is a sign that the
fetus is encountering difficulties. This is not true on the population level, at least
not for the type of fetal growth restriction we are able to detect through the study
of birth weight (i.e., a wholesale shift of the birth-weight distribution).

Even so, a shift in birth weight to lower weights is not necessarily benign. The
shift may be a sign of exposure to a hazard that also increases risk. Maternal
smoking is a good example. Smoking reduces birth weights, and it increases
infant mortality (although apparently not because of smaller birth weights).?
Thus, even though a shift in the birth weight distribution is not evidence in itself
of fetal distress, it may mark the influence of an exposure that harms the fetus in
other ways.

The most direct measure of population-level fetal growth restriction is to ex-
amine the whole distribution of birth weight (rather than LBW or SGA). Summary
measures such as mean birth weight are also appropriate. It may be useful to
control for gestational age, which can be done as simply as excluding preterm
births. SGA also controls for gestational age, although SGA presumably has less
power to detect a shift in birth weight than an analysis of the complete weight
distribution.

When differences in SGA are found between populations, these differences are
sometimes mistakenly interpreted as an effect on small babies only. Fetal growth
restriction could in theory produce an accumulation of very small babies in the
lower tail of the birth-weight distribution without otherwise affecting the distri-
bution of birth weights, but there is no known example of this.
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A more subtle problem in the interpretation of SGA is related to preterm SGA
babies. An “improvement” in fetal growth in the preterm gestational ages could
be caused by a factor that increases the risk of preterm delivery among normally
growing fetuses. Such an effect would not be good for fetuses but would nonethe-
less look like improved “growth” among preterm babies. Any assessment of birth
weight among preterm births should take careful account of preterm delivery
itself as an outcome.

Adjusting for Birth Weight

One of the recurring errors of reproductive epidemiology has been analyses that
stratify or otherwise “control” for absolute birth weight in assessing associations
between risk factors and infant mortality. As demonstrated in the previous dis-
cussion of the LBW paradox, there is strong evidence that birth weight is a col-
lider—a variable affected by unmeasured confounders linked to infant mortality.
To adjust, standardize, or stratify by birth weight in any manner as part of the
analysis of a factor that affects birth weight runs the risk of introducing bias.

Birth Weight as a Surrogate for Preterm Birth

Although low birth weight is a poor surrogate for preterm birth, birth weight can
be used to provide an indirect window on preterm delivery. The extreme category
of “very low birth weight” or VLBW (defined as babies less than 1,500 g) com-
prises about 1% to 2% of all births and is made up almost entirely of preterm babies.
VLBW is specific as a measure of preterm but not sensitive—it captures only a small
portion of all preterm births. The residual distribution of the birth weight distribu-
tion is another surrogate for preterm. The residual captures a larger proportion of
preterm deliveries but requires large sample sizes (thousands if not tens of thousands
of births) to obtain stable estimates of the residual distribution. Also, there are no
established methods to estimate the precision of such estimates. Whenever possible,
preterm births should be studied directly using available data on gestational age.

Assessment of Birth-Weight-Specific Mortality

Population differences in weight-specific mortality are uninterpretable if there
are also population differences in birth-weight distributions. In the presentation
of weight-specific mortality in 1950 and 2000 (Fig. 15-5), the comparisons of
weight-specific mortality rates are valid because the two birth-weight distribu-
tions are nearly identical.

It is possible to adjust sets of weight-specific mortality rates to a standard
birth-weight distribution by the use of z-scores for birth weight.! This removes
the distortion caused by adjustment by a collider and allows two sets of weight-
specific mortality rates to be compared. However, such analysis seldom provides
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more information than could be obtained from simple comparison of overall
mortality in the two populations.

Birth Weight and Public Health Policy

Birth weight has occupied a central position in public health policy for decades.
The World Health Organization describes birth weight as having “undisputed
value as a public health indicator.”*® Strategies to increase birth weight are
regarded as necessary to reduce infant mortality and even childhood mortality.?’

Despite the prominence of birth weight in public policy, there are many reasons
why one might question the public health value of birth weight. First, population
differences in birth weight are unreliable predictors of mortality. Some of the
countries with the lowest infant mortality rates are Asian, where mean birth
weights are relatively small. Second, interventions to improve birth weights have
been largely ineffective.® Third, where such interventions may be most effec-
tive (among undernourished women in developing countries), there is a concern
that increased fetal growth may raise the risk of obstructed labor.* When
obstetric rescue is not available, obstruction during labor is a life-threatening con-
dition for both mother and baby. Finally, historical trends provide no support for
the idea that improved infant survival requires the prevention of LBW. The great
secular declines in infant mortality have occurred with little or no change in birth
weight (Fig. 15-5). If past improvement in infant mortality has not depended on
changes in birth weight, there is little reason to suppose that future improvement
depends on it.
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Birth Defects

A common worry among expectant parents is that their baby will have a birth
defect—and that mother may inadvertently have contributed to that risk. There are
well-known examples of medications that cause birth defects and concerns about
environmental toxicants that might damage the fetus. Even so, most birth defects
have no known cause, and the prevalence of most birth defects remains steady.

In 1941, an Australian ophthalmologist named Norman Gregg noticed an
unusual number of infants born with cloudy lenses—congenital cataracts. In his
words, the cataracts had “remarkable similarity” across his patients, even though
the infants came from diverse backgrounds. To Gregg, this temporal clustering of
birth defects had the appearance of an epidemic.!

In Gregg’s time, the prevailing scientific view was that birth defects were inher-
ited. The term “congenital” was virtually synonymous with “hereditary.” Indeed,
to suggest even the possibility that environmental factors might cause malforma-
tions was considered by some to be unscientific.> Nonetheless, the outbreak of cata-
racts in newborns seemed to Gregg to be evidence that a nongenetic teratogen had
emerged. In a paper published in 1941, he suggested that the cause of these cataracts
was “of infective nature rather than a purely developmental defect.”! Gregg took
note of a severe epidemic of rubella that had swept Australia in 1940. Most of the
mothers of the affected babies reported having had rubella early in their pregnancy.
Gregg’s observations were at first met with skepticism, but the rapid accumulation
of data soon became persuasive. Recognition of the teratogenic properties of rubella
opened the door to a radically new scientific idea—that external exposures of minor
consequence to the mother could have serious consequences for her baby.

In 1961 another epidemic of birth defects challenged the medical establish-
ment even more profoundly. Beginning in the late 1950s, an unusual number of
children were born without the long bones of their arms and legs. This defect,
in which the hands or feet are attached to the torso like seal flippers, is known

230
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as phocomelia (from the Greek for “seal limbs”). In 1961, two clinicians inde-
pendently recognized an association between this defect and a popular sedative
known as thalidomide.>* Thalidomide had been introduced by a German pharma-
ceutical firm in 1958, and the drug quickly became widely used as a treatment for
the morning-sickness of early pregnancy. Thalidomide was marketed in 46 coun-
tries under at least 37 names. (Thalidomide was never approved by the U.S. Food
and Drug Administration, which had concerns about safety of the drug.) Once the
link with phocomelia emerged, the drug was withdrawn from the market, and the
epidemic came to a halt. By this time, at least 8,000 children had been affected.’

The thalidomide disaster had an immediate impact on public policy. The fact
that a seemingly mild medication recommended by doctors could cause such a
dramatic, crippling, and untreatable birth defect led to new laws regarding the pro-
cess of drug approval. Population-based birth defects registries were established to
detect new outbreaks of birth defects as early as possible. There was rapid expan-
sion of teratology, the medical specialty studying the causes of birth defects.

These two examples show the evolution of our understanding about the damage
that exposures during pregnancy can inflict on the fetus. Both examples demon-
strate biological mechanisms of fetal pathogenesis that had not previously been
considered a danger to humans. Although these examples are disturbing, such
occurrences have been infrequent. In the four decades that birth defects registries
have been monitoring time trends in birth defects, we have not yet discovered
another teratogen equal to thalidomide.

McBride and the Temptations of Fame

As one of the “alert clinicians” who observed that thalidomide might be the cause of
the phocomelia epidemic, William McBride found himself thrust into the limelight,
reaping a sheaf of professional honors including Commander of the British Empire.

In the 1970s, McBride became convinced that Bendectin (another drug used to
relieve the nausea of early pregnancy) also caused birth defects. Courtroom testimony
by McBride and others led Bendectin to be withdrawn from the market. This time,
however, the data did not support his position. Careful review of the evidence has
established that Bendectin has no measurable teratogenic effects.®

Still later, McBride produced laboratory results suggesting that scopolamine (yet
another drug used to treat nausea) causes malformations in rabbits. His data had been
falsified. McBride was found guilty of scientific fraud by an Australian tribunal in
1993, and his medical license was revoked.’

The Epidemiology of Birth Defects

Birth defects have been subject to intensive study over the past five decades in the
hopes of uncovering preventable causes. The summary below mentions factors
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that are likely to be associated with birth defects. It is important to put these
results into perspective: the vast majority of defects occur without known cause.
Parents who have a child with a birth defect often carry guilt over past actions of
theirs that might have produced the defect. With few exceptions, there is little way
to know the cause of a particular defect.

Some specialists distinguish between “congenital malformations” (a category
that includes only structural defects) and “birth defects” (which can be con-
strued more broadly to include functional problems such as phenylketonuria).
Epidemiologists tend to use the two terms interchangeably.

Occurrence

Major malformations can be found in roughly 3% of live births.® Prevalence is
strongly affected by the vagaries of case ascertainment. For example, the prev-
alence of congenital malformations depends on how long babies are followed
after birth. Cardiac defects are a classic example of a major defect that may not
become apparent until after the newborn has been discharged from the hospital.
Thus, registries based only on newborn records are less complete than those that
include later ascertainment. Prevalence also depends on how carefully babies are
examined and on the examiner’s criteria for distinguishing a birth defect from a
natural variant of normal. Minor defects are probably at least as common as the
major defects but are less completely reported.

Birth defects, like the cancers, are a collection of diverse diseases. Unlike
cancers, the specific major types of birth defects are all relatively rare, with
the most common occurring among only a few per 1,000 births (Table 16-1).
Each type of malformation tends to have its own distribution in the population
and its own set of risk factors. Epidemiologic studies typically focus on major
categories (such as neural tube defects or cleft lip). However as with cancer,
there is no standard number of categories and no easy answer to the question
of how narrowly such categories should be defined. Birth defects epidemiolo-
gists must balance the gains in statistical power that come from aggregating
similar conditions against the advantages of having more homogeneous cases
in narrowly defined subtypes (a dilemma shared by all epidemiologists). The
clinically based ICD codes may not be as useful as more epidemiologically
based guidelines.’

The occurrence of birth defects (both as a whole and in the major subtypes) has
been fairly stable in the time since the establishment of the major birth defects
registries in the 1960s and 1970s. When changes have occurred, they have most
often been attributable to changes in ascertainment, as with the improved diag-
nosis of heart defects by ultrasound.!” Subtle and minor defects may fluctuate in
their detection according to the standards of the examiners; malformations of the
male genitalia are an example.!!
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Table 16-1. Birth prevalence of major defects“

Categories of major birth defects Prevalence per 1,000 births
Total affected births 35
Musculoskeletal 11
Cardiovascular 9
Gastrointestinal tract (including cleft lip and palate) 6
Reproductive 6

Male 10

Female

Ear, face, neck

Central nervous system
Skin

Eye

Urinary tract
Respiratory tract
Aneuploidy (autosomal)
Miscellany

— NN WL A

¢ Data from Metropolitan Atlanta Congenital Defects Program, 1968-95. Each major defect is
counted separately, even if there are accompanying defects in the same baby.'

Birth defects are commonly cited as among the main causes of infant mortality
in developed countries. Malformations are the leading cause of infant mortality
in the United States, accounting for 20% of deaths."* Babies with birth defects are
more likely to be born preterm, which may contribute to their increased risk of
mortality.'* In developing countries, birth defects are probably no less common,
but they are a minor contributor to mortality compared with infection.'s

Etiology

HERITABLE CAUSES. Even though birth defects are no longer ascribed solely to her-
itable causes, genes play an important role. About 10% of defects are attributable to
chromosomal anomalies.!¢ Among the defects occurring to chromosomally normal
babies, familial recurrence is high. Recurrence in the siblings of babies with var-
ious types of birth defects ranges from 5- to 50-fold (see Table 7-2).7 Similar recur-
rence risks are found among the offspring of affected parents.’®® Although these
high recurrence rates suggest the presence of heritable factors, the patterns of birth
defects recurrence are not those of single genes transmitted in simple Mendelian
fashion. There are probably multiple genes acting together for most birth defects,
perhaps in concert with environmental conditions (see discussion of the multifac-
torial/threshold model in Chapter 5). The investigation of genes that contribute to
specific birth defects is an active area of genetic epidemiologic research.

SEX DIFFERENCES. Birth defects are about 40% more common in boys than in
girls.!”? Half of this excess represents the high risk of malformations in the male
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reproductive tract. This difference may reflect easier detection of malformations
of the male reproductive organs or more error-prone development for male geni-
talia. Boys also have an excess of defects in most other major categories including
gastrointestinal tract and cardiovascular defects. Girls have a higher risk of neural
tube defects and cleft palate (but lower risk of cleft lip).”> The mechanisms for
these sex differences are unknown.

ETHNIC AND REGIONAL DIFFERENCES. The quality of data on birth defects var-
ies widely among countries, which complicates national comparisons of risk.
Within countries, there are some variations among ethnic groups. For example,
Americans of African descent have about the same overall risk of malforma-
tions as Americans of European descent, but with about half the risk of cleft lip
and palate and about 10 times the risk of polydactyly (extra fingers or toes).?°
Ethnic differences may reflect differences in exposures or in the distribution of
susceptibility genes. Ethnic differences may also reflect differences in cus-
toms regarding marriage among relatives. In Norway, a 40% excess of birth
defects among the offspring of Pakistani immigrants was attributable to mar-
riages between first cousins.? Infants of parents who are first cousins had about
twice the occurrence of birth defects.

MATERNAL CONDITIONS AND CHARACTERISTICS. Uncontrolled maternal diabetes
substantially increases the risk of birth defects. Mothers with Type 1 or Type
2 diabetes before pregnancy have at least a threefold increased risk of major
malformations in their offspring.??> The defects associated with diabetes are
diverse and are especially likely to be multiple defects. The mechanisms by
which diabetes produces birth defects are related to blood levels of glucose.
With good control of blood glucose, risk is reduced.?* Mothers who develop
gestational diabetes during their pregnancy are at much less risk, and what risk
there is may be attributable to undetected diabetes before conception.??> Obesity
has been weakly associated with neural tube defects and perhaps heart defects.?*
Although such studies attempt to control for diabetes, the association with obe-
sity may nonetheless reflect unmeasured irregularities in glucose regulation
among overweight women.

Increased risk of birth defects is seen among older mothers, in part because of
the increased risk of aneuploidy with age. However, even among babies with no
apparent aneuploidy, the risk of some malformations rises with maternal age.?
There is less evidence for an effect of father’s age on risk of birth defects, at least
for the major categories.?

A slight increase in malformations is sometimes seen among young mothers.
Gastroschisis (a defect of the abdominal wall) is unusual among malformations
in that it is more common in younger than older mothers.?” This strongly suggests
an environmental cause, a possibility made more urgent by the fact that this rare
defect is increasing over time.?
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MEDICATIONS. Prescription and over-the-counter drugs have the express purpose
of affecting physiologic function. Some of the best examples of human teratogens
are medications. In addition to thalidomide and diethylstilbestrol, isotretinoin
(trade name Accutane®) is an established cause of multiple malformations. A de-
rivative of vitamin A, isotretinoin provides highly effective treatment for severe
acne. Those seeking treatment for acne are often young women, and they are pre-
scribed the drug only if they agree to use effective methods of birth control during
their treatment. Although this stipulation has been generally successful, it has not
completely prevented Accutane-associated birth defects.?

A general problem in assessing the side effects of medications is whether the
association is with the drug or with the disease that the drug is treating (confound-
ing by indication). This problem is seen in the associations of anticonvulsant drugs
with major defects. Drugs used to treat epilepsy have long been suspected of being
teratogenic. This interpretation was called into question by data suggesting that
women with epilepsy might also have a genetic susceptibility to birth defects.®
The weight of evidence now implicates the drugs, not the disease, although the
role of specific anticonvulsant drugs remains difficult to untangle.!

Testing drugs for teratogenicity is an imperfect system at best (see below).
It is impossible to guarantee that a new drug will not have teratogenic effects.
Postmarketing surveillance is the logical alternative, but there is no systematic
process at present to accomplish this.*?

NUTRITION. Two of the most important public health advances of recent decades
have been the discoveries that low maternal levels of folate contribute to the risk
of neural tube defects and that maternal intake of folic acid at the earliest stages of
pregnancy substantially reduces that risk.’ (Women, in fact, must start folic acid
supplements before they conceive in order to be sure that the fetus is protected
at the crucial early stages of development.) Folic acid may also reduce the risk of
facial clefts.?* It is possible that supplemental vitamins protect against other birth
defects,* although associations with specific vitamins have been slow to emerge.
At least one vitamin has been suggested as a teratogen. Vitamin A is closely
related to the teratogen isotretinoin, and one study found an association of vitamin
A at high doses with defects.’® Subsequent data have not clearly supported a risk
with vitamin A.¥” At lower doses, vitamin A may be protective for facial clefts.3

ALCOHOL. Very high levels of alcohol consumption by mothers during pregnancy
are associated with a condition known as fetal alcohol syndrome. The syndrome
consists of subtle but characteristic facial anomalies, growth restriction, and ab-
normalities of neurodevelopment.?® Estimates of prevalence are hampered by lack
of consistent case definition, but range from 0.5 to 2 per 1,000 births.*> Lower
consumption of alcohol may also contribute to specific defects, although these
associations are not well established.
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STRESS. There is a long history of laboratory experiments showing that stressing
the pregnant mouse (for example by physical restraint) can induce birth defects.*+?
Studies of stress in humans have been less conclusive, although there is a small
body of evidence suggesting that a pregnant woman’s experience of highly stress-
ful events may harm the fetus.*#

ENVIRONMENTAL CAUSES. One of the most dramatic examples of an environmental
teratogen took place in Japan. The fish in Minamata Bay were contaminated by
methylmercury, which had been discharged into the bay by a local factory. These
fish accumulated levels of methylmercury so high as to cause severe neurologic
damage to the offspring of pregnant women who ate the fish.*> Radiation is also
a known teratogen, causing microcephaly and mental retardation among fetuses
exposed to the Hiroshima atomic blast.*® Both of these examples are character-
ized by very high exposures.

