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Abstract

Despite long-standing interest in the role of sex on human development, the functional
consequences of fetal sex on early development are not well understood. Here we explore the
gestational origins of sex as a moderator of development. In accordance with the focus of this
special issue, we examine evidence for a sex differential in vulnerability to prenatal and perinatal
risks. Exposures evaluated include those present in the external environment (e.g., lead,
pesticides), those introduced by maternal behaviors (e.g., alcohol, opioid use), and those resulting
from an adverse intrauterine environment (e.g., preterm birth). We also provide current knowledge
on the degree to which sex differences in fetal neurobehavioral development (i.e., cardiac and
motor patterns) are present prior to birth. Also considered are contemporaneous and persistent sex
of fetus effects on the pregnant woman. Converging evidence confirms that infant and early
childhood developmental outcomes of male fetuses exposed to prenatal and perinatal adversities
are more highly impaired than those of female fetuses. In certain circumstances, male fetuses are
both more frequently exposed to early adversities and more affected by them when exposed than
are female fetuses. The mechanisms through which biological sex imparts vulnerability or
protection on the developing nervous system are largely unknown. We consider models that
implicate variation in maturation, placental functioning, and the neuroendocrine milieu as
potential contributors. Many studies use sex as a control variable, some analyze and report main
effects for sex, but those that report interaction terms for sex are scare. As a result, the true scope
of sex differences in vulnerability is unknown.
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Introduction

The morphological differentiation of sex commences early in embryogenesis and unfolds in
a well known sequence. Less well-understood are the functional consequences of sex on
physiological, metabolic, and hormonal systems and, in turn, their influence on the
developing nervous system before birth and ramifications for postnatal life. Here we explore
the gestational origins of sex as a moderator of development. In keeping with the focus of
this special issue on early adversity, we will also examine how sex modulates vulnerability
to prenatal exposures and consider models that have been developed to account for these
observations. Scientific interest in the role of sex in human development has waxed and
waned over time in tandem with societal forces that emphasized either biological or social
influences on observed differences. Currently, the role of sex as a biological variable is of
rising academic significance, illustrated by a call from leaders of the National Institutes of
Health for investigators to both identify and include animals and cell lines of both sexes
(Clayton and Collins, 2014). This is the result of converging evidence for sexual
dimorphisms that include findings as diverse as differential immunological responsiveness to
vaccine challenges and variation in sensitivity of neurons to stimulation depending on sex of
cell origin.

The construct of differential sex-based vulnerability to adversity has been well-identified. In
1985, a section of The Behavioral and Brain Sciences (Gualtieri and Hicks, 1985) was
devoted to consideration of an immunoreactive theory to explain greater vulnerability of
male offspring to obstetric, pediatric, psychiatric and developmental disorders. This theory
posited that maternal immunological response to an antigenic factor found on the Y
chromosome conferred long-lasting deleterious influence on multiple developing systems
within the fetus, including the nervous system. In doing so, it summarized the existing
empirical data supportive of greater male vulnerability, termed “selective male affliction”,
available at the time. These findings have been largely confirmed and expanded in the thirty
years since, along with new theories afforded by new assays and methodologies available to
research.

The current literature on sex-related variation with relevance to neuroscience is too large and
diverse for a single article. Instead we focus on the foundational role of the period before
birth and examine the origins of sex differences in function and on prenatal exposures that
differentially affect development in boys and girls. From a statistical standpoint, the former
observation can be viewed as a main effect, while the latter is more traditionally detected as
an interaction.

Male vulnerability and the continuum of reproductive casualty

That adversities experienced during the prenatal and perinatal period have consequences that
persist through life, independent of fetal sex, was promulgated in the 1960’s as the
“continuum of reproductive casualty” (Pasamanick and Knobloch, 1964). Until very
recently, it has been scientific dogma that there is an excess of male conceptions but greater
loss in male pregnancies throughout gestation. However, based on a comprehensive study of
multiple sources of data, it appears that the ratio of male to female conceptuses is equivalent
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and that this ratio waxes and wanes during gestation. Specifically, in the first few weeks
there are more male losses, primarily due to a higher rate of abnormalities in male embryos,
followed by an increased loss of female fetuses later in the first trimester, and concluding
with increased mortality of male fetuses from mid-gestation onward (Orzack et al., 2015).

The greater incidence of male fetuses born before term and of low birth weight has been
well-documented, as has higher weight and gestational age specific mortality and morbidity
for male fetuses as compared to females. That is, when matched for gestational duration
and/or weight at birth, male infants are less likely to survive and more frequently exhibit
morbidities such as respiratory distress syndrome and intraventricular hemorrhage (Naeye et
al., 1971, Khoury et al., 1985, Cooperstock and Campbell, 1996, Stevenson et al., 2000,
Ingemarsson, 2003, Zeitlin et al., 2004, Di Renzo et al., 2007, Kent et al., 2012, Blencowe et
al., 2013). The excess morbidity and mortality of boys persists through the first year of life
and includes greater vulnerability to sudden infant death syndrome (Mage and Donner,
2014) which is commonly considered of neurologic origin. Despite these long-standing
observations, potential mechanisms remain poorly understood. Thus, despite the male
advantage in average birth weight of nearly 8 ounces, size at birth is not isomorphic with
maturation of organ systems, including those that govern respiration and the nervous system,
both of which develop more slowly in male fetuses. Sex differences in maturation rates will
be revisited in a later section.