The Most Famous Photograph You Will Never See

W. Eugene Smith was a photojournalist famous for his brutally honest photographs in
World War II. He and his wife moved to Japan in the early 1970s, during which time
Smith created a stunning photoessay that documented the human tragedy of Minamata
disease. In 1972 Smith was attacked and beaten by employees of the polluting com-
pany in an effort to discourage him from this project. Smith lost vision in one eye and
never fully regained his health. He died in 1978 at the age of 60.

His photographs are credited with bringing the world’s attention to the Minamata
tragedy. The most moving photograph was of a mother cradling her naked, severely
damaged teenage daughter in her lap while bathing her. Published with consent of the
family, this photograph became the symbol of the Minamata disaster.

In 1997, 20 years after the daughter’s death, the photograph was withdrawn from
circulation at the request of the family.

The possible effects of lower-level exposures to environmental contaminants
are much less clear. Maternal smoking is consistently associated with increased
risk of facial clefts,*” but there is no clear evidence that other forms of air pollu-
tion produce birth defects. More generally, there are no convincing associations
between ambient environmental contaminants and birth defects, despite hundreds
of studies on this topic. Among the factors with limited evidence of teratogenicity
are disinfection by-products in drinking water and residential proximity to toxic
waste dumps.*8

Sequelae of Birth Defects

Many birth defects are treatable and compatible with normal function. Even so,
there are detectable reductions in the proportion who survive and, among the
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survivors, a reduction in the chances of having children of their own.'®!° Survivors
have an increased risk of cancer, particularly persons born with neural tube defects
or multiple defects.* The mechanisms of this cancer risk are unknown.

The Role of Timing

The timing of fetal exposure to a teratogen is of paramount importance. Fetal
development is rigidly sequenced with specific organ systems being formed at
particular stages of pregnancy. The vulnerability of the fetus to teratogenic insult
varies by the stage of development at which exposure occurs. Figure 16-1 provides
a broad overview of the stages at which organ systems are vulnerable to structural
damage. The upper limbs are susceptible to major anomalies during the fourth
and fifth weeks of fetal life (obstetric weeks 5 and 6), whereas the oral palate is
vulnerable during the seventh and eighth fetal weeks. For most organ systems, the
vulnerable period lasts only 2—3 weeks. The brain is a notable exception, with a
period of developmental vulnerability that extends to delivery and beyond.

The fact that organ vulnerability occurs at certain stages is useful in making
causal inferences about possible teratogens. An exposure in the seventh or eighth
month of pregnancy obviously cannot be blamed for a limb defect that develops in
the second month of pregnancy. Conversely, an exposure that is associated with a
birth defect only when the exposure occurs at a specific stage of fetal development
has added plausibility as a true cause.

Biological Noise

Variability and genetic error are intrinsic elements of biology, and there is no
reason to suppose that this does not include embryologic development. The as-
sembly of a human embryo is bafflingly complex, carried out along pathways
that have developed (and are still developing) through the processes of evolution.
A certain amount of randomness (and thus random error) in fetal development is
inevitable.*® A demonstration of this is the less-than-100% concordance of birth
defects in monozygotic twins. Even though monozygotic twins share virtually
identical genotypes and fetal environments, they do not necessarily have the same
birth defects. Only 60% of monozygotic twins with facial cleft are concordant for
the defect.”!

To go a step further, it is possible that the “noise” (or random error) of embryo-
logic processes plays a positive role in human biology. Genetic theorists have
proposed that noise is not only constructive, it is necessary to maximize pop-
ulation fitness by helping to purge mutations.’ The importance of these ideas
from an epidemiologic perspective is to dispel any illusion that birth defects could
be completely prevented, even in theory. It is far more realistic to aim for the
discovery of the preventable causes (such as folic acid insufficiency) than to sup-
pose that the discovery of all causes would one day eliminate all birth defects.
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Methodologic Challenges

The Limits of Teratology

The field of teratology focuses on the biochemical and histologic mechanisms
by which the developing fetus can be damaged. This work has provided many of
the basic principles of birth defects epidemiology, for example, the importance
of dose, timing, and genetic susceptibility to the outcome.>* Still, teratology has
limitations. One is the variation of teratogenic effects across species. What is
teratogenic in a given laboratory species is not necessarily teratogenic in humans
(aspirin, for example).” Similarly, what is teratogenic in humans may not be
teratogenic in other species. An example is thalidomide, which is not a strong
teratogen in mice or rats (the most commonly tested animals) but is in rabbits.
Although animal testing provides a useful screen for substances that might cause
birth defects, the absence of harm in test animals is not proof of an absence of
harm in humans. Most human teratogens have been identified first in humans and
then confirmed in laboratory species.

A second limitation is that an understanding of molecular structure or pharma-
cologic function does not necessarily predict the safety of new chemical products.
Toxicology often extrapolates the effects of well-tested chemicals with known
structure and activity to untested chemicals in the same general class of structure
and activity. Unfortunately, this extrapolation does not work for teratogens. Two
chemicals can be very similar (for example thalidomide and glutethimide, both
sedatives), with one causing birth defects and the other not.”’

The Missing Denominator

A conspicuous problem of birth defects epidemiology is the inability to describe
disease incidence (defined as the proportion of a defined population that devel-
ops the disease in a given time). Incidence requires a denominator, and the true
denominator for fetal defects—that is, the number of fetuses at risk for defects—is
unobtainable. We can describe only the prevalence of defects at the time they
become observable (prevalence being the proportion of a given population who
have the disease). Historically, the period of observation for birth defects has
started at birth, although today structural birth defects can be identified at mid-
pregnancy using ultrasound.

The prevalence we can observe (at midpregnancy or later) is not a good estimate
of incidence. A large proportion of fetuses are lost early in pregnancy through
either miscarriage or induced abortion. To the degree that malformed fetuses are
overrepresented among these losses, prevalence measures at birth or beyond will
be biased. Furthermore, it is impossible to know the extent of this bias because it
is practically impossible to identify all malformations among the losses.



240 OUTCOMES

This fact of fetal life has implications for epidemiologists. When we speak of
the occurrence of birth defects, we should be careful to recognize (and state) this
as prevalence, not incidence. A change in prevalence does not necessarily reflect a
change in incidence. Prevalence can change because of a change in the proportion
of affected fetuses lost in early pregnancy.

This is not a minor point. When folic acid supplements were found to reduce the
birth prevalence of neural tube defects, some researchers suggested that folic acid
has this effect by increasing the miscarriage of affected infants.’® The possibil-
ity that folic acid might act as an abortifacient for defective fetuses was regarded
as unacceptable by those who oppose abortion. This created tension over folic
acid supplementation as a public policy until the hypothesis could be definitively
dismissed.®

Birth Defects as Rare Diseases

Because birth defects are rare, the case-control design is a common epidemio-
logic approach. A case-control study has the potential advantage of short recall
intervals (if mothers can be recruited shortly after delivery), but there is still the
possibility of biased recall related to pregnancy outcome. Mothers who have given
birth to an affected baby may scour their memories more thoroughly in search of
a possible cause—or may deny certain exposures out of guilt. (This has been a
rationale for using other birth defects as controls.®®) Although such methodologic
concerns can never be entirely dismissed, there is evidence that women are rela-
tively unbiased (at least with regard to the case or control status of their infant) in
their recall of exposures during pregnancy.®® Within a given study, the specificity
of effect for one exposure among several similar exposures can also help to rule
out recall bias.

“Isolated” versus “Multiple” versus “Syndromic”

A baby can have more than one birth defect. The prevalence of accompanying
defects varies for different types of defects; for example, babies with cleft palate
(and no cleft lip) are twice as likely to have another defect as babies with cleft lip.
Furthermore, the completeness of registration for accompanying defects can vary
widely. Minor defects are often unrecorded.

Sometimes multiple defects are referred to as “syndromic,” and isolated defects
are called “nonsyndromic.” Alternatively, cases with multiple defects may be
divided into those with recognized or suspected syndromes, those with structur-
ally related defects, and others.®? Although all these strategies for grouping and
dividing can be argued on biological grounds, an argument can also be made for
studying all cases of a given defect regardless of accompanying defects, given that
the data are available.®® In this way, evidence of heterogeneity among the isolated
and nonisolated cases can be tested empirically rather than assumed.
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Problems of Ascertainment

The accurate ascertainment of cases is a problem in birth defects research as in
most other areas of epidemiology. Hospital records and registries seldom (if ever)
capture all birth defects among live births. Even conspicuous defects such as cleft
lip are not recorded with 100% accuracy. Among Norwegian babies with cleft
lips serious enough to need surgery, 17% are not noted in the birth records.’* Less
obvious defects are even less completely ascertained. Birth records miss 43% of
cleft palate cases that eventually go to surgery.®* The prevalence of birth defects
is presumably even higher among stillbirths than among live births, but ascertain-
ment is worse.® It follows that any factor associated with better ascertainment
can mistakenly appear as a cause in an analysis of ascertained cases. (This can
be a problem, for example, in assessing teratogenic effects of ART procedures, if
ART pregnancies receive closer scrutiny than naturally conceived pregnancies.®®)
Problems of ascertainment would be greatly reduced by standardized clinical
examination of all births; however, such standardization is seldom possible.

Another problem of ascertainment arises with prenatal screening and induced
abortion. Where babies with major structural defects are electively aborted, the
birth prevalence of those defects will be reduced. A decline in anencephaly and
spina bifida in the 1970s and 1980s was likely a result of prenatal screening and
abortion.!! Birth defects registries often try to include information about termina-
tions performed for fetal defects, but those data can be difficult to obtain.*’

Detection of New Epidemics

An abrupt increase in the prevalence of a birth defect would provide strong evi-
dence that a teratogen is at work. The epidemics of congenital cataracts and phoc-
omelia were such examples. It is a curious if welcome fact that no such outbreaks
have been identified since the establishment of population birth defects registries
in the 1960s and 1970s. This has prompted reflections on the limitations of such
registries—for example, their inability to detect teratogens when only a small
proportion of mothers are exposed, or when the strength of teratogenic effect is
only moderate (in the range of two- to threefold).%® Predictably, the political will
to maintain these registries has weakened in the absence of a dramatic reminder
of their usefulness. It would be short-sighted, however, to dismantle these early-
warning systems, given the proliferation of new chemicals and drugs and the dif-
ficulties of adequately screening new products. It may be wiser to supplement the
registries with case-control surveillance, allowing the collection of more detailed
exposure data that could help flag new teratogens.*?
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Sex Ratio

The ratio of boys to girls at birth is easy to calculate and just as easy to misinterpret.
Environmental toxicants, war, and many other factors have been reported to affect
the sex ratio. The vast majority of these findings are false positives. There are
books instructing couples on how to affect the sex ratio of their pregnancies (that
is, how to choose the sex of their offspring). These methods are successful half the
time.

The first question about a new baby is whether it is a boy or a girl. This informa-
tion is important more than socially. Infant sex is recorded in all medical records
and vital statistics, and these data are easily accessible for analysis on a popula-
tion level. The boy-to-girl ratio at birth is 51 to 49. Sometimes this is presented in
scientific papers as the proportion of boys among all births (that is, 0.51, as in this
chapter). Another way of expressing the sex ratio is as the ratio of boys to girls
(1.06; also sometimes 106 per 100 girls, or 1,060 per 1,000 girls).

Biological Basis for the Sex Ratio

As with other aspects of reproductive biology, the sex ratio at birth varies across
species.! Biologists have theorized that the ability of species to adjust their sex
ratio may be advantageous to species survival.> Among certain reptiles, including
crocodiles, turtles, and lizards, the offspring’s sex is determined by ambient tem-
perature of the incubating egg.* Some shrimp and mollusks are born as males, re-
produce as males when young, and then change sex to reproduce as females later
on. Some fish change in the other direction. Snails, tapeworms, and earthworms
come fully equipped to perform reproductively as both male and female.* By com-
parison, mammals are a bit dull. Sex is determined at conception by the X and Y
chromosomes, and (with a few surgical exceptions) sex does not change.

246
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The biological mechanisms that cause the slight excess of boys are unknown.
Human sperm have an equal probability of carrying X or Y chromosomes,’ as
predicted by Mendelian inheritance. There is no evidence that Y-bearing sperm
survive better in the female reproductive tract or that Y-bearing sperm are more
able than X-bearing sperm to fertilize an egg. An excess of female deaths during
pregnancy could cause an excess of males at birth, but (based on our limited ev-
idence) just the opposite occurs: male fetuses have higher mortality than female
fetuses at all observable stages of pregnancy. Thus, it remains a puzzle as to how
the consistent excess of males at birth is produced.

“Middlesex”

The sex of a baby is not necessarily obvious at birth. Ambiguity of the genitalia can
result from rare hormonal or genetic conditions and affects roughly 6 per 10,000
babies.® Such ambiguity can lead to errors in assigned sex, creating considerable dif-
ficulties for the persons involved. Middlesex is a Pulitzer-Prize-winning novel on the
coming of age of a man incorrectly labeled as a girl at birth, and raised as a girl. Such
errors are too few to have measurable effect on the sex ratio.

Biological Factors Hypothesized to Affect the Sex Ratio

No biological mechanisms are known to alter the human sex ratio, but there is a
rich literature of speculation.

Radiation

In 1958, geneticists proposed that the mutational effects of radiation exposure of
men and women might produce opposite effects on the sex ratio.” They suggested
that the genetic inertness of the Y chromosome makes the Y less susceptible than
the X chromosome to the mutational effects of radiation. If so, radiation to men
would selectively produce more mutations in the sperm X chromosome than the
Y chromosome. This would damage the resulting female conceptuses more than
the male, thus causing the exposed men to father more boys. Conversely, if moth-
ers were exposed, the X chromosomes of their eggs would be damaged, produc-
ing a greater disadvantage for the resulting male conceptus (which lack another X
chromosome to compensate). This would cause exposed women to produce more
girls. The theory is appealing but it has not been empirically validated.

Parental Hormones at Conception

William James has proposed that the sex ratio is increased by high levels of testos-
terone and estrogen in either parent around the time of conception and decreased
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by high levels of progesterone.® There is a large body of circumstantial evidence
that supports the hypothesis,® although as yet no experimental proof.

Males as the Weaker Sex

The male organism seems to be the more delicate of the sexes, perhaps because of its
dependence on only one X chromosome. If so, male embryos may be the first to die
under an assault by environmental toxicants, thus reducing the sex ratio. This argu-
ment has been used to suggest that sex ratio might be a useful “sentinel event” for
the detection of environmental toxicants.!” This suggestion remains speculative.

The Myth of the Speedy Y Sperm

There is a widely held idea that sperm carrying the Y chromosome swim faster in
the woman’s reproductive tract. This is supposedly because the Y chromosome is
smaller than the X, and thus the Y sperm are not carrying as heavy a load. This
notion was suggested 50 years ago on the basis of primitive laboratory tools!
and has since been soundly refuted.'? Even so, the idea persists as the scientific
equivalent of an urban myth, perhaps because it seems so plausible.

Factors Associated with Variations in Natural Sex Ratio

The sex ratio is a highly accessible epidemiologic endpoint, recorded universally
and with near-perfect accuracy. Its abundance is also its weakness: there is per-
haps no other endpoint in all of epidemiology with more opportunities to publish
small differences made to seem important and for selective publication of false-
positive findings. As a general rule, the factors dependably associated with sex
ratio work mostly at the third decimal place without nudging the overall 51:49 sex
ratio. Factors associated with dramatic divergence from 51:49 are usually based
on small sample sizes with low precision.

Variations over Time

The sex ratio drifts up and down over time for reasons that remain completely
unknown. Although these changes are more than can be attributed to chance,
they are nonetheless minuscule. Consider the sex ratio in the United States over
the past 60 years (Fig. 17-1). Even though the trends are highly statistically signifi-
cant, the difference between the highest and lowest sex ratio during this 60-year
period represents only a 1% difference in male births.

Biological Predisposition of Parents

Many families have only boys or only girls, even with large numbers of children.
This raises the question of whether there are characteristics of individual parents
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Figure 17-1. U.S. sex ratio over time (1940-2002) (Adapted from Mathews and
Hamilton'?)

or couples that predispose them to produce children of one sex or the other. There
is no evidence for this. The sex ratio of future children does not differ among
families depending on the sex of their previous children.'*

Racial/Ethnic Differences

There are slight but consistent differences in sex ratio among racial/ethnic
groups in the United States. The highest sex ratio is found among U.S. mothers
of European descent (0.513), with lower ratios for mothers of African de-
scent (0.507) and Native American descent (0.506).!*!> An analysis of inter-
racial couples suggests that the father, not the mother, is responsible for these
differences.!

Parental Age

There is a small decline in the sex ratio with maternal age (from 0.513 among
15- to 19-year-olds to 0.509 among 40- to 44-year-olds)."* This may be a combi-
nation of age effects in both men and women.**

Times of War

One of the most intriguing claims about sex ratio is that the proportion of boys
at birth increases during and after war, as if nature were doing her part to re-
plenish the supply of men lost in conflict. However, the data are not consistent.
Where associations have been seen, they are, once again, exceedingly small. In
an analysis restricted to whites in five U.S. states, the sex ratio peaked at 0.517 in
1946 and fell to 0.514 by 1949.7
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Stress

A possible effect of stress on sex ratio has been suggested. By linking hospital and
death records to birth records, Danish researchers found a deficit of boys among
the offspring of women who experienced severe stress (hospitalization or death
of their partner or another child) near the time of conception.”® The sex ratio was
49:51 in the exposed, compared with 51:49 in the unexposed. The pathway is pre-
sumed to be stress experienced by the mother, although an effect could also be
working through stress on her partner. A slight decline in sex ratio (to 50:50) was
also observed after the Kobe earthquake.'

Environmental Toxicants

In 1976, an explosion at a factory in Seveso, Italy, exposed the surrounding
population to high levels of dioxin, one of the most toxic chemicals produced
by humans. During the next 7 years, the proportion of boys among 72 births in
exposed families was only 36% (95% confidence interval 25% to 47%).2° Although
this dramatic incident suggests that the sex ratio may be sensitive to environmen-
tal toxicants, there has not been much evidence subsequently to support the asso-
ciation.?! As an intermediate measure of sex ratio, slight differences in the ratio
of Y- and X-bearing sperm have been reported in association with PCB and DDE
contaminants in semen.?? Exposures to factors known to be human reproductive
toxicants (such as cigarette smoking) have produced no consistent or convincing
evidence of effects on sex ratio.*

The Propensity for False-Positive Findings

In 2005, the British Medical Journal published a paper showing an association
between decreased fertility and increased sex ratio.?* Within 4 days other research-
ers had posted data on the BMJ website showing an utter lack of association in
another study.”® Within weeks a second negative study was posted.?® Although
this sequence played out with remarkable briskness, the basic plot line is familiar:
a dramatic sex-ratio finding is published (complete with imaginative hypotheses
for biological mechanisms, and broadcast across many news media) followed by
multiple boring refutations of the association. Epidemiologists are not alone—
biologists are also prone to publication bias on sex ratios in mammals,?’ although
these findings get less press.

The sex ratio is sure to remain a popular topic of conversation and an attrac-
tive endpoint for epidemiologic studies. Whether it will ever be a useful barom-
eter of reproductive health, however, is doubtful. As a rule of thumb, a skeptical
attitude toward dramatic new sex-ratio findings is a safe bet. In today’s rapid-
response environment, it may be only a matter of days until a new finding is
overruled.
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Selecting the Sex of the Baby

Couples sometimes have a strong preference for the sex of a planned offspring.
This has led to countless folk remedies and a number of scientific-sounding rec-
ommendations for tipping the scales in favor of one sex or the other. These recom-
mendations always come with success stories—an abundant supply of which is
guaranteed by the fact that all methods succeed half the time. Best-selling books
notwithstanding,? there is no reliable evidence that changes in intercourse timing
(or frequency, or position) will budge the 51:49 odds by even a small amount.

Sperm Sex Selection

After numerous attempts, methods are slowly emerging to sort sperm by their
sex chromosome. This research is primarily applied in veterinary medicine. The
principle is to fluorescently stain sperm based on their relative content of DNA
and then to sort the X- and Y-bearing sperm by their differential fluorescence. The
procedure is now efficient enough to be used commercially in animal husbandry,
mostly for production of cattle.?? There is optimism for the eventual application
of this technology to humans, although the process is not benign for the sperm.
The sorted sperm have a shorter life-span in the female reproductive tract, suffer
destabilization of their membranes, and are less effective at fertilizing. There is
also evidence that the resulting blastocysts are not as viable.?>* The stain applied
to the sperm and the intense laser light during sorting may cause genetic dam-
age.’' Clinical trials are being conducted to explore short-term efficacy and safety
of the procedure in humans.* Implications for longer-term health of human off-
spring are unknown.

Embryo Sex Selection

Far more effective (and controversial) are the methods of preimplantation genetic
diagnosis. This procedure involves removing a single cell from an in-vitro-fertil-
ized egg at an early stage of cell division (see Figure 1-15) and determining the
sex by genetic testing. Fertilized eggs of the chosen sex can then be transferred to
the woman. This procedure may not be entirely benign to the blastocyst.?

Fetal Sex Selection

The most extreme form of sex selection is infanticide.’* Sex selection can also be
performed during pregnancy, using fetal ultrasound to determine the sex of the
fetus and then abortion to remove the unwanted fetus. This is illegal in virtually
all countries, but it is not uncommon.* Presumptive evidence of the use of ultra-
sound for sex selection can be found in the sex ratios of countries where sons are
highly prized. Keeping in mind that few if any preconception factors can cause
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the sex ratio to deviate from 51:49, the sex ratio is 0.53 in Korea, 0.54 in Singapore
and Taiwan, 0.55 in China, and up to 0.63 in provinces of India.*® U.S. corpo-
rations export a large number of ultrasound machines to India, where they are
found even in villages that lack clean water or dependable electricity.’” Beyond
the legal issues, fetal sex selection has long-term implications for the affected
birth cohorts, creating, for example, a dearth of future partners for men.
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Maternal Mortality and Morbidity

The biological mechanisms that enable a woman to conceive and bear children
also make her vulnerable to a unique set of health problems. Many of these prob-
lems occur in connection with pregnancy, but not all. These pathologic conditions
have no counterpart in men and have been relatively understudied.

By most measures, women are healthier than men and live longer. Nonetheless,
the capacity to bear children comes with specific liabilities that, in other eras,
put women of reproductive age at severe disadvantage. Even today, women suffer
from serious morbidity related to their reproductive system.

Maternal Mortality

Pregnancy is a time of risk for women as well as for their offspring. Over most of
human history, this risk has been substantial. In recent times, maternal mortal-
ity has fallen to extremely low levels in developed countries, although it remains
relatively high in some developing countries. In poor countries, a mother’s death
can have the further consequence of imperiling the survival of her newborn and
other children.!

Definitions

The pattern of maternal mortality is similar to that of infant mortality in that
the risk is highest in the first 24 hours after delivery and then steadily declines
(Fig. 18-1).2 The World Health Organization defines a maternal death as death
while pregnant or within 42 days of termination of pregnancy, from any cause
related to the pregnancy but not from accidental or incidental causes.’ One dif-
ficulty with this definition is in deciding whether a woman’s death is “related” to
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Figure 18-1. Maternal mortality in relation to delivery (160,000 live births,
Bangladesh, 1983-2001)*

pregnancy. An alternative definition is to include deaths to women from any cause
if the death occurs within 42 days of delivery (Tenth International Classification
of Diseases). Maternal mortality can be expressed as maternal deaths per woman
of reproductive age in a year, or more specifically as the ratio of maternal deaths
to live births.

Data from Bangladesh provide information on the underlying pattern of mater-
nal risk around delivery. A woman’s risk of death is increased about threefold
during pregnancy and then jumps to more than 100-fold higher on the day of
delivery (Fig. 18-1). (These data are presented on a log scale to accommodate
the extreme changes in risk.) Although maternal risk falls rapidly thereafter, it
does not return to prepregnancy levels until about 6 months after delivery. This
extended period of maternal risk is captured in the category of “late maternal
mortality,” comprising deaths of women from direct or indirect obstetric causes
between 42 days and 1 year.

Occurrence

As with infant mortality (Chapter 12), estimates of maternal mortality vary
100-fold across nations.? The maternal mortality ratio in developed countries is
around 20 per 100,000 live births, with a few countries below 10 per 100,000
(0.01%).5 In contrast, the ratio in developing countries is around 400 per 100,000
births (0.4%) and reaches up to 1% of pregnancies in sub-Saharan Africa.®
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There are a half-million women who die of pregnancy complications each year;
99% of these deaths occur in developing countries.” This high maternal risk per
pregnancy in the developing countries is compounded by the fact that women
in these countries also have more pregnancies. Thus, the lifetime risk of dying
from the complications of pregnancy is 1 out of 16 women in Sierra Leone and
Afghanistan, compared with 1 out of 30,000 women in Sweden.?

Problems of Estimation

Most statistics on maternal mortality are underestimates,? especially in developing
countries. Making the link between a woman’s death and her recent pregnancy
is not simple even when vital statistics systems are functioning. Demographers
have developed indirect approaches to estimate maternal mortality in poor coun-
tries, for example, by conducting detailed interviews of women about their sisters.’
To further complicate the estimation process, the connection of a death with the
occurrence of pregnancy may be concealed (if the death resulted from an illegal
abortion) or missed altogether (for example, if a ruptured tubal pregnancy is not
recognized as the cause of death). Many countries have no data from any source.?

Secular Trends

In the United States and Europe before the twentieth century, 1% to 2% of preg-
nancies resulted in maternal death. Maternal death was a virtual death sentence
for the infant as well.' In the United States, maternal mortality plummeted
between 1920 and 1950 and has declined slowly since (Fig. 18-2).
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Figure 18-2. Decline in maternal mortality over time (per 100,000 live births,
United States, 1900-97) (Reprinted from MMWR!!)
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General Risk Factors

There is a well-documented link of maternal mortality with poverty, and in ways
not explained simply by the lack of medical services.? Even within the wealthiest
nations, disadvantaged minorities have two- to fourfold higher rates of maternal
mortality.® Another risk factor is maternal age—compared with women in their
late 20s, maternal mortality doubles as women pass age 35 and increases fivefold
as they pass age 40."

Specific Causes of Maternal Mortality

The most common causes of maternal death are hemorrhage, hypertensive dis-
orders (preeclampsia and eclampsia), infection, and obstructed labor.? The rela-
tive contributions of these causes vary across regions. For example, hypertensive
disorders are a larger contributor in Latin America, whereas hemorrhage is more
important in Africa.'* Lethal infection is especially common in countries where
abortion is illegal. Obstructed labor is a problem wherever women deliver without
access to skilled obstetric care.!* About two-thirds of pregnant women in sub-
Saharan Africa and South Asia deliver without benefit of a trained birth atten-
dant.'* In the developed countries, maternal deaths are more likely to be from
preexisting conditions in the mother.”” Violence against women—often by the
woman’s partner—is a component of maternal mortality in all countries. Women
may be at increased risk of partner violence during pregnancy as well as in the
months following delivery.!

Vaginal Fistulae

For every woman who dies of labor complications, there are others who sustain serious
injuries. One type of injury is the vaginal fistula, in which prolonged pressure of the
baby’s head on the vaginal wall damages the wall. One result of such injury is that an
opening develops between the woman’s bladder or rectum and her vagina. Such fis-
tulas result in urinary or fecal incontinence and require surgical repair. In traditional
societies, incontinence makes women social outcasts and can be grounds for divorce
and abandonment. There are few data on the extent of this condition; estimates range
from 2 to 4 million women, almost entirely in the developing countries, where skilled
management of labor is least available."”

Preeclampsia

Preeclampsia is a multisystem disorder of pregnancy that seems to occur only
in humans.'® Its cause remains unknown. Its progression to the full-blown form
of eclampsia can cause maternal death. The syndrome is characterized by dys-
function of the blood vessels that produces hypertension and sometimes clotting
disorders. A key sign is protein in urine. The peculiarities of preeclampsia, along
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with its prevalence and risk, have made this disease an intensely researched and
hotly debated topic. For this reason, preeclampsia is the subject of its own chapter
(Chapter 19).

The remaining causes of maternal mortality may seem more ordinary, although
there is surprisingly little known about their prevalence or etiologies.

Postpartum Hemorrhage

Postpartum hemorrhage is the most commonly reported cause of maternal mor-
tality, causing about 30% of maternal deaths worldwide."” In the United States,
hemorrhage accounts for about 20% of maternally related deaths.?

The average woman loses 300 to 500 cc of blood in the first 24 hours after
delivery without serious consequence.?! If the uterus has trouble contracting after
delivery (sometimes because pieces of placenta have been retained), or if the
uterus has been damaged during delivery, then blood loss can be more serious.
WHO defines postpartum hemorrhage as the loss of more than 500 cc of blood in
the 24 hours after a vaginal delivery.? There is little agreement on the prevalence
of postpartum hemorrhage. One U.S. study reports 4%,?* an obstetrics textbook
says 2% to 11%,* and a recent review 40%.?! Few studies have considered what
risk factors might be associated.?*

Hyperemesis

Perhaps three-quarters of pregnant women have nausea with pregnancy, and about
half of women experience vomiting.?> A very few—about 0.5%—have intractable
vomiting known as hyperemesis gravidarum, usually defined as a loss of at least
5% of prepregnancy body weight. This is a serious source of pregnancy morbid-
ity and (before intravenous fluids were available) mortality. Death rates among
women with hyperemesis were 3% to 10% before the era of modern medicine.?>2¢
Hyperemesis may be related to the production of hCG, although this is still in dis-
pute.? The condition is twice as common with multiple fetuses and in pregnancies
that later develop preeclampsia.?’

Placental Abruption

In normal pregnancy, the placenta separates from the uterus after the baby has
been delivered. In 6—10 pregnancies out of 1,000, the placenta begins to separate
before delivery, producing pain and vaginal bleeding. Premature separation is
an obstetric emergency. The mother’s risk with good obstetric care is relatively
small, but there is substantial risk of losing the baby. In the United States, peri-
natal mortality is 15-fold higher with abruption.?® Although abruption can occur
without warning, it is likely that the underlying cause has been present since early
in pregnancy (as is true for many pathologies of the placenta). Consistent with this,
babies from pregnancies with placental abruption are on average several hundred
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grams smaller than other babies born at the same gestational age.?® Maternal
smoking is associated with a doubling of risk.? Other risk factors include preec-
lampsia and hypertension.*°

Placenta Previa

The placenta usually attaches to the upper portion of the uterus, well away from
the cervix. Attachment of the placenta to the lower part of the uterus is known as
placenta previa and occurs in 3 to 5 per 1,000 pregnancies.* In the worst case, the
placenta covers the opening of the cervix, such that the baby cannot be delivered
vaginally without dislodging the placenta. In the United States, neonatal mortality
is increased fourfold in the presence of placenta previa.?> Maternal age is one of the
strongest risk factors for placenta previa, with an eightfold increased risk among
mothers 35 years and older. Relative risk with maternal smoking is around 1.6.%

Other Bleeding during Pregnancy

Bleeding before 20 weeks of pregnancy is not in itself a threat to the mother,
although it is associated with moderately increased risks of preterm delivery, fetal
growth restriction, and perinatal death.** Ten percent to 20% of pregnant women
report at least 1 day with signs of bleeding, especially during the first 2 months.3435
Other than impending miscarriage, hydatidaform mole or the rare pathologies of
placentation discussed above, the reasons for bleeding in early pregnancy are
unclear. It may be a general sign of less-than-optimum placental attachment. The
blood itself may contribute to fetal troubles by irritating the fetal membranes.
There is no evidence that early vaginal bleeding occurs with implantation, as is
sometimes suggested.>

Preventing Maternal Mortality

The high rates of maternal mortality in developing countries are a public health
challenge. Because many of the ostensible causes are preventable, the preven-
tion of maternal mortality is sometimes discussed as “simple and relatively
inexpensive.”?” This has not proven to be the case. As with infant mortality, spe-
cific interventions to prevent maternal mortality have produced little in demon-
strable improvements.* This may be because the interventions were too narrow
or because the evaluations were not large enough to demonstrate an effect.

Female Reproductive-Organ Morbidity

In addition to the life-threatening conditions connected with pregnancy, women
are vulnerable to an array of nonmalignant ailments specific to their reproductive
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organs. These ailments can cause substantial morbidity in the absence of pregnancy
and, in fact, often interfere with pregnancy.

Fibroids

Uterine fibroids (or leiomyomas) are benign tumors of the muscular wall of the
uterus, with tumors sometimes reaching the size of a closed fist. Fibroids are
associated with pain, increased menstrual bleeding, and infertility. In the United
States, fibroids are the leading cause of hysterectomy.*® The prevalence of fibroids
increases with age, affecting 70% to 80% of women by the time they approach
menopause.*’ There is racial and ethnic disparity in the prevalence of fibroids.
African-Americans have earlier onset,*' and the tumors are larger when first diag-
nosed.”? In black women, fibroids do not show the decline in growth rate with
age that is seen in whites.*> Although hormonally dependent, the etiology and
pathogenesis of fibroids remain obscure, and there have been few etiologic stud-
ies.** Early age of menarche and nulliparity have been consistently associated
with increased risk.* Fibroids may reduce fecundability and increase pregnancy
loss and preterm birth, although these associations are less clear.*

Hysterectomy

Surgical removal of the uterus is a common surgical procedure, with about one-third
of U.S. women having hysterectomy by age 60.*” Most indications for hysterectomy
are for noncancerous conditions such as fibroids, endometriosis, excessive menstrual
bleeding, and uterine prolapse. About half of U.S. hysterectomies include the removal
of the ovaries (“surgical menopause”).*® Even if one or both ovaries are left intact,
hysterectomy accelerates natural menopause by about 4 years, perhaps because of the
residual trauma of the hysterectomy.*’ Hysterectomy must be taken into account in any
epidemiologic study of female reproductive function. A high prevalence of hysterec-
tomy in the population can affect estimates of age-specific fertility rates, age at meno-
pause, risk of diseases of the uterus, and other uterine-related functions.

Endometriosis

Endometriosis is the presence of endometrial tissue outside the uterus (usually
attached to the surfaces of the pelvic cavity). It is not clear whether this tissue
escapes from the uterus (perhaps in retrograde menstrual flow through the ovi-
ducts) or grows from embryologic cells scattered early in development. In either
case, the misplaced tissue responds like normal uterine endometrium to men-
strual hormones, producing cyclic bleeding. Blood is an irritant, and the bleed-
ing is painful. Endometriosis has also been associated with infertility. Although
endometriosis is not rare, the difficulties of diagnosis have made population-based
estimates nearly impossible.* Its prevalence remains unknown.
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Polycystic Ovary Syndrome

The most common endocrine problem among women is polycystic ovary syn-
drome. This syndrome is characterized by irregular menses and ovulatory distur-
bance (often with infertility), overproduction of androgens (producing hairiness
and acne), and obesity. Numerous enlarged ovarian follicles (or “cysts”) may be
visible on the surface of the ovary. Clinicians have been unable to agree on a defi-
nition of the disease,” which contributes to the difficulties of epidemiologic study.
When defined by the clinical features of anovulation and hyperandrogenism, the
syndrome is present in an estimated 5% of women of reproductive age.”> Many
women with this syndrome have insulin resistance and are at risk of Type 2 dia-
betes and gestational diabetes. Women with polycystic ovarian syndrome are also
at increased risk for poor pregnancy outcomes, including preterm birth and peri-
natal death.>® The causes of this syndrome remain obscure.
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Preeclampsia

Preeclampsia is a serious obstetric complication that can escalate to maternal
convulsions and death. It is also a peculiar entity in many ways. It requires two
people—the mother and the fetus—and it is their interaction that produces the
syndrome. The cure is to separate the two.

I)reeclampsia is an enigmatic syndrome that is both common (occurring in up
to 5% of primiparous women) and dangerous (being a major contributor to mater-
nal and infant death).! The history of research into the causes of preeclampsia is
littered with failed hypotheses, and even today investigators disagree about its
origins.

For all these reasons, preeclampsia occupies a special place among the diseases
of pregnancy. There is a courtyard set among the corridors of Chicago’s famed
Lying-In Hospital for Women that contains limestone tablets carved with names
of the giants of obstetrics. One tablet has been left blank—reserved for the person
who discovers the cause of preeclampsia (Fig. 19-1).