In addition to the well-known disparity in preterm birth and related morbidities, male
pregnancies are also associated with other less well recognized consequences. Male fetuses
more often develop and/or activate a range of obstetric complications, including those that
affect the proximal intrauterine environment as well as those that affect maternal well-being.
For example, male fetuses are more likely to develop umbilical cord abnormalities, including
knots and nuchal cords (Sheiner et al., 2004, Aibar et al., 2012). There is also a report of
reduced venous blood flow to male fetuses with normal umbilical cords (Prior et al., 2013).
Male pregnancies are more often subject to obstetric complications, including gestational
diabetes, placenta previa and preeclampsia (Sheiner et al., 2004, Di Renzo et al., 2007, Aibar
etal., 2012, Aliyu et al., 2012). The etiology and pathophysiology of these associations is
largely unknown.

Labor and delivery are unique stressors in that these are biologically anticipated endpoints of
gestation but can also exceed the physiological coping abilities of some fetuses. Fetal
distress during labor, evidenced by decelerative patterns in heart rate and/or alterations to
blood gases, is more frequent in male infants. In accordance, the higher rate of caesarian
delivery in male fetuses is frequently attributable to greater incidence of distress, even when
controlling for the physical size differential (Lieberman et al., 1997, Bekedam et al., 2002,
Eogan et al., 2003, Di Renzo et al., 2007, Aibar et al., 2012, DiPietro et al., 2015). This
phenomenon suggests that the male autonomic system is less functionally capable of
tolerating the physical challenge of labor. More subtle changes in autonomic responsiveness
have also been reported, including a propensity for the heart rate to speed up in response to
the stress of labor in female fetuses but to slow down in male fetuses (Dawes et al., 1999). A
finding of higher levels of catecholamines in female neonates after preterm labor, with and
without distress, has been proposed as a beneficial and protective adaptation to labor
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(Greenough et al., 1987). In addition, female fetuses, and particularly those showing signs of
distress, react to imminent delivery with greater change in indicators of complexity within
fetal heart rate than do male fetuses (Bernardes et al., 2009). This observation also supports
the notion that female fetuses show more adaptive activation of the autonomic nervous
system in response to acute stress.

Increased exposure to adversity coupled with increased vulnerability has been termed
“double jeopardy” in application to the multiplicative effects of poverty on child
development (Parker et al., 1988). This construct is also applicable to sex effects. As noted
above, some obstetric complications are more likely to be present in women carrying male
fetuses but male fetuses are also more likely to be adversely affected than female fetuses
also exposed to the same condition. For example, male pregnancies are more likely to be
complicated by maternal gestational diabetes, and boys born from such pregnancies have a
higher risk of congenital anomalies and respiratory disorders than do girls born to women
with gestational diabetes (Persson and Fadl, 2014). This phenomenon has been particularly
well-documented with respect to preterm birth and neurocognitive and neuromotor
outcomes. Not only are male fetuses more likely to be delivered preterm, but preterm male
infants are more likely to show poorer developmental outcomes than female preterm infants
as they develop, including cerebral palsy, developmental impairment, and lower scores on
developmental assessments (Verloove-Vanhorick et al., 1994, Johnston and Hagberg, 2007,
Platt et al., 2007, Spinillo et al., 2009). For example, in a follow-up study of children born
less than 28 weeks gestation during the second year of life boys had higher rates of
neurodevelopmental impairment and low mental development index (MDI) scores,
controlling for the higher incidence of perinatal morbidities (Hintz et al., 2006). By age 5,
the rates of both minor disabilities and more significant developmental handicaps are
roughly three times greater in boys born less that 32 weeks gestation than girls (Verloove-
Vanhorick et al., 1994). Of infants born less than 1000 g, 65% of those without subsequent
developmental impairment were female (Gargus et al., 2009). Differential impact in specific
streams of development over time have also been noted; for example, preterm girls show
specific advantages in terms of language and social skills at age two over boys (Brothwood
etal., 1986).

Closer examination of data can reveal nuances based on perinatal risk factors. At times, male
vulnerability is expressed only at certain thresholds of perinatal risk, although results across
studies are not always consistent. For example, in one study excess male
neurodevelopmental disabilities at ages 2 to 3 is present only for those born prior to 27
weeks gestation (Kent et al., 2012). In another, the male differential in cerebral palsy was
expressed only in the heavier birth weight infants studied (i.e., 1000-1499 g) but not in
children born lighter (Platt et al., 2007). The possibility that female sex lacks its protective
effect at the highest level of biological vulnerability is also suggested by a finding of higher
rates of cerebral palsy in boys relative to girls with less evidence of perinatal brain injury,
but no sex differential when perinatal brain injury was present (Hintz et al., 2006). Although
most of the literature notes a disadvantage for boys relative to girls, a report based on
placenta pathology to infer evidence of chronic hypoxia during gestation found the reverse
effect. Girls with placentas graded as evidencing signs of probable chronic hypoxia showed
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lower verbal 1Q scores at age 7 than boys along with greater behavioral inhibition (Anastario
etal., 2012).