Clinical Features of Preeclampsia

Preeclampsia is defined by its signs. It can occur to any pregnant woman, but
especially to women in their first pregnancy. The main criteria for the diagnosis
of preeclampsia are hypertension and protein in urine that emerge in the second
half of pregnancy.? These signs are not necessarily accompanied by symptoms,
which is why pregnant women must have their blood pressure and urine checked
regularly after 20 weeks of pregnancy.

If preeclampsia is detected, the woman requires close surveillance. The pur-
pose of surveillance is to identify as early as possible the small proportion of
women in whom the condition progresses. This can happen with alarming speed.

264
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Figure 19-1. Tablets at the University of Chicago Lying-In Hospital com-
memorating major historical figures in obstetrics. The blank tablet is reserved
for the discoverer of the cause of preeclampsia (Photographs courtesy of Diane
Anderson, University of Chicago)

(Preeclampsia is Greek for “before the lightning strikes.”) Eclampsia can produce
seizures, cerebral hemorrhage, and maternal and infant death. Another severe vari-
ant is the HELLP syndrome, a disorder of blood-clotting mechanisms expressed
as Hemolytic anemia, Elevated Liver enzymes and Low Platelet count.?

The most effective treatment for preeclampsia is delivery of the fetus. Women
with severe preeclampsia are often induced or delivered by cesarean section once
they reach 34 weeks of gestation.! Preeclampsia can also emerge shortly after
delivery (although this is uncommon), in which case the diagnosis can easily be
missed.

Two Types of Preeclampsia?

Although any attempt to categorize preeclampsia is inexact (and controversial),
the condition is sometimes discussed as having two broad types. One is more
severe, less common, and occurs earlier in pregnancy. The fetus is often smaller
than expected for its gestational age.* The milder form of preeclampsia occurs
later in pregnancy, with normal fetal growth. Recurrence is more likely following
the severe than the mild form.’

Pathogenesis

Most experts agree that the placenta is key to the origins of preeclampsia, with
pathologic processes present even as early as implantation.® However, it is unclear
whether the problem begins with abnormal placentation or stems from a mother’s
exaggerated inflammatory response to the invading trophoblast cells.!

The theoretical biologist David Haig has suggested that preeclampsia might be
an extreme expression of a more general struggle between mother and fetus. In
this framework, a fetus improves its own nutrition by producing substances that
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increase resistance in the mother’s blood vessels. This benefits the fetus by caus-
ing higher maternal blood pressure and better vascular perfusion of the placenta.’
The observation that preeclampsia is more common with twin pregnancies® is
consistent with this hypothesis.

Another widely discussed mechanism for preeclampsia is as an immunologic
process. Repeated exposure of the mother to the semen of her partner has been
proposed to improve her immunologic tolerance of paternal antigens carried by
her fetus.® This immunologic hypothesis was originally prompted by epidemio-
logic data showing that the risk of preeclampsia is higher if the pregnancy is
fathered by a new partner, compared with the mother’s risk in additional pregnan-
cies by the same partner.'® Further epidemiologic work has raised questions about
this observation (more below).

Changes in placental biomarkers (including placental growth factor and factors
associated with the growth of blood vessels) are associated with preeclampsia.!'-1*
These biomarkers may shed light on the pathophysiology of preeclampsia.
Although the power of these markers to predict later preeclampsia is limited, the
development of better predictors is likely. These may offer useful tools to epide-
miologists exploring the causes of preeclampsia.

Incidence

Incidence of preeclampsia is highest among first pregnancies (3% to 5%) and falls to
less than 2% in later pregnancies.' The higher risk in first pregnancies is well known
but not understood. The occurrence of preeclampsia seems to have increased over
time,'® although such changes are difficult to interpret because of changes in clinical
definition and improvements in ascertainment and recording. As with most preg-
nancy outcomes, there is a high recurrence risk, with a sevenfold higher risk (inci-
dence of about 14%) among women with preeclampsia in the previous pregnancy."”

Familial Risk

The highest risk of familial recurrence (2.2-fold) is seen in mothers who were
themselves born into a preeclamptic pregnancy. Genes may contribute to this risk
in two ways. Such women potentially inherit their mother’s genetic predisposi-
tion, and they also could pass to their fetus the genetic traits that triggered preec-
lampsia when the mother was a fetus. In contrast, fathers who were born into
preeclamptic pregnancies can pass to their offspring only those genetic traits that
operate in the fetus. The recurrence risk through fathers is lower but not absent
(1.5-fold).’® These data support the presence of two different pathways by which
genetic factors can contribute to preeclampsia: one through the mother and the
other through the fetus.
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Pregnancy Interval

The risk of preeclampsia is reduced after the first pregnancy. However, as time
passes, preeclampsia risk rises (Fig. 19-2).5 If the first pregnancy reduces the
mother’s subsequent risk of preeclampsia, it seems to do so only transiently.

This increased risk with longer time since pregnancy may explain the risk
seen with a change in male partner (discussed above). The basis for the immune
hypothesis of preeclampsia has been that a change in partners increases risk.!”
However, those studies did not take into account the time between pregnancies.
Women who dissolve their partnership after a delivery and find a new partner take
longer to have their next pregnancy than women who stay with the same partner.!
When pregnancy interval is taken into account, there is no increased risk among
women who change partners (Fig. 19-3).13

Smoking

Mothers who smoke are only about half as likely as other women to have preec-
lampsia.'” The biological explanation for this finding is not known. Also, although
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Figure 19-2. Risk of preeclampsia in the second pregnancy, given the time
elapsed since the mother’s first delivery (Norway, 1967-98) (Reprinted from
Skjaerven et al')
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Figure 19-3. Risk of preeclampsia in the second pregnancy by time elapsed
since first delivery, and stratified by whether the second pregnancy is by

the same partner or a different partner (Norway, 1967-98) (Reprinted from
Skjaerven et al')

the incidence of preeclampsia is lower among women who smoke, the severity of
the preeclampsia (if it occurs) may be worse.?

Maternal Characteristics

Mothers are at substantially higher risk of preeclampsia if they are obese, or have
diabetes or preexisting hypertension.?! Because the prevalence of maternal obe-
sity (and its sequelae of hypertension and diabetes) is increasing over time, the
occurrence of preeclampsia is also expected to rise.”> Women with preeclampsia
have been observed to have a higher risk of cardiovascular disease.?® This associa-
tion may be explained by the fact that the risk factors for preeclampsia are also
strong risk factors for cardiovascular disease.?*

Risks for Offspring

The risk of neonatal mortality is doubled among babies born from preeclamptic
pregnancies.® This increased mortality is largely a result of the early delivery
of the fetus. Stillbirth risk can also be high among preeclamptic pregnancies,
although the preemptive delivery of preeclamptic pregnancies (done primarily
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to protect the mother) seems to have reduced the excess risk of stillbirth with
preeclampsia.?
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Fetal Exposures and Adult Disease

Many diseases have been proposed to have their origins in fetal life. Much research
has been conducted on the possibility that fetal and infant nutrition has long-term
effects on health. Toxic exposures to the mother during pregnancy can also have
long-term effects on the fetus. The extent of this threat is not easily assessed, and
relatively little research on this topic has been carried out.

Imagine a toxic exposure that damages women’s ability to reproduce. This
exposure doubles the woman’s risk of infertility and, for women who get preg-
nant, triples their risk of preterm delivery and quadruples neonatal deaths. Now
imagine that 2 million women have been exposed to this toxicant.

You might think that the discovery of this toxic exposure would be straight-
forward. All the ingredients for a solid epidemiologic result would seem to be
present: the exposed population is large, the endpoints are measurable, and the
risks are substantial. A study of even moderate size would have power to link the
exposure to the risk—that is, if the investigators knew where to look for the ex-
posure. The remarkable thing is that this exposure really happened, and we came
perilously close to missing it completely. The reason is that exposure occurred
where no one expected it—during the fetal lives of the affected women.

The exposure is diethylstilbestrol, or DES, a synthetic estrogen that had been pre-
scribed to these women’s mothers a generation earlier—while pregnant with them.!

The Story of DES

Diethylstilbestrol provides a parable with many lessons. The story begins in 1938,
when the drug was first synthesized by British university researchers. DES is a syn-
thetic estrogen with high oral potency, and thus an estrogen that could be taken as
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a pill. Furthermore, DES is simple and cheap to make. Because it was discovered
in a government-supported laboratory, there are no patent restrictions.

The only thing the drug lacked was a purpose. This was no obstacle—many
medical uses were soon proposed. By 1941, DES was approved by the US Food &
Drug Administration (FDA) for the treatment of vaginal gonorrhea, menopausal
symptoms, and suppression of postpartum lactation.? (In those simpler times,
drug approval required little evidence of either safety or effectiveness.) DES was
soon being manufactured by dozens of companies and then hundreds.

Treatment of High-Risk Pregnancies

In the 1940s, the DES story moved to Boston. George and Olive Smith, a distin-
guished husband-and-wife research team at Harvard, proposed that the admin-
istration of DES in pregnancy might help avert miscarriage. A popular theory
at the time was that miscarriage was caused by hormonal problems. The Smiths
conducted uncontrolled clinical studies among high-risk women and became con-
vinced that DES was effective in improving pregnancy outcomes.* (Recall that
women with a history of miscarriages have a good chance of a successful preg-
nancy at their next attempt regardless of treatment [Chapter 11].) In 1947, the FDA
approved the drug for use in pregnancy, and soon DES was being promoted not
just for women with a history of pregnancy problems but for all healthy women
(Fig. 20-1). Women were prescribed daily DES treatment starting at the first pre-
natal visit and given steadily increasing doses until delivery.

The DES Clinical Trial

There were skeptics. One was William Dieckmann, an obstetrician at the
University of Chicago. He regarded the Smiths’ clinical studies as flawed, and he
set out in 1950 to conduct a proper randomized, placebo-controlled clinical trial
of DES. (This study was one of the pioneering clinical trials, conducted just 2
years after the first randomized clinical trial by Bradford Hill and his colleagues
on the treatment of tuberculosis with streptomycin.*)

With admirable briskness, Dieckmann completed his trial in 1952 and pub-
lished the results in 1953.5 In carefully worded conclusions, he and his coauthors
stated that DES “did not reduce the incidence of [miscarriage], prematurity ... or
perinatal mortality.” One might expect that these conclusive findings would settle
any question of DES effectiveness. In fact, the study met a storm of resistance.
The Smiths, as well as Eli Lilly (a major manufacturer of DES), scrutinized the
data and criticized the trial on various counts (see, for example, the discussion
published with Dieckmann’s original report®). Drug companies continued to
market DES, even in the absence of evidence for its efficacy. The advertisement
in Fig. 20-1 was published 3 years after Dieckmann’s negative clinical trial—and
in the same journal that had published Dieckmann’s paper.
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pulld”

Yes ...

desPLEX.

recommended for rau
in ALL pregnancies ..
96 per cent live delivery with desPLEX

in one series of 1200 patients—
— bigger and stronger bobies, too.*" '

No gastric or other side effects with desPLEX
— in either high or low dosage? 4%

(Each desPLEX tablet starts with 25 mg. of diethylstilbesirol, U.5.P.,
which is then ultramicronized to smooth and accelerate absorption and
aclivity. A portion of this ultramicronized diethylstilbestrol is even in-
cluded in the tablet coating fo ossure prompt help in emergencies.
desPLEX tablets olso contain vitamin C and certain members of the
vitamin B complex to oid deloxification in pregnancy and the effectua-
lion of estrogen.)
For further data and o generous
trial supply of desPLEX, write to:

Medical Director
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Figure 20-1. “Bigger and Stronger Babies”: an advertisement for DES that
appeared in the American Journal of Obstetrics and Gynecology, June 1956

Vaginal Adenocarcinoma

DES might still be prescribed to pregnant women today were it not for an almost
accidental discovery. In 1966, a 15-year-old girl with cancer of the vagina was
seen by gynecologists at Massachusetts General Hospital. This rare cancer is
ordinarily found only in elderly women. Over the next 3 years, five more young
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women with this cancer were seen at the hospital—more than had ever been
reported in the world literature. Something was clearly amiss. The young women
and their mothers were asked about every imaginable exposure, but no common
thread emerged. It was one of the mothers who finally raised the possibility that
the cause might be DES, which she had taken while pregnant.® When questioned,
other mothers also reported that they had taken DES.

In 1971, Arthur Herbst and his colleagues published a case-control study with
eight patients with clear-cell carcinoma of the vagina and 32 controls.” All but one
of the cases and none of the controls had been exposed to DES in utero. Very shortly
thereafter, the FDA withdrew approval for the use of DES in pregnant women.

Wider Consequences

In the wake of Herbst’s paper, DES daughters (as well as sons) became the subject
of intense clinical concern and research. The risk of vaginal cancer among the
DES daughters, although markedly increased, is low in absolute terms. About 500
women out of the roughly 2 million exposed DES daughters have been diagnosed
with vaginal or cervical adenocarcinoma—Iless than 3 per 10,000 exposed.®

Although the adenocarcinoma is rare, other risks are not. The exposed daugh-
ters have substantially increased risks of infertility, miscarriage, and preterm
delivery.” As a conservative estimate, DES contributed 300,000 preterm babies
and 10,000 neonatal deaths. Were it not for the emergence of the unusually rare
cancer among DES-exposed women, it is possible that their increased risk of these
other problems would never have been recognized, much less attributed to DES.

Animal studies are now discovering DES effects into the third generation (once
regarded as biologically implausible, and perhaps related to epigenetic effects).!’
The DES story is unlikely to be closed any time soon.

Dieckmann Revisited

In the eventful narrative of DES, there is a plot twist as odd as any you are likely
to find in clinical research. In 1978, two epidemiologists noticed that the original
Dieckmann report was only partly correct in concluding that DES had no benefits.
What the published tables plainly show (but the original authors did not discuss)
is that the pregnancies randomized to DES treatment were worse off. Late miscar-
riages were twice as common among the treated group (95% confidence interval
1.1 to 3.5). Neonatal death was increased fourfold (confidence interval 1.3 to 12).
Why were these results not mentioned by the original authors? Were the harmful
effects simply too contrary to the prevailing clinical opinion to be credible?
Perhaps the more pertinent question is, why did it take a quarter-century
after publication of the clinical trial for anyone to notice and comment on
these results? (If nothing else, be forewarned about drawing conclusions from
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abstracts alone.) How many women might have been spared later exposure to
DES if the full message of the 1953 clinical trial had been recognized sooner?
Even in 1978 this reanalysis was not welcome news. The authors published their
findings as a letter!! after several well-known clinical journals rejected the full
manuscript.

The Dieckmann Legacy

Dieckmann’s clinical trial provided not only the definitive evidence regarding DES’s
lack of efficacy but an important resource for documenting its long-term effects. After
Herbst’s paper on vaginal cancer was published in 1971, the women in the Dieckmann
cohort were contacted so that their daughters and sons (unexposed as well as the
exposed) could be examined. Herbst later moved from Harvard to Dieckmann’s old
position as chair of the obstetrics department at the University of Chicago, and he
continued to follow these daughters and sons. As a study group, the offspring of the
Dieckmann trial have one sterling virtue: their exposure was randomized. Although
this study population is limited in size (about 1,000 of the original 1,600 offspring
are still being actively followed), they have provided some of the best evidence on the
harmful effects of DES.%1?

Adverse Effects of Prenatal Exposures

DES provides a robust example of a prenatal exposure with major health conse-
quences to the exposed fetus. However, the drug was administered at high doses
through many months of pregnancy. How plausible is it that other prenatal expo-
sures might damage adult health? The answer remains unclear. Most research on
fetal toxicants has been conducted in animals, with a focus on cancer, although
effects on neurologic diseases'* and behavior'* have also been proposed.

Animal Studies

The DES experience stimulated intense interest in transplacental carcinogenesis.
Laboratory researchers have shown in animal models that fetal exposure to car-
cinogens can produce cancers of the lung, ovary, central nervous system, kidney,
liver, and breast as well as lymphoma and leukemia.'®

In humans, we still know very little about carcinogens that might work
through fetal exposures. Carcinogens in adults have a typical latency of 20 to
30 years from exposure to diagnosis of disease. On this basis, we might expect
transplacental effects of carcinogens to be detectable within a few decades of
birth (as was the case with DES and vaginal carcinoma). However, fetal expo-
sures to carcinogens may work differently. It appears that breast cancer risk
among DES-exposed daughters is doubled as these women reach their late 40s
and 50s.'® This result presents the unsettling possibility that prenatal exposures
might amplify the substantial risks of cancer that occur later in life.
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Maternal Smoking and Male Fertility

Another outcome that may be related to prenatal exposures is fertility. Fertility
effects have been proposed as part of the “testicular dysgenesis syndrome,” a
collection of effects on the male reproductive system attributed to environmental
pollutants (see Chapter 9).” A mother’s smoking has also been suggested as a
factor that decreases the fertility of her sons as well as her daughters.!® Although
evidence is limited, the sons of mothers who smoked during pregnancy have been
reported to have poorer semen quality.'

The Search for Toxic Effects on the Fetus

Given that prenatal toxicants can affect disease in adult humans, what can we say
about the extent of this danger? Very little. The general categories of diseases that
are most likely to be affected (based on limited human and laboratory informa-
tion) are cancer, neurologic diseases, and reproduction. There is some small mea-
sure of comfort to be taken from the fact that cancer rates for most sites are steady
or falling. It is unclear whether fertility is changing over time (see Chapter 9).
When encountering an unexpected increase in disease incidence, epidemiolo-
gists of any specialty should be aware of the possibility of prenatal exposures. Such
exposures would include drugs and other medical therapies during pregnancy.
Medications are provided at doses intended to have physiologic impact, and expo-
sures can easily occur at vulnerable stages of fetal development. Low-dose envi-
ronmental exposures may also have more indirect effects, for example, through
disruption of the developing immune system.?’ Prenatal exposures are extremely
difficult to determine in retrospect, but worse than measuring these exposures
poorly would be to neglect altogether the possibility of toxic damage to the fetus.

Fetal Nutrition and Adult Disease

Another possible mechanism linking prenatal experience to adult disease is fetal
nutrition. The fetal nutrition hypothesis sprang from the robust associations of
low birth weights with increased risk of cardiovascular disease in adulthood (see
Chapter 15). Based on these observations, David Barker and others have devel-
oped the hypothesis that birth weight is a marker of nutrition during pregnancy
and that fetal deficiencies in nutrition put the adult at risk of cardiovascular dis-
ease.”! In a prolific and imaginative series of papers, Barker and his colleagues
have conjectured that inadequate fetal nutrition “programs” the fetus—making
permanent changes in fetal tissue function and structure—in ways that create a
later susceptibility to cardiovascular disease and related ailments.

There is a host of animal research supporting the general principles that nutri-
tion can affect fetal growth and that the manipulation of nutrition can permanently
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change the structure and function of fetal organs in ways that influence adult
health. At first, this area of research emphasized mothers’ nutrition during preg-
nancy. However, in humans the ordinary variations in mother’s nutritional in-
take appear to affect birth weight only slightly,? leading to adjustments in the
hypothesis. The observation that twins are smaller at birth but suffer no increased
risk of cardiovascular disease has also required further refinements of the nutri-
tion hypothesis.?

Accordingly, the hypothesis has evolved to focus on fetal rather than maternal
nutrition.”* Factors that interfere with the nutritional “supply line” to the fetus
(uterine blood flow to the placenta, placental function itself, and umbilical blood
flow to the fetus) are hypothesized to limit fetal nutrition in crucial ways that
affect its growth. One difficulty with this refinement is that whereas maternal
nutrition is observable, fetal nutrition is not. (Fetal growth is sometimes regarded
as a surrogate for fetal nutrition, but this simply assumes the hypothesis is true
rather than providing a test of it.) In support of the “supply-line” theory, there
are well-established placental problems (e.g., infarcts and maternal hypertension
with reduced uterine blood flow) associated with smaller fetuses.?* Given that the
placenta is a fetal organ, there is also the possibility of reverse causation: condi-
tions of the fetus that retard its growth may also produce placental pathology.
Despite the strengths of the nutrition hypothesis, there does not yet seem to be
enough evidence to justify interventions “to correct micronutrient and macronu-
trient imbalances” during pregnancy, as some have suggested.?

Fetal Nutrition and Epigenetics

A fascinating extension of the fetal origins hypothesis has been provided by
molecular advances in epigenetics. A fetus with a given genome may have “devel-
opmental plasticity,” that is, the ability to develop in various ways depending on
the signals received from the mother (including nutrition) that activate or suppress
the expression of certain genes.?¢ These maternal signals might represent aspects
of the external environment that the fetus will face later and thus allow the fetus
to prepare for its postuterine life by adjusting aspects of its growth and develop-
ment. These epigenetic adjustments may also predispose the adult to cardiovas-
cular diseases, perhaps in interaction with the external environment. It remains
to be seen whether developmental plasticity can be manipulated for the benefit of
later health, or whether the epigenetic mechanisms involved might apply to other
diseases associated with birth weight.

Alternative Hypotheses

Alternative explanations for the associations of birth size and adult disease have
been proposed. For example, unmeasured genes that predispose to both heart
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disease and small size at birth could produce the observed associations.?” Such
genes could work directly through the fetus or more indirectly through the mother.
Evidence for genetic effects is found in the fact that a father’s or mother’s risk of
heart disease is related to the size of their infants.?®

Another limitation of the fetal nutrition hypothesis (discussed in Chapter 15)
is its relatively narrow focus on cardiovascular disease. Birth weight is associ-
ated just as strongly with a host of neurologic endpoints and with mortality from
other causes.? Furthermore, the relation of birth weights and cancer mortality
is markedly different, with bigger babies having the higher risk.? This associa-
tion is especially well established for breast cancer.?® The breadth of associations
between birth weight and a range of health outcomes leaves open the possibility
of other, more unifying hypotheses to link birth weight to adult health.

Other Perinatal Factors Associated with Adult Health

Seasonal Effects

A range of health effects has been associated with season of birth. Season-of-birth
effects presumably act during relatively short windows of vulnerability during
which the short-term changes associated with season can make a difference. It is
most plausible that these short windows of vulnerability occur during embryonic
and fetal development. Data from Europe show that adults who were born in the
second half of the calendar year live longer (by about half a year) than those born
in the first half of the year. This pattern is reversed in Australia.’! In these data,
the causes of death associated with season of birth include cardiovascular disease,
respiratory diseases, and infectious diseases. These mortality patterns may reflect
long-term effects of seasonal fluctuations in fetal nutrition or infectious diseases,
either during pregnancy or early in postnatal life.

Schizophrenia is another disease related to season of birth. Once again, the
highest risk (in the Northern Hemisphere) is among people born during the first
half of the year.??

Interpreting Cohort Effects

A cohort effect is a change in the risk of disease seen specifically among a cohort of
people born at a certain time. One possibility for a cohort effect is an exposure that
affects the cohort during fetal life. There are data to suggest a cohort effect in the
obesity epidemic beginning with people born in the late 1960s.** This pattern of obe-
sity may be related to age-specific changes in behaviors of that cohort of children, but
it could also be the result of prenatal exposures that began in the late 1960s.

One of the best examples of prenatal exposure creating a cohort effect comes
from the influenza pandemic of 1918. This outbreak erupted in the United States
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with ferocious intensity in October of 1918, killing around 500,000 people and
then dissipating by February of 1919. Using census data and an ecologic approach,
economists have shown that men and women who were in utero at the peak of the
epidemic were less likely to graduate from high school and had higher disability
rates and lower salaries over their lifetimes than people born just before or after.>*
The risk of diabetes and stroke may also have been increased among this cohort
of survivors.®

Prenatal Exposures and Health

There is a remarkable array of links between the prenatal period and health out-
comes in the adult, with little insight into their basis. A full understanding of
human health requires integration of events starting with conception. The poet
William Wordsworth wrote that “the child is the father of the man.”?¢ In the study
of human health, we might venture a step further and say that it is the fetus who
is the “father of the man.” To the extent that a person’s experience as a fetus can
influence health decades into the future, an understanding of reproductive epi-
demiology and its tools may prove useful beyond the usual topics of fertility and
pregnancy.
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Unanswered Questions in Reproductive
Epidemiology

Reproductive epidemiology has made at least two major contributions to public
health in recent decades—the prevention of neural tube defects by folic acid and
the prevention of sudden infant death syndrome (SIDS) by placing babies to sleep
on their backs. What other discoveries might lie over the horizon?

Textbooks by necessity focus on what we know. But to discuss only what we
know (or what we think we know) can give a misleading perspective. What we
know covers only a small patch of what there is to know. Even perfect knowledge of
what is known is imperfect without this realization.

The job of the researcher is to extend that small patch. Choosing the right
question is in some ways the most important challenge a researcher faces. This is
especially true for epidemiologists, whose research projects can easily take a de-
cade from concept to data collection to analysis to publication. The selection of a
good question depends on intuition, a sound grasp of the field, rational assessment
of the opportunities, and plain good luck.

This chapter discusses some research questions in the area of reproductive
epidemiology. The questions are grouped into broad categories of basic clini-
cal biology, clinical practice, and public health. Some have already been heavily
studied, whereas others have not attracted much attention. Needless to say, not
every good research idea is on this list. Just because your idea is not here does not
mean it is not a good one. (If you would like to suggest new ideas to share with
your colleagues, please go to www.oup.com/us/fertility.) And of course, the ideas
discussed here come with no warranties. Some will no doubt turn out to be duds
or dead ends. We will know better in 20 or 40 years.

282


www.oup.com/us/fertility

UNANSWERED QUESTIONS 283

Clinical Biology

How Can Women Identify Their Fertile Days?

A simple and reliable prospective marker of the first fertile day of the cycle
would be extremely useful for women trying to conceive (and also for those try-
ing not to). Women apparently conceive only if they have intercourse on the five
days before ovulation or on the day of ovulation itself (see Chapter 2).! The com-
plication is that the timing of these six fertile days is unpredictable from cycle
to cycle.? There are now reasonably reliable ways to identify ovulation (with
over-the-counter kits that measure LH surge), but by then most fertile days have
already passed. Methods have been proposed to identify fertile days by cervical
mucus,? although effectiveness has not yet been proven. If the 6-day fertile in-
terval could be prospectively determined, women who want to become pregnant
could focus their efforts, and women who do not would know when birth control
is necessary.

Do Couples Who Adopt a Baby Have Improved Fertility?

A persistent anecdote related to adoption is the couple who tries for years to con-
ceive, finally gives up and adopts a baby, and shortly thereafter becomes preg-
nant.* Of course, many infertile couples are eventually able to conceive, and a
careful analysis would have to rule out the role of chance. If an association were
found, the phenomenon might offer insights into the biological mechanisms of
fertility in the mother (and perhaps the father). There are virtually no epidemio-
logic data on this question.

Do Environmental Factors Contribute to Aneuploidy?

Humans are highly susceptible to chromosomal aberrations compared with other
species.’ Might humans have a susceptibility to environmental factors that cause
such aberrations? Preliminary studies in this area have been stymied by the dif-
ficulties of studying aneuploidy in humans. Although the condition is common, it
usually ends in early pregnancy loss without the possibility of diagnosis. A fur-
ther difficulty is that there are several biological pathways by which aneuploidy
can occur, and a given environmental toxicant might contribute only a small por-
tion of all aneuploidy, making its detection even more difficult.

Even more daunting, most aneuploidy events have their origins in the oocyte—
specifically in the first meiotic division of the oocyte, which takes place when the
woman is a fetus. A woman’s exposures during her time as a fetus are not easy to
reconstruct. The threat is not merely hypothetical. In mouse models, the common
chemical bisphenol A has been found to cause aneuploidy in oocytes when the
female has been exposed in utero.
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What Causes Preeclampsia?

As discussed in Chapter 19, preeclampsia is a particularly enigmatic disorder
(perhaps several disorders). Whoever discovers the basis for preeclampsia will
be guaranteed a place in history. Researchers are discovering earlier and earlier
precursors of preeclampsia, but we seem no closer to understanding the reasons
why preeclampsia emerges in some pregnancies and not others.

What Initiates Natural Labor?

Both mother and fetus seem to play a part in the cascade of events leading to onset
of labor,’ but their specific roles are yet to be worked out. Some progress has been
made in identifying markers for impending preterm delivery (e.g., salivary estriol,
serum corticotropin-releasing hormone [CRH], and vaginal fetal fibronectin).
Still, these markers have limited predictive value, and the key initiating events
remain obscure. A better grasp of the events that initiate labor might allow selec-
tive delay of preterm labor and more effective induction of labor when indicated.

What Explains the High Mortality of Small Babies Born at Term?

Term babies with the smallest birth weights have high mortality (see Chapter 15).
Unknown confounders contribute at least part (and perhaps a large part) of this
mortality.®? The question remains what those confounders might be. They would
have to include rare conditions that sharply increase mortality and drastically
reduce fetal growth.’ Possibilities include chromosomal mosaicism of the pla-
centa and errors in gene imprinting. Were such entities found to explain the birth
weight—mortality association, this would seriously revise our understanding of
birth-weight-related risk.

Are Birth Defects Inevitable?

Most epidemiologists approach their work assuming that a better understanding of
etiology will yield opportunities for prevention. Removing the pump handle from
a contaminated well is one of epidemiology’s most compelling paradigms. For
chronic diseases, postponement is often a more realistic goal than prevention. For
birth defects, prevention may be even more elusive. The biological systems by which
an embryo assembles itself are inevitably imperfect. Even so, a better understanding
of the built-in limitations (“noise”) of embryogenesis may improve our capacity to
recognize the external (and preventable) aspects that derail development.

Can Twins Help Demonstrate the “Plasticity” of Fetal Development?

Barker and others have proposed that commonplace variations in physiologic
conditions during pregnancy can shape the long-term development of the fetus
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(see Chapter 20). To the extent that developmental plasticity in pregnancy affects
long-term health, one might predict more concordance of crucial health and dis-
ease endpoints between dizygotic twins than between full siblings—especially
between siblings who are born longer apart. Birth registries with long-term
follow-up provide an opportunity for such exploration. Endpoints would have
to avoid conditions that are known to be more common in dizygotic twins than
in singletons (for example, cerebral palsy). The possibility of unrecorded differ-
ences in paternity (extremely unlikely for dizygous twins but possible for siblings)
would also have to be taken into account.

Are Infections a Preventable Cause of Preterm Delivery?

Large population differences in risk of preterm point to the presence of prevent-
able causes. Infections are increasingly implicated in early preterm delivery and
would seem to be a good candidate for prevention. Antibiotic treatment has so
far provided limited improvement in pregnancy outcome. Earlier interventions to
prevent infection may be another approach. We have only a limited understanding
of factors that predispose women to infection in pregnancy.

What Are the Origins of Cerebral Palsy?

Cerebral palsy is a nonprogressive motor disease that becomes apparent some
time after birth.!® About 2 per 1,000 babies are affected, a prevalence that has
been relatively steady over time.!! Cerebral palsy was once attributed to brain
damage during difficult labor but is now thought to stem at least in part from
earlier events, including in utero infection.'? Risk is much higher among very pre-
term babies and among twins and other multiple fetuses. The search for causes of
cerebral palsy goes back many decades—the U.S. Collaborative Perinatal Project
(a cohort study of 50,000 pregnant women) was launched in the late 1950s specifi-
cally to shed light on cerebral palsy. There have been great strides in understand-
ing its pathology, but its underlying causes remain unknown.

What Are the Biological Links between Birth Length and Infant Mortality?

Body length is a strong predictor of infant mortality independent of birth weight,
with short length—and especially long length—associated with increased risk
even when controlling for birth weight and gestational age.'* However, birth
length has been much less studied than birth weight. One reason is that data on
birth length are less available. Another is that length data are less reliable, espe-
cially for ailing newborns who may lack normal muscle tone and thus stretch out
more easily for measurement. Birth length also has independent associations with
adult health. For example, birth length is more strongly associated with subse-
quent breast cancer risk than birth weight.'
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Are There Markers of Female Reproductive Capacity?

Women’s fertility declines with age. This happens more rapidly for some women
than for others. This fact of aging is becoming more important as women in
developed countries increasingly defer their childbearing. In the United States,
mean age at first birth has gone from age 21 in 1970 to age 25 in 2005. In Japan
and Sweden, the mean age has reached 28. In delaying their childbearing, some
women run the risk of bypassing their fertile years altogether. If women had a
valid marker of their capacity to conceive—a marker they could monitor over
time—they might be able to identify their own decline in fertility and make more
informed decisions on when to start their family.

Clinical Practice

Are There Long-Term Consequences of Elective Cesarean Section?

Cesarean section for healthy women and infants is increasingly common. In the
United States nearly 30% of babies are delivered by C-section,' and in Latin
America the proportion is half or more.! C-section is undoubtedly a benefit in
selected high-risk pregnancies. However, C-sections that are purely elective may
deprive the baby (or mother) of hormonal or other exposures during the final
stages of labor and delivery that provide unrecognized benefits. For example,
fetuses have sterile guts, and the bacteria that first colonize the infant are acquired
at delivery. Babies who deliver by C-section have different gut bacteria than those
delivered vaginally,"” which may have implications for later risk of asthma and
other illnesses.!® (Questions might also be raised about the risks and benefits of
induction of labor.)

Does Ultrasound Have Long-Term Effects on the Fetus?

Repeated ultrasound examinations of the fetus are now commonplace in many
countries, including some developing countries. Familiarity should not be mis-
taken for safety. (Fluoroscopes, after all, were routinely used by sales clerks in the
1950s to aid in fitting children’s shoes.) Although no damaging effects of fetal ultra-
sound have been identified, there is the suggestion of some central-nervous-system
effects, in that boys may be more likely to be left-handed if they are exposed to
prenatal ultrasound.'

What Are the Long-Term Outcomes for the New Group of Extremely
Preterm Babies Now Being Rescued?

The long-term morbidity of infants born at 34 or 35 weeks has been fairly well
described.?® With babies now surviving even at 24 weeks, there are probably
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additional long-term effects to anticipate and prepare for and to treat early if pos-
sible. What might they be?

Are There Long-Term Effects of ART on the Mother or Baby?

In the United States, artificial reproductive techniques (ART) produce at least
20,000 births a year. These interventions occur at a crucial stage of develop-
ment, exposing the conceptus to unusual levels of hormones and other physiologic
stresses. A hard lesson from the experience of DES and thalidomide is that med-
ical therapies can have unintended consequences. What problems might emerge
for ART mothers or their infants over their lifetimes?

Are There Long-Term Health Effects for Babies Conceived by ICSI?

Among the ART procedures, intracellular injection of sperm (ICSI) deserves spe-
cial mention. When carried out as a treatment for male infertility, ICSI allows sperm
to fertilize that otherwise may be incapable of fertilization. If the causes of sperm
infertility are genetic, these genetic causes will be passed to the sons. Furthermore,
those genetic factors may be associated with health problems in addition to infertility.
One form of male infertility (congenital absence of the vas deferens) is produced by
an allele that also causes cystic fibrosis.?'?? To the degree that ICSI disrupts the nat-
ural imprinting of sperm, this also could have health consequences.?

Public Health

Is Fertility Declining over Time?

Concerns have been raised over the possibility that environmental contaminants
are eroding humans’ capacity to conceive (see Chapter 9).2* One reason this ques-
tion remains unanswered is the inherent limitations of epidemiologic methods for
studying couple fertility. Careful prospective studies of fecundability would pro-
vide valuable information on future developments. Furthermore, new approaches
for assessing the latent fertility of men or women (perhaps hormonal or other mea-
sures) would be extremely useful—not just for this question but for many others.

What Is the Minimum Possible Infant Mortality?

Forty years ago, as infant mortality in the United States and other developed
countries was approaching unprecedented low rates, experts speculated whether
infant mortality could ever possibly go as low as 10 per 1,000. Today, rates in
the most advantaged countries have fallen below 3 per 1,000 and are still drop-
ping. Although some of this improvement presumably reflects advances in med-
ical care, other strong factors may be at work, as historical patterns suggest.?
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Is it possible that benefits of prosperity related to nutrition or hygiene (perhaps
accumulating biologically over generations?®) can improve infant survival? If
such factors could be identified, they might provide a basis for more targeted
public health policies to improve infant mortality in all countries.

How Is Economic Development Related to Infant Mortality?