Fetal sex as a moderator of prenatal exposures

So far, we have illustrated instances of perinatal risk in which there is both heightened male
exposure as well as potentiated consequences. However, when male infants exhibit poorer
developmental outcomes following perinatal risks, such as preterm birth, it is not possible to
disambiguate cause from effect. That is, it is unclear whether the greater incidence of
shortened gestation should be viewed simply as a main effect or as a differential response to
undetected intrauterine adversity which itself might be differentially distributed by sex.
Preterm birth and other perinatal morbidities may be the result of undetected prenatal male
vulnerabilities, such as susceptibility to infection, which may independently compromise the
developing nervous system. In contrast, prenatal exposures to substances with
developmental toxicity can be expected to be randomly distributed by fetal sex. Here we
summarize current knowledge regarding human sex differentials in outcomes of exposures
that have developmental toxicity.

Prenatal exposure to environmental toxins

Lead—Lead exposure has well known deleterious neurocognitive effects on child
development. Prenatal maternal lead levels generated far more significant consequences for
the developmental progress of male infants by six months than for girls (Dietrich et al.,
1987). This disparity persisted when children were three years old. Specifically, higher cord
blood lead levels were strongly and inversely correlated with lower MDI scores for boys but
there was no association for girls (Jedrychowski et al., 2009). Given the very low level of
lead discerned in this population born in the early 2000’s, this pattern of findings suggests
that males may be susceptible to lead exposure at a lower threshold than girls. Similarly, by
early school age, lead is inversely related to performance for boys but not for girls on
executive function tasks (Froehlich et al., 2007) and neuropsychological assessments
associated with attention and visual matching (Ris et al., 2004). Findings from a longitudinal
study into early adulthood reveal that exposure to moderate levels of lead is associated with
volume loss of gray matter, particularly clustered in the prefrontal cortex, in men but not in
women (Cecil et al., 2008). Lead levels were aggregated over early childhood but since data
collection was initiated at birth it can have relevance for prenatal exposures as there is
stability in individual variation in lead levels over time.

Methylmercury—/n utero exposure to this toxicant has been associated with a number of
developmental consequences, although findings are not strong and tend to be fairly specific.
Effects, when detected, are more frequent in male offspring. At age 8, higher prenatal
methylmercury was more strongly associated for boys than girls with interference in
continuous attention performance and processing speed in a U.S. based sample (Sagiv et al.,
2012b). Methylmercury-linked performance effects on neuropsychological testing, when
detected, were also stronger exposure for boys than girls in French Guinea (Cordier et al.,
2002), the Faroe Islands (Grandjean et al., 1998), and the Seychelles (Myers et al., 2003).
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Pesticides, herbicides and other chemical exposures—There is growing interest in
the developmental teratogenic properties of a number of commonly used agricultural and
industrial substances. Many of these have been classified as endocrine disruptors, and
perhaps as a result, investigators appear to be more sensitized to testing for sex-specific
effects than for other exposures; we highlight some of these findings here. In an agricultural
community, maternal levels of organophosphates were positively related to attention deficit
hyperactivity disorder (ADHD) symptoms and attention problems in boys but not girls by
school age (Marks et al., 2010). Exposure to prenatal PCBs, predominantly via maternal
consumption of contaminated fish, had a deleterious effect on information processing in 8
year old boys; testing in girls was either unrelated to exposures or showed an opposite effect
(Sagiv et al., 2012a). Chlorpyrifos (CPF), a ubiquitous insecticide, has been linked to
deficits in working memaory for boys only in one report (Horton et al., 2012). Occupational
exposure to pesticides among women working in greenhouses has been associated with
slower brainstem auditory transmission rates in boys only, although the interaction only
reached a trend level of significanceb (Andersen et al., 2015). However, the same study
found stronger effects of exposure on girls’ intellectual abilities, particularly as related to
language (Andersen et al., 2015).

Concerns regarding the safety of early exposure to bisphenol A (BPA) have resulted in a
number of studies; reports of sex differences are contradictory. Maternal BPA concentrations
as early as 16 weeks gestation were significantly associated with parentally reported
externalizing behaviors in 2 year old girls, but not boys (Braun et al., 2009). In a subsequent
follow-up, girls with greater exposure to BPA concentrations were rated as exhibiting higher
levels of depression and anxiety as well as externalizing behaviors (Braun et al., 2011). In
contrast, three studies indicated that by preschool or primary school age, higher maternal
BPA during pregnancy is associated with increased anxiety, depression and/or externalizing
behaviors in boys and is either unrelated or inversely related in girls (Perera et al., 2012,
Harley et al., 2013, Evans et al., 2014). Phalates, a related compound, has also been linked to
greater behavioral problems in boys, although there are also some inverse associations for
girls (Kobrosly et al., 2014). Discrepancies in findings may be the result of true differential
effects by sex due to their disruptive effects on the sex steroid milieu of the intrauterine
environment. Imaging findings suggest that prenatal exposure to CPF, for example, exerts
long term alternations to sexually dimorphic brain regions (Rauh et al., 2012). However,
these studies are limited by near-exclusive reliance on maternal reports of child behavior.
Although women are not aware of their exposures, women may systematically rate boys and
girls differently which can exert unknown and systematic biases on results. There is
significant investment in animal models to evaluate potential mechanisms that may mediate
effects (Rosenfeld and Trainor, 2014, De Felice et al., 2015).