The correlation between national measures of economic development and in-
fant mortality is remarkably strong (see Fig. 12-7). These data are almost always
presented cross-sectionally. Do the factors related to economic factors have their
effects immediately, or might there be a lag-time? Air pollution studies have refined
the methods for looking at lag times to effect. Such methods could be applied to
longitudinal data across nations, with various lag times between changes in annual
economic measures and changes in infant mortality. The same general approach
could also be applied to economic measures in the birth year of the mother or at var-
ious times after her birth. If there are certain lag times or certain ages of the mother
at which the correlations with infant mortality are particularly strong, this might
provide new clues to the mechanisms of social effects on infant survival.

What Accounts for the High Infant Mortality of Disadvantaged
Groups Even within Rich Nations?

One of the most stubborn trends in public health in the United States has been
the high mortality among black infants—about double that of whites. While the
race difference has decreased in absolute terms as infant mortality has fallen, the
relative gap between blacks and whites has widened.?” Preterm delivery is one ele-
ment in this black excess risk, but a mortality gap is also seen among term babies.
Excess mortality is found among ethnic minorities in many countries, both rich
and poor.?-3% What contributes to this?

Do Prenatal Factors Contribute to the Increase in Testicular Cancer?

Testicular cancer is one of the few cancers that are increasing over time.*! Given
that this disease occurs primarily in young men and is exacerbated by conditions
present at birth (such as cryptorchidism), are there prenatal exposures that might
be contributing to the increase?

Are There Interventions Specific to Maternal Obesity and Its
Effects on Pregnancy?

The rising tide of obesity is well recognized. Although the epidemic seems to have
started in the US, it is spreading rapidly to other developed countries and even
to developing countries. Maternal obesity has been associated with a spectrum
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of reproductive problems including neural tube defects,* stillbirths,* and preec-
lampsia.** Pregnancy not only is affected by obesity but contributes to obesity:
weight gained in the first pregnancy is often not fully shed before the next.?> Thus,
women of reproductive age are a particularly appropriate focus for interventions
to reduce obesity.

Does Exercise in Pregnancy Affect the Fetus?

In relation to the problem of obesity, moderate exercise during pregnancy is widely
recommended by medical professionals.’® However, the benefits of exercise are
difficult to document, and there is some evidence that high-impact exercise may
be harmful.?” Even though much has been published on this topic, the benefits and
hazards of physical exercise are not yet fully understood.

Do Prenatal Factors Contribute to the Risk of Autism?

Autism is a difficult outcome to study because it is especially sensitive to changes
in diagnostic criteria and thresholds. Although the data are not consistent, there
is some evidence that autism may be becoming more prevalent.®® If rates are truly
increasing, this invites hypotheses about the role of exposures that have increased
in recent decades, especially exposures found in more well-off segments of the
population, among whom autism rates are higher.

Are Prenatal Exposures Contributing to an Increase
in Childhood Asthma?

There seems to be little question that allergic asthma has increased in prevalence
over the past four decades,® although the reasons are unclear. Among the many
hypotheses are possible exposures in the prenatal period.*’

If you have other suggestions for research questions in reproductive epidemiol-
ogy (and there must be many more), please go to the website accompanying this
textbook (www.oup.com/us/fertility). The best nominations will be added to the
list, with credit to the nominator. Who knows—your idea may may help stimulate
the next great discovery in reproductive epidemiology.
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Afterword

This book has had a long gestation.
I was a doctoral student in 1977 when I wrote to one of my advisors suggesting
the possibility of a new specialty in epidemiology.

There is a collection of studies that might be called the epidemiology of reproduction.
This includes fertility and infertility, menarche and menopause, contraception, population
genetics, fetal loss, infant morbidity and mortality, birth defects. ... Currently these subjects
are investigated by a motley crowd: epidemiologists, sociologists, demographers, obstetri-
cians, and pediatricians....No one has identified a common theme in these studies, but I
think a sound case could be made for collecting these into a general research area.

I wanted to be a reproductive epidemiologist. Too bad the field did not exist—but,
unknown to me, it was being created. The perinatal side of this specialty emerged
in the late 1970s, as Zena Stein and Mervyn Susser mobilized a talented group
of graduate students at Columbia University to focus on perinatal and neonatal
epidemiology. In 1984, Michael Bracken published Perinatal Epidemiology, the
first textbook devoted to this topic. In 1987, Jean Golding founded the journal
Paediatric and Perinatal Epidemiology. A new field was born.

Research on the earlier end of the spectrum—fertility and early pregnancy—
took longer to develop. I was invited in 1982 to give a talk on the “epidemiology of
fertility.” I had to tell the meeting organizers that I knew nothing about the topic, to
which they replied “No problem—nobody else knows anything about it either.” My
talk turned into a research plan that kept me occupied for the next 15 years.

There aren’t many things more fun than coming into a field as it is unfolding.
The problems are fresh, the search is exciting, and the answers are in many ways
unexpected. In the process I have had the good fortune of sterling colleagues: Ian
Russell, Beth Gladen, Rolv Skjaerven, Rolv Terje Lie, Clare Weinberg, Donna
Baird, and Olga Basso, among many others. They have rescued me from the worst
of my errors, and they continue to make the journey a joy.
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Meanwhile, through these years, this book has been on my mind. I knew it
would not be a catalog of facts. Facts are important, but (go ahead, admit it) they
can be a bore. Sometimes facts are even unreliable. Our understanding evolves.
Much more exciting is the chase—the way epidemiologic thinking can give us
glimpses into the marvelous inner workings of biology.

Unlike books, the chase has no end.

Durham, North Carolina



Puzzlers

Selective fertility, natural variability, and shifting denominators are recurring
themes in reproductive epidemiology. Now that you have been introduced to these
concepts, consider how they might play out in the following problems. Discussion
of these problems can be found on www.oup.com/us/fertility.

L.

About 1%—-2% of pregnancies are ectopic. This is a serious complication when
it occurs. If a woman becomes pregnant with an IUD in place, the risk that the
pregnancy is ectopic is considerably higher'—the package insert for one brand
of IUD (Mirena) says up to 50%. Do IUDs increase the risk of ectopic preg-
nancies? What would be an alternative interpretation? How could you resolve
these alternative possibilities?

. Arreport from rural China found that perinatal mortality was three times higher

for second births than for first births.? Usually perinatal mortality declines
with second parity (see Fig. 7-7). What conditions in China might lead to this
high mortality for second babies?

. Among couples who seek infertility treatment, suppose that you identify a

group in which the male partners are azospermic (without sperm) and another
group in which the male partners are severely oligospermic (with very few
sperm). If you were to compare the female partners of these two groups of
men, would you expect them to have the same fertility? If not, which women
would you expect to be more fertile?

. Suppose you are planning to conduct a prospective study of pregnancy, and

you want to include fecundability as one of your study endpoints. You could
set your criterion for eligible couples in two ways. One, you could include all
couples who are trying to conceive, regardless of how long they have been try-
ing. Alternatively, you could restrict the study to couples who were just starting
to try to become pregnant. The advantage of the first is that you would find
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many more eligible couples. What would be the disadvantage? If you include
couples who have already been trying, what essential additional information
would you need?

5. Intercourse has been proposed as a stimulus of labor. Although this hypothesis
has some plausibility (there are abundant prostaglandins in semen, and pros-
taglandins play a role in labor), a randomized clinical trial has failed to show
any effect.’ An epidemiologic study reported a strong association between lack
of intercourse and preterm delivery.* What possible confounders might explain
this association?

6. A Swedish study reported that women who took folic acid supplements were
more likely to produce dizygotic twins.® If the use of folic acid were to increase
the chances of twinning, the higher mortality and complications among twins
might outweigh the benefits of folic acid for the prevention of neural tube
defects. This could argue against fortification of food with folic acid. However,
the finding was due to a strong confounding variable overlooked by the authors.
The authors controlled for maternal age. Is there another confounding factor
that you can think of?

7. Birth defects account for 17% of infant mortality in the United States but only
8% worldwide. Underregistration in developing countries no doubt contributes
to this. Is there another contributing factor?
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Abortifacient A substance (usually oral) that induces abortion. There is a
long history of herbal and other remedies with supposed abortifacient effects;
those with any effectiveness usually worked through their extreme toxicity to the
mother as well as the fetus. Today, mifepristone is an effective abortifacient that
works by competitively blocking the progesterone receptor.

Abruptio placenta (abruption) Detachment or separation of the placenta
before delivery. A life-threatening condition for both mother and fetus.

Alpha-fetoprotein (AFP) A protein in fetal blood; small but measurable amounts
pass into amnioitic fluid and maternal blood. AFP is one of the proteins measured
in maternal blood for pregnancy screening; AFP tends to be increased in the pres-
ence of neural tube defects and decreased in the presence of Down syndrome.

Amenorrhea (see Menstrual cycle)

Amniocentesis A procedure using a fine needle to sample the fluid around the
fetus in order to obtain fetal cells for genetic testing.

Androgen The generic term for hormones that control the development of male
sex characteristics. The best-known androgen is testosterone. Androgens are the
biochemical precursor of estrogens and are thus also found in women.

Aneuploidy Having too few or too many chromosomes. Aneuploidy is found in
about half of clinical miscarriages, about 6% of stillbirths, and much fewer than
1% of live births.?

Antepartum During pregnancy, before the onset of labor.

An earlier version of this glossary was published in two parts in the Journal of
Epidemiology and Community Health.'?
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Apgar score Widely used tool for assessment of the newborn, based on infant’s
heart rate, respiratory effort, muscle tone, reflex irritability, and color. Each sign
is scored from zero to 2. Most newborns get a 9 or 10. While “Apgar” may look
like an acronym, it was named after its developer, Virginia Apgar.*

ART (see Assisted Reproductive Technologies)

Assisted reproductive technologies (ART) Clinical and laboratory proce-
dures to aid in fertilization. In vitro fertilization (IVF) was the first and remains
the most widely known; other techniques and refinements are intracellular sperm
injection (ICSI) and gamete intrafallopian transfer (GIFT).>¢

Autosome Any of the ordinary chromosomes (22 in humans), in contrast with
the sex chromosomes (X and Y).

Birthinterval Time between a mother’s deliveries. Interpregnancy interval (the
time from delivery to the LMP of the subsequent pregnancy) is often preferred in
order to avoid confounding by length of pregnancy.

Blastocyst An early stage of embryonic development in which the cells of the
conceptus have formed a hollow ball. Implantation takes place at the blastocyst
stage.

Blighted ovum A conceptus with no embryo visible on ultrasound.

Chimerism The condition of carrying cells from two genetically distinct
sources.

Chorionic villus sampling A biopsy of the placental tissue for genetic test-
ing. Carried out by needle through the abdomen or small catheter through the
Cervix.

Clinical pregnancy A pregnancy that lasts long enough to be recognized by
the mother or a clinician (sometimes also defined as pregnancies that last 6 weeks
or more after last menstrual period). (See Pregnancy loss.)

Clinically recognized pregnancy loss Loss of any clinical pregnancy.
Can include spontaneous abortions (miscarriages), ectopic pregnancies, and
stillbirths.

Conception The fertilization of an ovum by a sperm. The American College
of Obstetrics and Gynecology has defined conception as the implantation of the
blastocyst,’ for reasons having chiefly to do with social and political concerns.

Conceptus A generic term for the product of an ovum and sperm, including
everything from the preembryonic stages to the fetus at term.

Contraception Any method used by couples to prevent conception. This covers
a broad spectrum, from purely behavioral methods (such as the rhythm method),
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to intercourse-specific methods (such as condom), to woman’s systemic use of
oral hormones, to postcoital medications.

Corpus luteum A transient hormonally active tissue on the surface of the ovary,
formed out of the remnants of the ruptured ovarian follicle. The corpus luteum
regulates the second half of the menstrual cycle (the luteal phase) by producing
progesterone.

D&C (dilatation and curettage) Surgical procedure to dilate the cervix and
scrape the inner surface of the uterus in order to remove products of conception.
May be done as an abortion procedure, or after spontaneous abortion to remove
retained tissue.

Due date The predicted delivery day, commonly calculated as 40 weeks after
the last menstrual period.

Early pregnancy loss (biochemical loss, subclinical loss) Pregnancy end-
ing with vaginal bleeding indistinguishable from menses. Sometimes defined as
pregnancy loss within 6 weeks of LMP. Approximately 25% of pregnancies end
in early loss.?

Ectopic pregnancy Implantation of the conceptus outside the uterus, almost
always in the oviduct (“tubal pregnancy”).

Embryo Stage of development (from roughly the second through the eighth
week of life) during which the major organ systems are established. (The defini-
tion of this term is muddled by the fact that infertility specialists use “embryo” to
refer to the fertilized egg before implantation but anatomists do not.)

Endometrium The lining of the uterus, which proliferates during each men-
strual cycle in preparation for implantation and then is sloughed (“menstrual
bleeding”) if no pregnancy occurs.

Estrogen Estrogens are a class of steroid hormones that function as the main
female sex hormones. These include estrone, estradiol, and estriol.

Fallopian tubes (see Oviducts)

Fecundability A couple’s probability of conception in one menstrual cycle,
assuming regular intercourse and no method of contraception. Mean fecundabil-
ity is around 25%, with wide variation among couples depending on age, coital
frequency, etc.’

Fecundability ratio The ratio of fecundability of an exposed group to the
fecundability of a comparison group. Unlike most other measures of epidemio-
logic risk, the fecundability ratio is less than 1.0 when the exposure damages the
health endpoint.

Fecundity The capacity to conceive and deliver a babys; fertility.!
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Fertile window The 6 days of the menstrual cycle ending on the day of ovulation
during which intercourse can produce pregnancy.

Fertility The capacity to conceive and deliver a baby. This is the ordinary usage
in both colloquial and medical English. Demographers define fertility more nar-
rowly to mean the actual production of a baby. In that sense, fertility is the evi-
dence of fecundity.

Fertilization The combination of the genetic material of an ovum and a sperm
to produce a conceptus.

Fetal death An ambiguous term sometimes referring to all deaths of the fetus
starting at clinical recognition (including miscarriages but not abortions), and
sometimes referring only to stillbirths (starting from the age of viability).

Fetal growth The mostly unobservable development of the fetus prior to birth.

Fetal monitoring Medical interventions to assess well-being and growth of the
fetus in utero.

Fetus The stage of development from the end of the embryonic stage (about
8 weeks of life) until delivery.

Follicle-stimulating hormone (FSH) A hormone produced by the pituitary
gland that in women promotes the growth of the ovarian follicle in preparation
for ovulation.

Follicular phase (menstrual cycle) The first phase of the menstrual cycle,
starting with onset of menses and ending on the day before ovulation. Although
its mean length is around 17 days, the follicular phase can be highly variable,
ranging from 10 to more than 50 days.!?

FSH (see Follicle-stimulating hormone)
Gamete A sperm or ovum.

Genome The total genetic information carried by an individual. Also used
more specifically to designate the complete genetic sequence of one set of
chromosomes.

Gestational age The duration of pregnancy (and thus an estimate of the age of
fetus), measured from the physiologically incorrect but eminently practical LMP.
May be adjusted on the basis of ultrasound examination in the first trimester of
pregnancy.'?

Obstetric dates Gestational age expressed in completed weeks rather than
ordinal weeks. Thus, a pregnancy at 39 weeks and 5 days is in its fortieth week,
but in obstetric week 39.
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Gravidity Number of previous pregnancies (distinguished from parity). A
primigravida is a woman pregnant for the first time. A multigravida is a woman
who has been pregnant more than once.

hCG (see Human chorionic gonadotropin)

Human chorionic gonadotropin (hCG) A hormone secreted by the cells of
the blastocyst that later become the placenta. hCG is a mimic of luteinizing hor-
mone and the standard hormonal sign of pregnancy.

Hysterectomy Surgical removal of the uterus. This may include removal of one
or both ovaries.

Implantation Attachment of the blastocyst to the uterine lining. In humans
implantation typically takes place 6 to 12 days after conception.!*

In vitro fertilization (IVF) Fertilization by medical procedures outside the
body. (Although these babies are colloquially known as “test tube babies”, fertil-
ization usually takes place in a flat dish.)

Induced abortion Intentional termination of a pregnancy through either medi-
cal or surgical intervention. Abortions are carried out for a wide spectrum of
reasons ranging from unwanted pregnancy to malformations of the fetus to the
presence of conditions that threaten the life of the mother.

Infant mortality Infant deaths occurring among a defined group of live births
during the first year of life. The infant mortality rate is usually defined as the
number of infant deaths within a calendar year divided by the number of live
births during the same period. Widely used as a measure of national economic
development.

Infertility Inability of a woman or a couple to achieve a clinically recognized
pregnancy after attempting for more than a year (ACOG)" or for more than 2
years (WHO).!® Fecund couples can be “infertile” if they become pregnant after
more than a year of tryijng. Primary infertility is the failure of an individual, or
couple, to have ever achieved a pregnancy. Secondary infertility is the inability
of an individual or couple to achieve pregnancy after having had a previous preg-
nancy. Subfertility is an ill-defined condition that indicates less than “normal”
fertility.

Interpregnancy interval (see Birth interval)

Intracellular sperm injection (ICSI) A variation of in vitro fertilization in
which a single sperm is inserted into an ovum. An increasingly common approach
for couples with male-factor infertility.S

Intrapartum During labor but before the completion of delivery
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Intrauterine device Any of several metal or plastic objects that, when inserted
into the uterus, prevent pregnancy.

Intrauterine growth retardation (IUGR) A condition in which the fetus fails to
reach its expected size during pregnancy. In principle, this can occur to large fetuses
as well as small. Frequently (if mistakenly) equated with small-for-gestational-age.

IUD (see Intrauterine device)
IUGR (see Intrauterine growth retardation)
Lactational amenorrhea (see Menstrual cycle)

Last menstrual period (LMP) First day of the most recent menses preceding
pregnancy, the standard benchmark to determine gestational age.

LBW (see Low birth weight)
LH (see Luteinizing hormone)

Live birth An infant born with any sign of life (beating of the heart, pulsa-
tion of the umbilical cord, movement of voluntary muscles). Usually restricted to
births after 20 or more weeks of gestation.!”

LMP (see Last menstrual period)

Low birth weight (LBW) Birth weight less than 2,500 g. Although LBW is
a convenient endpoint for epidemiologic studies, it has come under criticism for
being difficult to interpret.'®

Luteal phase (menstrual cycle) The second major phase of the menstrual
cycle, usually starting with the day after ovulation and ending on the day before
the onset of next menses. The luteal phase, although more regular than the fol-
licular phase, is not fixed at 2 weeks as is sometimes assumed. Mean length is 13
days with a range of around 11 to 17 days.!?

Luteinizing hormone (LH) A pituitary hormone that, when stimulated by the
rise in ovarian estrogens, undergoes a sharp surge that triggers the rupture of the
ovarian follicle and the release of the ovum. LH then promotes the conversion of
the ruptured follicle into a corpus luteum.

Maternal mortality Death of a woman from causes related to pregnancy or
birth, usually within 42 days of the termination of the pregnancy.!”

Meiosis A type of cell division unique to the formation of gametes (eggs or
sperm), in which the number of chromosomes is reduced to half.

Menarche The sexual maturation of women, marked by the onset of the first
menstrual period.

Menopause The cessation of ovarian function. This is usually defined pro-
spectively as the absence of menstruation for at least 12 months. Median age at
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menopause is around 51, with most women reaching menopause between ages 45
and 55.%° Ovarian senescence refers to age-related depletion of ovarian follicles
and the decline of ovarian hormones, culminating in menopause. Perimenopause
is the time leading up to natural menopause during which ovarian production of
estrogen becomes more erratic, and menstrual cycles lengthen and become more
variable. Premature menopause is natural menopause before the age of 40 (also
called premature ovarian failure).?!

Menstrual cycle Woman’s monthly cycle of ovulation and bleeding, com-
prising the follicular phase, the day of ovulation, and the luteal phase. The onset
of menses markes the first day of the menstrual cycle. Amenorrhea is a time
without menses (at least 3 months, by ACOG definition).?> Primary amenorrhea
is the condition of never having had menses among girls who are at least 16 years
old.?? Lactational amenorrhea refers to the cessation of menses with regular
breast-feeding.?

Microchimerism Two genetically distinct populations of cells in one person,
derived from different fertilized eggs, where one line of cells is present at very
low concentrations. Can occur, for example, when fetal cells pass the placenta and
become established in the mother’s bone marrow.

Miscarriage (spontaneous abortion) Loss of a clinically recognized pregnancy,
usually in the first 20 weeks after LMP. (Later deaths are defined as stillbirths.)

Multigravida (see Gravidity)
Multiparity (see Parity)

Neonatal mortality Death of a liveborn infant within the first 28 days or (less
commonly) the first 7 days of life. The neonatality mortality rate is usually defined
as the number of neonatal deaths in a calendar year divided by the number of live
births during the same period.

Nulliparity (see Parity)

Obstetric dates (see Gestational age)

Oocyte The female egg before ovulation.

Oogenesis The process of the formation of the oocyte and ovum.

Ovarian follicle Fluid-filled chambers in the ovary, each encasing an oocyte.
Ovarian senescence (see Menopause)

Oviducts Tubes attached to the uterus and opening near the ovaries, through
which the ova must travel on their way to the uterus.?

Ovulation The release of an oocyte from a mature ovarian follicle.
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Ovum The female reproductive gamete, also called the egg. The term is
sometimes used more specifically to designate the oocyte after ovulation.

Parity Number of live and stillbirths for a given woman (in contrast with gra-
vidity, which refers to all pregnancies including miscarriages). A nullipara is a
woman who has never delivered a pregnancy lasting long enough for the fetus to
reach the age of viability. A woman pregnant for the first time is nulliparous until
she delivers a stillbirth or live birth. A woman who has had three miscarriages is
still nulliparous. A primipara is a woman who has delivered her first baby, and a
multipara is a woman who has delivered more than one pregnancy.

Parturition Childbirth.

Pelvic inflammatory disease (PID) Inflammation of the oviducts, usually
originating from a sexually transmitted infection. A major cause of ectopic preg-
nancy and infertility.

Perimenopause (see Menopause)
Perinatal The time period immediately prior to, during, and after birth.

Perinatal mortality Stillbirths plus deaths of live births within either the first
7 or the first 28 days after birth.

Pheromone A hormone produced by one person that can change the behavior
of another. In humans, pheromones are suspected to play a role in the sexual
attractiveness of a woman during her fertile days.

Placenta An organ created by the conceptus and bound to the mother’s uterus, pro-
viding essential nutrition and oxygenation of the fetus through the umbilical cord.

Placenta previa The condition in which the placenta has grown over the inter-
nal cervical opening, presenting a danger of heavy bleeding at labor.

Ponderal index A measure of infant fatness or skinniness, defined as birth
weight in grams multiplied by 100 and divided by the cube of crown-heel length
in centimeters.?

Postneonatal mortality Death to a live birth after 28 days but within the first
year. Neonatal plus postneonatal mortality equals infant mortality. Postneonatality
rates are usually calculated as the number of postneonatal deaths within a calen-
dar year divided by the number of live births. (Technically, babies who die in
the neonatal period should be removed from the denominator, but this nicety is
ignored because the adjustment makes so little difference).

Postterm delivery Delivery at 42 or more completed weeks of gestation.?6-?’

Preeclampsia A syndrome of pregnancy defined by hypertension and pro-
teinurea. The progression of preeclampsia to eclampsia is a rare but disastrous
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complication characterized by extreme hypertension, seizures, and sometimes
death.

Premature Until 1961, WHO defined “prematurity” as birth weight less than
2,500 g. However, many infants born before 37 weeks weigh more than 2,500 g,
and many babies less than 2,500 g are not born early. Because misuse of LBW to
mean “premature” has lingered, most perinatal epidemiologists avoid confusion
by using “preterm.”

Premature menopause (see Menopause)

Premature rupture of membranes (PROM) Rupture of the fetal membranes
before onset of labor.

Preterm delivery Delivery before 37 completed weeks of gestation.

Preterm premature rupture of membranes (PPROM) Rupture before onset
of labor and leading to a preterm delivery.

Primary amenorrhea (see Menstrual cycle)
Primary infertility (see Infertility)
Primigravida (see Gravidity)

Primiparity (see Parity)

Puberty Period of rapid growth culminating in sexual maturity. Thelarche is
the prepubertal onset of breast development. Menarche is the event of first men-
ses, marking the onset of a woman’s capacity to reproduce.

Puerperal Having to do with the time from delivery of the infant until the
uterus has returned to its prepregnant size, usually 3 to 6 weeks.

Secondary infertility (see Infertility)

Semen analysis A measure of male fertility based on examination of the semi-
nal fluid. Analysis includes ejaculate volume, sperm concentration, sperm motil-
ity, morphology, concentration of white blood cells, and an immunobead or mixed
antiglobulin reaction test (WHQO?).

Sex ratio Ratio of the number of boys to girls, usually restricted to live births.
Sex ratio can be expressed as the ratio of boys to girls (e.g., 1.06 boys for every
girl) or as the proportion of all births that are boys (e.g., 0.51).

SGA (see Small for gestational age)
SIDS (see Sudden infant death syndrome)

Small for gestational age (SGA) Typically, the smallest 10% of babies at a
given gestational age.
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Spermatogenesis The process of the formation of sperm.

Spontaneous abortion Loss of a clinically recognized pregnancy in the first
20 weeks after LMP; miscarriage. “Spontaneous abortion” has been in common
medical usage, but there is more recently a preference for “miscarriage,” reserv-
ing the word “abortion” for induced abortion.?

Sterility The complete inability of a person or couple to conceive.

Stillbirth Death of the fetus after it has reached the gestational age of “viabil-
ity” but with no signs of life after birth. Age of viability was formerly 28 weeks,
but this criterion has gradually shifted to earlier ages as medical interventions
have improved fetal survival.

Stillbirth rate The number of stillbirths divided by the total number of still-
births and live births in a given cohort, or in a given year for a population.

Subfertility (see Infertility)

Sudden infant death syndrome (SIDS) The unanticipated and unexplained
death of an infant between 3 weeks and 9 months of age.*

Teratogen An external substance able to disrupt embryonic or fetal development.
Term pregnancy Pregnancy with delivery from 37 to 41 weeks of gestation.
Thelarche (see Puberty)

Time to pregnancy Time interval from onset of sexual activity without contra-
ception to the conception of a clinically recognized pregnancy (usually measured
in either months or menstrual cycles). Used to estimate fecundability for groups
of couples.

Tocolysis Drug treatment to delay delivery in women having preterm labor.
Such drugs are available but are limited in their safety and effectiveness.?!

Trimester One of three roughly-equal time segments of pregnancy, comprising
the first 14 weeks, the second 14 weeks and the final 12 weeks of pregnancy.

Tubal pregnancy (see Ectopic)

Twins, Dizygous (Fraternal) Two infants in the same pregnancy who arise
from two separate ova (which raises the question of “sororal” twins or “trizygous”
triplets, neither of which term is used.)

Twins, Monozygous (Identical) Two infants who arise from a single fertilized
ovum.

Unplanned (or unintended) pregnancy A combination of mistimed and
unwanted pregnancies.’>*
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Very low birth weight (VLBW) Birth weight less than 1,500 g. Nearly all
VLBW babies are preterm.

Weinberg’s formula Inference of the rates of monozygotic and dizygotic twins
in a population in the absence of individual data, assuming that the number of
unlike-sex dizygotic twins equals the number of same-sex dizygotic twins.*%

Zygote A fertilized egg.
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U.S. Birth and Infant and Fetal Death Certificates

Birth Certificate
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B RESIOENCE OF STATE [ . COUNTY . CITY, TOWH, OR LOGATION
WEECTY |
Sd. STREET AND NUMBER Ba. APT. NO. S 2F CODE L] 3
o Yes O No
'—F AT HE R ™ 7 THers CURRENT LEGAL RANE frest Whode, Lot 5mn) | T, DATE OF BRTH (Moapyr) | 10 BIRTHPLAGE (Sl Tomiuey, or Forsegn Counry)
CERTIFIER)/| " coFriers mave 12 DATE CERTIFIED 13. DATE FILED B REGISTRAR

TIME: 0 MD o DO o HOSPITAL ADMIN. ©CNMCM o OTHER MIDWIFE ] | I
o OTHER {Specity)_ MM DO e

14, MOTHER'S MAILING ADDRESS: 9 Same as residence, or.  State. Caty. Town. or Location:
Streal & Mumber: Apartment No. Zip Code

15, MOTHER MARRIED? (Al bifth, conception, ce any Sme between) o¥es oMo |16 SOCIAL SECURITY NUMBER REDUESTED 17. FACILITY D, (NP1}
IF NO, HAS PATERNITY ACKNOWLEDGEMENT BEEN mnume HOSPITALT O Yes O MNo FORCHLD? o Yos O

19. FATHER'S SOCIAL SECURITY NUMBER

Ty TG [Creck o p o =
b That best describes the highest the bou the considers hersell 1o be)
dagres or kevel of school completed at mother & SpanishHspanc/Laona. Check the o ‘Wit
the time of delvery) *No” bow f mathes is not SpanishHispanicl atina) O Biack or Adrican Amricen
O No, ned SpanshHispascLating o Amercan indian o Alaska Native
o Eth grade of ks
3 Yes, Maxican, Mexican Amancan, Chicana o i u
5 Sh - 12th grade, na dploma S S -
O Yes, Pusrio Rican =
o Mgh school graduate o GED o Filping
compiied O Yes, Cuban O Japaness
o Some colisge crecit but ro degrie 0 es, other SpanishiHispanic/Latna 0 Heamy
Virnameso
o Assocle degree (0.9 AA, AS) [Specity] Cthar Asan (Specity). —

o Bachalor's degres {0.0., BA. AB, BS)
o Masior's dogroe 0.9, WA WS,
MEng, MEd, . MBA)

@ Declorale (8.9.. PhD. EdD) or o Ot (Spacty]
Profassional degees (0.9 MO, DOS, -
VM, LLB, J0)

23 FATHER'S (Check the 24, (Check 26. FATHER'S RACE (Chixck one Of Mons races io indcabe
bt That best describes the highest mmmmmmm ‘wha T father considers himsel 1o be)
dagres of kvl of school completed ot i SpanishHispaniciLating. Check the
s tia of deivery) bl Tather is not Spanish/HispanciLating) o vee

7 Mo, net SpanshHegaesel o Back or African Amenican
O Eth grade of keas iy i . o Amencan indian o Aaska Native
o Sth - 12th grade, no diploma o - - i
e O Yes, Pt Rican £, Al ey
[-] o Mgh school graduate or GED a
é completed O Yes, Cuban -
o Some coliege credd but o degree O Yes, other SpanishHispaniciLating o Japanose
- O Koroan
” g o Assocaln degron (0.9 AR, AS) [Specity) Vatinamess
E T o Bachelor's degroo {o.0., B4, AB, BS) Cathar Asan (Spocity)
2 = dagres (.0, MA. M, Natve Huwllon
o Masters e 3
w ") MEng, MEd. MSW, MBAJ Gusamanian or Chamas
i i
2 g _%uaumlun.m.mpmm Pat (Specity)
] : Tofessional degees (0.9.. MO, DOS, ;
o 2 -] VM, LLB, JO) o1 Other (Specify)
= F4

26. FLACI 7] 27, ATTENDANT S NAME, TITLE, AND NPT 28. MOTHER

= Hospital MEDICAL OR FETAL INDICATIONS FOR

= MAME_ W DELWERY? & Yes = No

Frawstanding birthing conter o 2
o Mome Birth: Planned 1o dever st home? 9 ¥es 980 | riie: o MO & DO 0 CNWEM o B or &
o Canic/Docior's office. & GTHER (Speciy]
Othar [Spacity)
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Mother's Name

Mother's Medical Record

| 20a. DATE OF FIRST PRENATAL CARE VISIT
] ‘ a N

37, CIGARETTE SMOKING BEFORE AND WRINGMM“
Fbr-mmmwmn

200, DATE OF LAST PRENATAL CARE VISIT [30. TOTAL NUMBER OF PRENATAL VISITS FOR THIS PREGNANCY
I

APPENDIX

Ta, How Lving
Humber Mumbar Bafor oR ;5..
First Three Manths of Pregnancy oR 2 Py
o : Socond Thees Months of Pregnancy oR Oher
o Mone o Hore B = = o (Specty)
F5c. DATE OF LA 0 MEE|

WV

[ 43 GOSTETRIC PROCEDURES (Check ai that appy]

)
T

:c«mm

o Teolpis
Exterrual caphabc version:

o

o Faled

39 DATE LAST NORMAL MENSES BEGAN
!
A

o Ectampes o Mo of the skove
© Previous preseem birin 9 OWNBETOF
0 Cthae o the H2n)
‘growth mstricied birth) o Procipous Labor (<3 bes. )
¥ you o { 1
chack al that agely:
¥ 0 None of the abave.
Intrataring
a reproduciive technology (8., in vivo 3 D CELTVERT
testiization (IVF),
nalnuw (Check all mat. apply}

o Induction of labor
© Augmentation of labor
O Non-werax presentaton

o
recatvd by the mother prio o debvery
Aribiches

A7, MATERNAL MORBIDITY [Chack al that apply)
(Complcations associated wih

A Was dobvery with forceps atftemplod but.
unsuccesshal?
O Yes O No
B Wis dhiviey with v aaiiction atampled
But unsucearsaful?
o Yes o No
€. Fotal presentation af birth.
o Caphakc

o Brewch
o Car

0. Firal mute and mathod of deliery (Check cne)
o
o VagralForess
© VaginalVacuum
© Cesaman
f cemarnan, was  trisf of labor attempsed?

o Yes
o Me

labor and

O Matemal insnstusion

o Third or fourth degres perineal laceration
© Ruptursd uerus

£ Unplanned hysteroctomy

malomal temporature 238°C (100 £°F)

B Unplanned operating room procedurs

o
o Ftal iniolerance of labor such that one or mon of the

Mmhu—mbmm&
Score at 10 minutes:

52, PLURALITY - Bangle, Twin, Tripled, etc.

o MNone of e above

;
I
|

o Selzune of serious newnkogic dysfuncion

O Sigrificant bt ingary (skeletal fracture(s), perpharsl
rerve ijury. andior soft sesus/soled organ hemorthage

I
53, F NOT SINGLE BIRTH - Bom First. Second,
Third, ate. {Spciy)

ANT TRANSFERRED WITHIN 24 HOURS OF

TAS F
I‘ YES, NAME OF FACILITY INFANT TRANSFERRED

oo

aoooo

a

oo

55, CONGENITAL ANOMALIES OF THE NEWBORN
(Check 81 St apply)

m
B
!
:
i

Hypospadiss.
Hone of the ancrmakes ksiod above

LIVERY? = Wos 0 Mo |57, 15 INFANT LIVING AT

TIME OF REPORT?

BEING

Yos o Ne o

=&

I o Yes o Mo
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Death Certificate (Infant and other)

U.5. STANDARD CERTIFICATE OF DEATH

s F any] (Pl

3c UNGER 1 DAY |5 OATE OF BIRTH MoDapvrj[8 BIRTHPLACE [Cify = i
Foars [Wenutes.

Ta. RESIDENCE-STATE 7B, COUNTY [7e. CITY OR TOWN
Td. STREET To. APT.NO [H ZIF CODE 7. INSIDE CITY LWATS? O Yes O Mo
B ARMED FORCEST |8, MARITAL STATUS AT TIME OF DEATH 0 B NAME (1 wilo,
O¥es OMo O Mamied O Mamed, il separated [0 Widownd
0 Divorced 0 Mever Married 0 Unknown
11, FATHER'S MAME (First, Middle, Last) 12, MOTHER'S NAME FRIOR TO FIRST MARRIAGE (First. Micdle, Last)

130, RELATIONSHIP TO DECEDENT 3¢ MAILING ADDRESS (Strenl and Mumber, Cty, State, Zip Code)

14, PLACE OF DEATH (Check only one: ses instructions|

NAME OF DECEDENT
For use by physician or instinstion

CAUSE OF DEATH (See instructions and examples) Approwmane
A2 PART | Enter the chatin of avents—disnates, infurss, cr complications-—hal drectly caused the death. DO NOT enter terminal svents such as cardiss el
armest, o vestrcular the stiology. DO NOT ABBREVIATE. Erler caly one cause on e,
I i necassary
WMEDIATE CAUSE (el
a —_—
mhmr D 12 (ot x4 corsegance of |

Saquertaby il condison.
#any, bading i the causs
fatad on e & Enter the

Dt 1 [0 48 3 commbaquence of |

Dot 1o [0 838 consaquesce o).

o
34, WERE AUTOPSY FINDINGS AVAILABLE TO'
WKEI'ETHEMEOF DEATH? O Yos O Mo

To Ba Complated By:
MEDICAL CERTIFIER

City o Town:

45, CERTIFIER [Chach only oe).

a1 e time. date, and place.