Prenatal maternal substance use

Investigation of the manner in which exposure to maternal substance use may affect the
developing fetal nervous system has a long history in developmental sciences. Somewhat
surprisingly, although sex is frequently used as a covariate or variable for matching
purposes, report of sex by exposure interactions is the exception rather than the rule. Even
when sex differentials are noted, they are often included only in a table or text in the results
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section without mention in the abstract or elsewhere in the article. We are also unable to
ascertain the degree to which lack of reporting reflects a null finding.

Opioids—TFetuses exposed to prenatal opioids, including methadone, are at risk for
Neonatal Abstinence Syndrome (NAS), a constellation of neurological and physiological
vulnerabilities during the first few postpartum days. In general, boys are more vulnerable to
NAS than are girls. In particular, boys of methadone-maintained women display
significantly more intense symptoms over the first 4 days of life, and when treated, require
longer treatment durations and hospital stays (Jansson et al., 2007, 2010). Buprenorphine, a
relatively new pharmacologic agent used to treat opioid dependency, also generates more
intense symptoms and treatment in male offspring than in females (O’Connor et al., 2013).
Although not all sample-based studies have found greater susceptibility in boys (Unger et
al., 2011), population studies often report a sex differential of approximately ten percentage
points (e.g., 45% girls, 55% baoys) although do not always present significance testing
(Patrick et al., 2012, Patrick et al., 2014). Prenatal rodent models suggest sex differences in
opioid receptors in mesolimbic structures that are consistent with greater male sensitivity to
exposures (Hou et al., 2004).

In addition to acute effects secondary to withdrawal, prenatal opioid exposure may generate
more persistent teratogenic effects on development. Although this is a less frequently
explored topic, two early studies reported that methadone exposure is associated with poorer
performance on developmental assessments in the first two years of life in exposed boys as
compared to exposed girls, although it is unclear from the analyses whether these reflect
main effects for sex or differential vulnerability (Johnson et al., 1984, Suffet and Brotman,
1984).

Cigarette smoking—The most prominent effects of antenatal cigarette smoking are
restrictions to fetal growth. These effects are stronger for male offspring, including higher
rates of fetal growth restriction (Wertelecki et al., 1987, Spinillo et al., 1994). Males born to
women who smoked more than %2 pack per day showed greater reductions in birth weight
and less fat deposition; head circumference was unaffected in girls but significantly smaller
in boys (Zaren et al., 2000). With respect to behavioral outcomes, prenatal smoking has been
most often associated with behavioral disorders in offspring. A review of the literature
conducted in 2002 suggests that conduct disorders and antisocial behavior are more frequent
in boys exposed to smoking /in utero, but smoking and does not increase risks for these
diagnoses in girls (Wakschlag et al., 2002). Others have also shown a disproportionate effect
of maternal smoking on behavioral disorders in boys (Hutchinson et al., 2010), although
precursors do not appear to be evident in toddlers (Wakschlag et al., 2006). However, in a
large study that included observer-ratings of 6 to 8 month old infant behaviors, prenatal
exposure to ¥ pack/day of cigarettes or more was associated with a number of significant
interactions by infant sex. Specifically, male infants exposed to prenatal smoking exhibited
reduced social approach, lower reactivity, less attention and lower gross motor behavior
(Willoughby et al., 2007); there is another report of an association between exposure and
less positive mood for boys in the same age range (Pickett et al., 2008).
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Maternal smoking during pregnancy may simply be a marker for socialization, genetic or
epigenetic transmission of effects related to maternal impulse control and unrelated to
specific biochemical teratogenicity of agents found in cigarettes or secondary effects related
to altered blood flow. In particular, associations between prenatal smoking exposure and
subsequent behavioral or conduct disorders tend to disappear when subject to appropriate
familial or statistical controls (D’Onofrio et al., 2008, Thapar et al., 2009). Studies that rely
on physiologic responsivity as dependent measures may be less susceptible to threats to
interpretation. At least two studies suggest differential activation of the hypothalamic-
pituitary-adrenal axis in male and female infants in the first year of life following prenatal
exposure. Prenatal cigarette exposure was associated with lower levels of salivary cortisol in
male but not female infants (Eiden et al., 2015) and boys reacted to novelty challenge with
exaggerated cortisol reactivity relative to exposed female and non-exposed male infants
(Schuetze et al., 2008). Thus, regardless of the etiology of the link between maternal
prenatal smoking and child outcomes, there appears to be differential susceptibility by fetal
Sex.

Alcohol—Fetal alcohol spectrum disorder (FASD) is characterized by gradients of growth
deficiency, characteristic facial dysmorphology, and central nervous system disruptions
manifest by intellectual and motor impairment in response to high and chronic levels of
maternal alcohol use. One of the original epidemiological surveys of Native Americans in
the Southwest noted a male to female ratio of 117:100 for Fetal Alcohol Syndrome (i.e., the
most severe form diagnosis) and a 200:100 ratio for fetal alcohol effects, a less severe
outcome (May et al., 1983). More recently, of all new FASD cases identified in a Canadian
province annually for 10 years (~15,000), 57.2% were male; the incidence rate per live birth
1.4 times higher for boys than girls (Thanh et al., 2014). In a comprehensive report based on
a statewide database of 1400 cases of individuals exposed to prenatal alcoholism, 60% of
those determined to be unaffected by the exposure were girls. Boys predominated among
those diagnosed within two categories corresponding to mild and severe alcohol related
cognitive/behavioral dysfunction (58% and 64%, respectively) but there was no sex
difference for the most affected category - those exhibiting both the facial dysmorphology of
FAS in addition to cognitive impairment (Astley, 2010).