Iy opinion, deaih occurTad a8 the s, date, and place. and 9 5 ha Sause(s) and manner siaec

47 TITLE OF CERTIFIER 48 LICENSE NUMBER 49, DATE CERTIFIED (MoDayivi) S0, ¥- DATE FLRED i)
57 DECEDENT S EDUCATION-Chock o bow |82, DECEDENT GF GINT ik o bax 53, DECEDENTS RACE [Chck oni o maes fces 12 Inacams what T
of that best describes whether the decedent i decadent cormidened hirsal or hersed 1 be|
st completid 1 e tie of dea Check the NG bo
decadent s nol 0 Whits
O Bth grade of less. D Black or African Amrican
-1 =] W:ﬂ.\ﬁ’mm
o - grade; o diploma o bao, not 5 " A o {Name
g [0 HGP sehool racuste o GED conginied e :%"‘“"’
& Yox. Masican, Mexican Amarican, Chicans ]
k 0 Soma college credt, but Ao degree O dianaie
E 0 Yos. Pusa Rican - Koman
0 Associshs degren (0.9, AA, AS) O Vietmamess
g o
z 0 Bacheior's degree {e.g., B4, AB, BS) 0 Yos. Cuban O Nathe
0 Guamanian of Chamom
0 Mastors degrea {o.9., MA, M5, MEng. other SpanishHispanicLating 0 Samcan
g! mmm‘ iy & Cfwr Pacific siander {Spacey),
5 octoran (e, P10, EdD) ot o Other (Spacty)
e oy MO
54, DECEDENT S UBUAL o g e, DO MOT USE RETIRED).

me
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312 APPENDIX
Fetal Death Certificate
LOCAL FILE NO. US STANDARD REPORT OF FETAL DEATH STATE FILE NUMBER:

1. NAME OF FETUS (oponst-at the dacreion of the panmints | 2. TIME OF DELIVERY r SEX (MFiUnk) |4 DATE OF DELIV ERY (MaDay'Yr)

(24nr)
Sa. CITY. TOWN, OR LOCATION OF DELIVERY 7. PLACE WHERE DELIVERY OCCI ) & mr:\'nm:ﬂuumﬂwu
© Hospétal
e BELVERY 3 Froestanding tirining comier
T CEUNTY OF DELVERY o sthome? 0 Yes oMo TEREOWE RET |

7 ChniiDocter's offics

OO®eriSpecly)

10a. MOTHER'S CURRENT LEGAL NAME {First, Mide

. Laal, Guffa]

106, DATE OF BIRTH (MoDay'¥r)

[T8c MIGTHEFS MAME FRIOR T0 FIRGT MARINGE (Fais Wedde, Last Gufia) 00 BIRTHPLALCE {Stams, Temacey, or Foregn Cousiry)
o RESI T Ti6. COUNTY e CITY, TOWN, GF LOGATION

TITLE: 0MD 0 DO O CHWCM 0 OTHER MIDWIFE

0 OTHER (Speciy).

18. CAUSE/CONDITIONS CONTRIBUTING TO FETAL DEATH

THE FETUS)

(AMONG THE CHOICES BELOW. PLEASE SELECT THE ONE WHICH MOST
UKELY BEGAN THE SEQUENCE OF EVENTS RESULTING IN THE DEATH OF

INITEM 188)

T80, OTHER SIGNIFICANT CALGES OR CONDITIONS |
[SELECT OR SPECIFY ALL OTHER CONDITIONS CONTRIBUTING TO DEATH

Complications of Placesta. Cord, of Membranes.

o Ruptune of membeanes. priot 1o onsel of inbor o

Compbcations of Piacanta. Cord, or Memtranes
Pupture of membranes prior 1o onsst of lsbor

Fstal Infection (Spocily)

Mother's Name

o Abreptio placenta o Abruptis placenta
o Placental insufficiency = Placental insuftcency
o Prolapssd cord o Prolagsed cord
o Chorcamnionits o Chorioamsiontis
£- o Other Specity] o
T Other regnancy an (Speaty)
2
E (Speaty) Fetal ’
; Fotal Injury (Spocily) Fuetal Injury {Spacity)
§
£
B
=

e AL
= Ded at tier of st Assasament. labor angoing
= D duting labor, iher sl pssessement

= Uningwn tme of fetsl doss

= Dond ot tiers of Test Assasament no Ltor crgoing

[18 WG AN AUTOPEY PERFORMEDT |
oYes oNo oPanned

185 WAS A HISTOLOGICAL PLACENTAL
EXAMINATION PERFORMED?

REV. 11/2003
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NOTE: This recommended standard
Information on the process and resulting mumumhmnmh
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O Bth grade of less
O th-- 12th grade. ro digloma

-]

E FISPANIC GRIGINT [Chack E e
heur ‘what the mother consaders heesall 1 ba)
reasthor i ating. Chesck B o Whas
“Nar bax i mothar is not o Bedk ot
No, et SpanshbespanicLaties. 0 American indan o Aaskn Natve

DVALLLB, JO)

0 High scho geaduste of GED Mg et & e
complated O Vs, Cutn i
o dugree G Yas, orer o Komsn
O Associste degres (6.6 AA AS) {Bemey) O Vietnamess
O Bachalors degree (0.9 BA, AB, BS) e e
o Msters 05 A M5, Guarmanian or Cramorra
e P ) e “
0 Dockorni (0.9 PAD, EaD) or 0 Ot Pachic standar (Spocty]
Peiesgn 8ogr (s . W5, 005, o Cthar (Spaciy).

YA Selivary, cONCoplion, of anySme
tetwenn) o Yes 0o

31 CIGARETTE SMOKING BEFORE AND DURING PREGNANCY

28, Ol 3
DURINGMPWJ Y'l o Na

LIVE BIRTHS OUTCOMES {spontineus of indaced | For aach time period. antir either the rumbes of cigaesties o the iesibar of packs of
loxses or ectopic p cigarenes smaked. (F NONE. ENTER I
T Mow Livg | 290, Now Dosd |08 Owe Oulcomes
Nusbor Barbor Numbar (D mot inchuds this fotus) R Wolcgerstios B of packs
e oy Tk Thves s of Posprancy o8
e L om— —
ae = 8 Sacand Thvea Months of Prognancy or
Third Trimestor of Pregrancy OR
e DATE OF LAST LIVEBINTH | 306, DATE OF LAGT OTHER 32 DATE LAST NORMMAL |33 PLUVALITY -Singla. |34 IF NOT SINGLE BIRTH-
oy B PREGHANCY CUTCOME MENSES BEGAN Twin, Trihot, ot
[* 1] FYYY I P ]
W YYEY W DD YYYY | |Specty)
35. MOTHER MEDICAL OR FETAL FORDELWVERY? © Yes © No
o il
PREGNANCY [Check all that apply]
o Gonorrhea
o Syphils
o Chismydia
o Listera
o Group B Streplococcus
o Paivewirus
& Pregrancy esulted from afenibty treatment.If yes, chock al that apply.
o Tesoplismoss
w : ol 0 above
T gamets wnmlor (GIFT)) |« 1
35, MATERNAL MORBIDITY {Check all that apph 0. THE FETUS
(Check all hat apply}
o Matomal tansfusion o Ansncephaly
MeringompticcesnSgna biida
Congenital disghragmatic homis
Gastroschsas
0 AGMESon ¥ nlefiie cine wil
dulbvsry
0. Final soute and mathod of deivery [Chack ona)
 VagralSpontanecs 1 Hors of the sbove
0 VagralForoeps
o VisginalViscuam
0 Cosaraan o
I(er-m was 2 triad of abor atiermpted ? o
=No
£ Fystrotomyysteneciony
o Yes o No

i8 the reault of

the b ot DTk
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Index

Note: Page numbers in italics refer to figures, and those in bold refer to tables.

Abortifacient. See Mifepristone
Abortion, 48-50, 49, 54, 118, 151, 239,
240, 256, 257
competing risk, 152, 157-158, 241
medical, 49
selective, 54, 241, 251
spontaneous. See Miscarriage
(spontaneous abortion)
surgical, 49-50
Abruptio placenta (abruption), 22-23, 52,
198, 258-259, 297
Achondroplasia, 81
AFP. See Alpha-fetoprotein
AIDS. See HIV/AIDS
Albinism, 82
Alcohol, 156, 203, 235
Alpha-fetoprotein (AFP), 50, 297
Amenorrhea, 62, 303. See also Menstrual
cycle
lactation, 46, 303
primary, 62, 303
Amniocentesis, 50, 297. See also Prenatal
screening
Androgen, 131, 297
Aneuploidy, 79-80, 145, 151, 233,
234,297
environmental factors and, 283
Angelman syndrome, 85
Antepartum death. See Stillbirth
Anticonvulsant drugs, 235
Apgar, Virginia, 175
Apgar score, 175, 298

Assisted reproductive technologies
(ART), 51-52, 130, 145, 188, 203,
241, 298
gamete intrafallopian transfer
(GIFT), 298
intracellular injection of sperm (ICSI),
51, 287, 298
in vitro fertilization (IVF), 17, 51, 52,
188, 298
long-term effects on mother/baby, 287
pregnancies, miscarriage of, 154155,
155
Asthma, 286
prenatal exposures, 289
Autism, 81, 289

Bacterial vaginosis (BV), 59, 63
Barker hypothesis (David Barker), 223,
276, 284. See also Fetal nutrition
and adult disease
Basal body temperature (BBT), 11, 43
Birth control, 42, 144. See also
Contraception
abortion and, 48—49, 49, 50
barrier methods, 43-44
breast-feeding, 45-46
emergency contraception, 47-48
eugenics and, 97
failure rates of, 46—47, 47
intrauterine devices, 45, 46, 302
oral contraceptives, 44—45, 47-48
periodic abstinence, 43
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Birth control (Contd.)
sterilization, female, 46, 47
sterilization, male, 46, 47
Birth defects, 81, 101,102, 102, 115,
116, 117, 118, 131, 136, 183, 184,
230-241, 238, 284, 296
biological noise and, 237, 284
etiology of
alcohol consumption and, 235
environmental causes, 236
ethnic and regional differences, 234
eugenics and, 95
heritable causes, 82, 233
infections and, 59
maternal conditions and
characteristics, 234
nutrition and, 235
paternal age and, 81
seasonal effects, 53
sex differences, 233-234
stress and, 236
methodical challenges of
ascertainment, 241
isolated versus multiple versus
syndromic, 240
missing denominator, 239-240
detection of increased prevalence, 241
monozygous twins, 184
multifactorial/threshold model, 83
occurrence of, 232-233, 233
recurrence risk of, 102-103, 102, 103,
104-105
sequelae of, 236-237
timing of fetal exposure to teratogen,
237
Birth interval, 109-110, 298
Birth length, 223, 285
Birth weight, 117, 166, 167, 168, 183, 189,
197, 198, 199, 211-227, 284, 285
adjusting for, 226
and adult disease, 278
frequency distribution of, 211-214,
212-213
high, 222-223
infections and, 63
and later morbidity, 223-224, 223-224
low, 197, 198, 199, 216-217, 220-222,
222,276, 302, 305
as marker of nutrition, 276-277, 278

INDEX

and public health policy, 227
recurrence risk of, 105-106, 105-106
Birth-weight-specific mortality, 214-216,
215-216, 220, 226227
Bisphenol A, 283
Blastocyst, 17, 19, 20, 142, 251, 298, 301.
See also Conceptus
Bleeding, vaginal, 5, 9, 10, 22, 185, 204,
258, 259, 260
early pregnancy loss and, 146, 151, 185
endometriosis and, 260
menstrual, 9, 10, 29, 299, 303
miscarriage and, 151, 153
molar pregnancy and, 22
placental abruption and, 22-23, 258
post-partum, 258
in pregnancy, 204, 259, 299
Blighted ovum, 298. See also Miscarriage
BMI. See Body mass index
Body mass index (BMI), 223. See also
Obesity
Breast-feeding, 59, 70, 303
and fertility, 4546
transmission of infection by, 69, 70-71,
76
BV. See Bacterial vaginosis

Caffeine, 156, 160
Cardiovascular disease, 223, 268, 276
Case-parent triad design, 87-90, 89
Cerebral palsy, 63, 189, 204, 285
Cesarean section (C-section), 68, 69, 70,
198, 286
Changes over time
birth defects, 234
early and late stillbirths, 157, 158
fertility, 276, 287
infant mortality, 170-171, 170-171
length of pregnancy, 197-198
maternal mortality, 256, 256
menarche, 13-14, 14
miscarriage, 157, 158
multiple births, 187-188, 188
preeclampsia, 266, 267, 267-268
sex ratio, 248, 249, 249
testicular cancer, 288
Chimerism, 22, 185, 303
Chlamydia
ectopic pregnancy, 61-62



INDEX

in male reproductive tract, 60
in neonate during delivery, 68
in pregnant women/fetuses, 63
Chorioamnionitis, 62—-63
Chorionic villus sampling (CVS), 50, 298
Cleft lip and palate. See Facial clefts
Clinically recognized pregnancy loss. See
Miscarriage
Clinical pregnancy, 21, 30, 32-33, 33, 298
CMV. See Cytomegalovirus
Conception, 15-17, 16, 18, 123, 128, 129,
131
Conceptus, 1618, 18, 79, 80, 84, 85,
131, 145-146, 184, 186, 247, 287,
298-300, 306. See also Blastocyst;
Zygote
aneuploidy in, 79-80
imprinting in, 85
plasticity of, 1617, I8, 32
Condom, 43-44, 48
female, 44, 47
male, 42, 43, 44, 47
Contraception. See Birth control; specific
contraceptive methods and devices
Copper-Ts, intrauterine device, 46
Corpus luteum, 8, 9, 10, 10, 13, 16, 19-20,
299
CVS. See Chorionic villus sampling
Cystic fibrosis, 82
Cytomegalovirus (CMV), 64, 65
infection of neonate
during breast-feeding, 70
during delivery, 69
in pregnant women/fetuses, 65

D&C. See Dilatation and curettage (D&C)
Dalkon shield, intrauterine device, 45, 46
Darwin, Charles, 37, 93, 94
DBCP. See Dibromochloropropane
Death certificates (fetal and infant),
311-313
Delivery, 68, 69, 304. See also Parturition
Developmental plasticity, 277, 285
Diabetes, maternal, 156, 179, 222-223,
268
gestational, 178, 203, 234
type 1, 85, 178, 234
type 2, 178, 234, 261
Dilatation and curettage (D&C), 151, 299

317

Diaphragm (female contraceptive), 44, 47
Dibromochloropropane (DBCP), 127
Dieckmann, William, 272, 274-275, 279
Diethylstilbestrol (DES), 118, 204, 235,
271-275
clinical trial of, 272
and vaginal adenocarcinoma, 273-274
Dioxin, 23, 156, 250
Dizygous twins (fraternal), 17, 183,
186-187, 187, 285. See also Twins
changes over time, 187-188, 188
as marker of reproductive health, 188
recurrence risk of, 187
Douching, vaginal, 64
Down syndrome, 50, 54, 80
Due date, 192, 193, 205, 299. See also
Gestational age, determination of

Early pregnancy loss, 142-147
assay-based studies of, 144-145, 144
bias in estimation of, 146-147
causes of, 145
and time-to-pregnancy, 145-146

Ectopic pregnancy, 20, 61-62, 299

Egg, 3, 8. See also Oocyte

Ehrlich, Paul, 38-39

Embryo, 196, 196, 237, 238, 299. See also

Conceptus
sex selection, 251. See also Sex
selection

Embryonic development
biological noise and, 237
stages of, 238, 238

Emergency contraception, 47-48. See also

Birth control

Endometriosis, 131, 260

Endometrium, 9, 9, 16, 18, 19, 45, 260, 299

Environmental toxicants, 157, 248, 283
and natural sex ratio, 250

Epigenetics, 84-86, 177, 217, 277
imprinting, 84-86
transplacental effects, 86
X chromosome inactivation

in females, 86

Estrogen, 8, 10, 45, 47, 192, 247, 299

Ethnicity/race, 96, 176, 196, 214
sex ratio, 249

Eugenics, 92-96

Evolutionary biology, 92
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Facial clefts, 190, 237
folic acid and, 235
maternal smoking and, 236
recurrence risk of, 96, 104
vitamin A and, 235
Fallopian tubes. See Oviducts
Family planning. See Birth control
Faulker, William, 97
Fecundability, 124-125, 129, 131-138,
145-146, 295, 299. See also
Time-to-pregnancy
changes over time, 138
distribution of, 125
and twinning, 188
Fecundability ratio, 134, 299
Fecundity, 124, 299. See also Fertility
Fertile days (fertile window), 43, 283, 300
defined, 28
of menstrual cycle, 28-31, 29-30
Fertility, 3, 5, 26-31, 123, 283, 286, 287,
299, 300. See also Fecundity
as continuum, 123-124
changes over time, 38, 40, 40, 136—138
defined, 124
epidemiologic measures
of female, 128, 130
of male, 125-128
selective, 52-53, 109-112, 117,
154, 159
Fertility control, 37-54. See also Birth
control
Fertilization, 16, 16, 51, 142, 300
by injection of spermatozoan (ICSI),
51,52,287
Fetal alcohol syndrome, 235
Fetal death, 150, 153, 153, 157, 158,
164-165, 165, 166, 168, 300. See
also Miscarriage; Stillbirth
fetal death certificate, 312-313
gestational age at, 153
types of, 157, 167
“Fetal growth curve,” 218, 220
Fetal growth restriction, 59, 66—67, 105,
219, 220, 225-226. See also Birth
weight
Fetal monitoring, 164, 300
Fetal nutrition and adult disease,
276-278
Fetal sex selection. See Sex selection

INDEX

Fetal ultrasound, 50, 153, 185, 194-195,
251, 286. See also Gestational age,
determination of

Fibroids, 260

Fogh-Andersen, Poul, 104

Folic acid

and dizygotic twinning, 296

and facial clefts, 235

and neural tube defects, 107-108, 179,
235, 240, 296

and ovulatory infertility, 135

and preterm delivery, 203

Follicle, ovarian, 8, 8, 9, 10, 10, 16, 192,
261, 303

Follicle-stimulating hormone (FSH), 8,
130, 186, 300

Follicular phase (menstrual cycle), 10, 10,
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