Epidemiologic studies that attempt to identify prevalence of FASD in a population at times
fail to detect significance between sexes despite a sizable differential. For example, of
identified children in a South African primary school population with FAS or the less severe
diagnosis of FAE (Fetal Alcohol Effects), 58% and 61%, respectively, were boys (May et al.,
2007). Significance testing may have been obscured by the categories including both
affected groups of children in the chi-square. A similar value for FAS is reported elsewhere
in the same age group (Streissguth et al., 2004). In contrast, other prevalence studies fail to
find differences by sex (May et al., 2014, Fox et al., 2015). Examination of specific
functional deficits among children with FASD reveals subtle processing differences of visual
stimuli, including reduced accuracy in males (Paolozza et al., 2015), as well as elevated rates
of ADHD (Herman et al., 2008). Animal models have shown profound detrimental effects of
alcohol exposure on male but not female rodents (Tunc-Ozcan et al., 2013).
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In general, deleterious effects of prenatal alcohol exposure of approximately 2—-3 drinks per
day or less have not been found on neurocognitive or behavioral outcomes, although linear
negative relationships above this threshold are often detected (Streissguth et al., 1989, Kelly
etal., 2012, Kesmodel et al., 2014). Despite the volume of research in this area dating back
to the 1970s, when reports mention child sex it is generally only as a control or matching
variable and not as a potential moderator of effects. We were unable to find reports of
differential effects of moderate exposure on male and female offspring that included
measurement of developmental outcomes. The single exception found that boys born to
women who consumed 1-2 alcoholic drinks per week performed better on vocabulary and
school readiness assessment scale than offspring of abstainers; there was no effect for girls
(Kelly et al., 2009). As with all studies of developmental toxicology, it is difficult to know
whether maternal substance use is a proxy for other features of child-rearing that contribute
to child outcomes independent of putative effects of substances on prenatal brain
development. This is particularly germane when findings lack compelling biological
plausibility.

There have also been some findings of differential alterations to stress reactivity following
modest levels of prenatal alcohol exposure. In infants, relatively low levels of exposure (i.e.,
maternal drinking more than twice a week) were associated with greater cortisol reactivity in
response to a social stressor in boys but unrelated in girls (Haley et al., 2006). Consistent
with this is a finding of a relation between lower baseline levels of cortisol coupled with
increased cortisol reactivity to unfamiliar situations and prenatal exposure for toddler boys
but not for girls (Ouellet-Morin et al., 2011). A fairly substantial, but at times conflicting,
literature based on rodent studies supports differential effects of prenatal ethanol exposure
on offspring behavioral and hypothalamic-pituitary-adrenal axis (HPA) responses to stressor
(Weinberg et al., 2008).

Prenatal maternal stress

Prenatal stress is an umbrella term which encapsulates a variety of constructs ranging from
self-reported maternal distress to activity of the HPA axis and encompasses a range of
subjective states, including anxiety and depression. Human research on the former is fraught
with interpretative challenges (Dipietro, 2012). The use of maternal report as both a
dependent and independent measure is particularly problematic as there are well-known
confounds between maternal assessment of child behavior and maternal psychological
factors. The inclusion of child sex as a moderating factor further compounds this problem.
Several studies report differential effects on maternally-reported child outcomes by sex
(O’Connor et al., 2002, O’Connor et al., 2003, de Bruijn et al., 2009a). However, we confine
our discussion to those studies that measure child outcome. In a large Dutch sample, male
children of women who scored very highly on prenatal anxiety early in gestation (> 90t
percentile, 7= 100) had longer response times on reaction time tasks; girls were unaffected
(Loomans et al., 2012). This finding is consistent with earlier reports of poorer reaction time
of 15 year old boys of highly anxious (> 75™ percentile) women, along with decreased
performance on two 1Q subtests (van den Bergh et al., 2005, van den Bergh et al., 2006). In
contrast, analysis of school-age children revealed that higher maternal pregnancy specific
anxiety interfered with inhibitory control in girls but not boys (Buss et al., 2011).
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Maternal depressive symptoms are often measured within the constellation of maternal
stress and anxiety. There is one unreplicated report that prenatal depression is linked to
disruptions in neonatal motor behavior and state regulation for boys but not girls (Gerardin
etal., 2011). Studies of maternal depression are complicated by potential medication
confounds; developmental effects, when observed, are most often related to disruptions of
motor development. In one report, antenatal antidepressant use was more strongly associated
with later attainment of early motor milestones for male infants than for female infants
(Pedersen et al., 2010). There is a report based on a population-based study in Denmark that
male offspring of women who experienced bereavement as the result of death of close
family member during pregnancy were more likely to be diagnosed with ADHD than female
offspring (Li et al., 2010). Of course, maternal psychological distress during pregnancy
generally continues into the postpartum, so it is difficult to untangle biological effects
related to alterations in the intrauterine milieu as a result of maternal distress from the well-
known socialization effects that maternal psychological factors confer on parenting and child
rearing.

Maternal salivary cortisol levels are unrelated to maternal reports of subject states of distress
(Voegtline et al., 2013b) and so can provide independent insight into physiological
functioning of the HPA axis during pregnancy. Higher levels of maternal cortisol early in
preghancy were associated with decreased physical and neuromuscular maturation at birth
for male neonates only (Ellman et al., 2008). A number of additional differential
associations with sex effects have been recently uncovered by reanalysis of data collected in
several longitudinal studies from this research group (Sandman et al., 2013). Findings
include a stronger negative association between maternal cortisol and 12 month MDI scores
for boys than girls. In addition, mid-gestation levels of maternal CRH and cortisol,
respectively, were more strongly predictive of more fearful temperament marked by
heightened negative reactivity in early infancy and anxiety in older children in girls than
boys (Sandman et al., 2013). Variation in the cortisol response in childhood has been
reported as linked to prenatal maternal psychological distress for girls, but not boys,
expressed as higher levels of cortisol (de Bruijn et al., 2009b). Although these findings do
not support greater male susceptibility, it should be noted that maternal cortisol levels are
inherently different from the exposures discussed in prior sections. Cortisol is an
endogenous substance, critical to fetal organ development, and embedded within a broader
network of both HPA and hypothalamic—pituitary- gonadal axes. At physiologic levels,
cortisol it is not a developmental teratogen. Thus, understanding the expression of
differential effects by offspring sex may require a more complex model that goes beyond the
notion of vulnerability to exogenous exposures. Animal models of sex differentials in
response to stress provide insight into this complexity (Goel and Bale, 2009, Glover and
Hill, 2012).

Sex differences before birth

The antepartum constitutes the most rapid developmental period, a time where structural
development occurs in tandem with functional gains (DiPietro et al., 2010). In this section,
we describe current knowledge regarding the development of sex differences in indicators of
nervous system maturation prior to birth.
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Prenatal neurobehavioral development

Behavior does not commence with birth—The prenatal period is marked by
emergence of a neurobehavioral repertoire that becomes progressively consolidated over
gestation such that the late term fetus exhibits behaviors consistent with that of a newborn,
accounting for locale. Convergent evidence has supported the utility of fetal measures as
markers for normative neurological development (Hepper, 1995, Sandman et al., 1997,
Krasnegor et al., 1998, Nijhuis and tenHof, 1999, DiPietro et al., 2001, Amiel-Tison et al.,
2006) along with documentation of their disruption in conditions that are expected to
adversely affect development, including congenital anomalies related to the nervous system,
intrauterine growth restriction, and exposure to potentially neurotoxic substances (Hepper
and Shahidullah, 1992, Mulder et al., 1998, Nijhuis et al., 2000, Jansson et al., 2005, Visser
etal., 2010, Morokuma et al., 2013).

Figure 1 illustrates our conceptualization of fetal neuromaturation as one of mutual and
spiraling engagement between the pregnant woman and fetus, coupled with scaffolding
between emerging regulatory dimensions of autonomic, motor, state and higher order
processes within the fetus (DiPietro et al., 2015). This hierarchy presupposes that a certain
degree of maturation in each earlier function is required before progression to the next (Als,
1982). Thus, identification of sex differences in fetal development along these dimensions
would suggest early differences in neurological development. Research on fetal
neurobehavior is a difficult endeavor and the more technically intensive the study, the
smaller the sample. Many studies fail to report analyses for fetal sex; those that do often
have generated conflicting results due perhaps to both insufficient power to detect real
differences coupled with the vagaries of small samples. As a result, availability of empirical
data in this area is sparse and is summarized below.

Fetal heart rate and patterns—Heart rate patterns are the most conspicuous indicator of
fetal well being. Prior findings on antenatal sex differences in fetal heart rate and variability
have yielded inconsistent results (DiPietro et al., 1998, Nijhuis et al., 1998, Lange et al.,
2005). We have recently aggregated data collected over nearly 20 years generated from eight
longitudinal cohorts, collectively known as the Johns Hopkins Fetal Neurobehavioral
Project, and conducted a series of analyses on 740 maternal-fetal pairs. Data were collected
near 24 weeks gestation, between 30 and 32 weeks, and again at or near 36 weeks. Sex
difference findings were the focus of one chapter in a Monograph of the Society for
Research in Child Development (DiPietro et al., 2015). Figure 2, newly presented here,
depicts heart rate data for each fetus stratified by sex. Hierarchical linear modeling was
employed to characterize developmental trends via the Mixed procedure in SAS (Version
9.2) to account for dependency in repeated measures data and evaluation of the full
gestational span sampled (i.e., 23 to 38 weeks). Fetal sex was entered as a predictor of fetal
heart rate trajectory and contrast estimates were specified to estimate moderating effects of
sex on level and slope. As shown, findings revealed significantly faster heart rate in female
fetuses at the second and third periods, but not earlier, along with a more decelerating
trajectory for male fetuses. The small sex difference in size at birth was unrelated to this sex
difference in heart rate. Figure 3 presents similar data generated from a like modeling
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approach to heart rate for fetal heart rate variability, which was significantly elevated in male
fetuses at the second two gestational periods, resulting from a steeper developmental
trajectory between the first and second periods (DiPietro et al., 2015). Despite these
differences in the mean, the overlap in distribution between sexes is apparent in both figures,
and the magnitude of the differences are small (e.g., ~2 bpm in heart rate).

Motor behavior—Spontaneous fetal motor behavior can be measured qualitatively and
quantitatively. There are two unreplicated reports suggesting differential expression and
development of oral motor behaviors. Female fetuses have been observed to display more
mouthing movements than male fetuses as early as 18 weeks gestation (Hepper et al., 1998),
and exhibit more frequent and complex lingual, laryngeal and pharyngeal movements
(Miller et al., 2006). There is one report that male fetuses make more leg movements (Almli
et al., 2001). With respect to motor activity level, as with fetal heart rate, evidence for sex
differences in motor activity has been inconsistent when examined in small samples. Male
fetuses were more active than female fetuses in one of our small cohorts (DiPietro et al.,
1996) but not in several later ones. Ultrasound observations of motor activity have also not
yielded observation of sex differences (deVries et al., 1988, Hepper, 2012). Fetal motor
activity was defined along several parameters in our aggregated cohort analysis, but findings
were unremarkable (DiPietro et al., 2015). No sex differences were detected in either mean
values or developmental trajectories for motor vigor or the total amount fetuses spent
moving. The single finding was that male fetuses made more individual bouts of movement
relative to female fetus only near term, consistent with another report (Robles de Medina et
al., 2003).

Higher order processes—As gestation progresses, centrally mediated coactivation of
cardiac and somatomotor processes mature to the extent that changes in motor activity
increasingly correspond to changes in heart rate. This is manifest by the emergence of
periods of quiescence and activity that ultimately correspond with segments of REM and
non-REM sleep and wakefulness near term. There have been no reports of sex differences in
fetal behavioral states per se, although there is the somewhat circular explanation of
increased activity level being indicative of more wakefulness in male fetuses at or near term
(DiPietro et al., 1998, Robles de Medina et al., 2003, Bernardes et al., 2008). There are,
however, several unreplicated reports of differential responsiveness by sex to external
stimuli, including greater orientation to speech sounds by female fetuses (Groome et al.,
1999), more reactivity to a startling stimulus (Buss et al., 2009) and excess rebound in motor
activity to the termination of a maternal stress manipulation in male fetuses (DiPietro et al.,
2003). Two carefully conducted, separate reports using relatively large samples have found
that female fetuses require fewer trials to habituate to vibroacoustic stimuli at three different
gestational ages between 30 and 35 weeks gestation (McCorry and Hepper, 2007, Hepper,
2012). Potential confounding influences of sex differences in either response bias or sensory
thresholds have been ruled out, thereby supporting interpretation of superior information
processing in female fetuses (Hepper, 2012). Additionally, as compared to male fetuses,
female fetuses showed steeper levels of continuing improvement in habituation performance
over the time period studied (McCorry and Hepper, 2007).
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The influence of fetal sex on the pregnant woman

The model presented in Figure 1 portrays the dynamic and bidirectional relationship
between the contemporaneous development of the pregnant woman and the fetus.
Developmental psychobiology has long-recognized the importance of fetal behavior to the
ontogeny of the individual and adaptation to pregnancy in animal models and established
that fetal behaviors were not simply epiphenomena secondary to neural maturation
(Smotherman and Robinson, 1987, Hofer, 1988). There is little doubt, although limited
substantiation, that the fetus plays an active role in instigating parturition. More recently, the
role of the fetus in affecting the broader maternal context is becoming better understood
although there remains little information regarding differential inputs based on fetal sex.
Idiosyncratic findings include a well-established heightened incidence of hyperemesis of
pregnancy in women carrying female fetuses (Naumann et al., 2012) and some evidence that
women carrying male fetuses consume more calories (Tamimi et al., 2003). One report notes
a higher level of anxiety in the first half of pregnancy in women carrying male fetuses
(VandenBergh and Marcoen, 2004). There is a report that women carrying boys performed
better on three of eight neurocognitive tasks as compared to women carrying girls, which
happened to represent the most challenging tasks of the battery used and related to verbal,
spatial and arithmetic working memory (Vanston and Watson, 2005).

Soranus, the 2" century A.D. physician whose work formed the basis for modern obstetrics,
observed that women carrying female fetuses were more pallid that those carrying males as a
result of the more vigorous stimulating nature of male fetuses (Temkin, 1991). More recent
information suggests that there may indeed be physiological adaptations for women based
on fetal sex. Maternal systolic and diastolic blood pressure has been observed to be lower in
women carrying girls as compared to boys, but the reverse is true in at risk pregnancies;
pulsatility of the uterine artery was lower in women carrying girls regardless of
complications (Brown et al., 2015). We have also reported sex-based variation in maternal
heart rate such that women carrying female fetuses had faster heart rates at and beyond 30 to
32 weeks gestation, and that this was a response to, and not a cause of, the elevated heart
rate of female fetuses (DiPietro et al., 2015). At 36 weeks, women carrying male fetuses
were more likely to express the highest levels of electrodermal activity, a reflection of
greater innervation of the sympathetic nervous system. In contrast, women carrying female
fetuses have been reported to have higher daily levels of salivary alpha-amylase, an indicator
autonomic arousal (Giesbrecht et al., 2015). There are three reports that trajectories and/or
levels of maternal salivary cortisol during the second half of pregnancy differ by fetal sex
such that by the third trimester women carrying females have higher cortisol levels and
flattened diurnal patterns (DiPietro et al., 2009, DiPietro et al., 2011, Giesbrecht et al.,
2015).

Perhaps the most firmly established effect of having carried a male fetus are the persistent
vestiges of male DNA material in the maternal circulation, tissues, and brain long after
gestation has ended (Bianchi et al., 1996, Chan et al., 2012). Microchimerism of fetal origin
is generated by both male and female pregnancies, but male DNA is most easily detected
due to the Y chromosome. Most attention to date has been on the role of male
microchimerism in increasing the risk of maternal autoimmune diseases but in lowering risk
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from cancer; a recent report found higher survival rates in women with past male
pregnancies (Miech, 2010, Nelson, 2012, Kamper-Jorgensen et al., 2014). On-going research
is directed at identifying both potentially deleterious and beneficial aspects of fetal
microchimerism on women’s health.

Summary—TFigure 4 consolidates the most well-supported and documented sex differences
in women, fetuses and neonates. Although some differences may not be expressed until later
in development, such as heightened vulnerability of the male central nervous system to
environmental exposures or preterm birth, their origins are in the prenatal or perinatal
period. Placement within columns is somewhat arbitrary as a number of these observations
affect both the mother and fetus, or the prenatal and perinatal domains, depending on when
either the exposure or delivery occurs. Nonetheless, fetal sex confers broad effects on early
development and the intrauterine milieu.

On the origins of male vulnerability

So far we have presented evidence the there is both greater exposure and greater
vulnerability to many prenatal and perinatal adversities for male fetuses than for female
fetuses. In contrast, there are relatively few well-documented sex differences expressive of
neurological development before birth. When significant differences are detected, as
illustrated in Figures 2 and 3, they are accompanied by highly overlapping distributions.
This finding echoes the long-standing conclusion of others with respect to sex differences in
early child development (Jacklin, 1981, Maccoby and Jacklin, 1984). The small number of
observed sex differences in infancy and toddlerhood, along with the tenuous nature of much
of the evidence, has been more recently reviewed in a thoughtful pair of articles (Fausto-
Sterling et al., 2012a, b). The authors propose a dynamic systems-based model for
understanding the evolving sex-typed landscape. It is likely a similarly complex effort is
required to understand emergent differentials in vulnerability. Such an approach may explain
why the same prenatal measure of function may differentially predict outcomes for boys and
girls. For example, male fetuses that move more frequently become toddlers who are more
active; but female fetuses who are more active become less active toddlers (DiPietro et al.,
2002). A systems approach allows consideration of the manner in which motor activity may
have different “meaning” for male and female fetuses and recognition that the postnatal
environment can amplify or constrain such associations.

The etiology of the well-known vulnerabilities, such as poorer outcomes of boys exposed to
lead or delivered preterm, remains largely unknown. We now briefly review some of the
mechanisms that have been proposed to account for some of the findings presented here.
Although presented separately there is obvious overlap among mechanisms.

1. Male fetuses mature slower than female fetuses, and thus have prolonged
vulnerability. It is widely believed that prenatal development proceeds
more slowly for male fetuses than for female fetuses. The evidence for this
is not overwhelming and generally extrapolated from the observation of
higher rates and intensity of respiratory disease in male infants to other
organ systems. An oft-cited report suggests that girls have more mature
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skeletal systems at birth (Tanner, 1978). Data provided herein on the sex
difference in fetal heart rate variability suggests that male fetuses express
more mature patterns of parasympathetic control from mid-gestation to
term. In contrast, functional support for accelerated neuromaturation in
female fetuses includes earlier behavioral responsiveness to a vibratory
stimulus placed on the maternal abdomen of approximately 2 weeks
(Leader et al., 1982) and attainment of maximal responsiveness earlier
than observed in male fetuses (Buss et al., 2009). Perhaps more
convincingly, two replicated and well-controlled studies have shown that
female fetuses take fewer stimulus presentations to habituate to vibratory
stimuli at the same gestational ages as males, and also show steeper rates
of improvement (McCorry and Hepper, 2007, Hepper, 2012). In the
neonatal period, girls display evidence of more mature cortical EEG
activity during sleep and wakefulness (Thordstein et al., 2006) and there
are reports of faster neural conduction within evoked auditory (DiPietro et
al., 2010) and visual response pathways (Malcolm et al., 2002).
Corresponding anatomical differences in the fetal brain have not been
found, with the exception of a report of slightly earlier (~1 week)
formation of the corpus callosum in female fetuses (Achiron et al., 2001).
While there is a suggestion that male and female fetuses may mature
differently based on the timing of maternal HPA activation (Ellman et al.,
2008), confirmatory evidence that male vulnerability is mediated by
delayed maturation is fairly limited and maturational differences, when
detected, are small.

The uterus is less hospitable to male fetuses than it is to female fetuses. A
number of intersecting models support this theme. The notion that the
presence of a foreign Y chromosome elicits an immunoreactive response
in women carrying boys is not new (Gualtieri and Hicks, 1985), and the
manner in which maternal antibodies might target the central nervous
system remains unspecified. Offspring born after male pregnancies
experience shorter gestations and are 10% more likely to be born preterm
as compared to those born after female pregnancies, suggesting potentially
persistent effects on the intrauterine environment (Mortensen et al., 2011).
The observation that male fetuses are significantly more vulnerable to
maternal alloimmunization due to RH incompatibility can be interpreted
as indicative of more generalized maternal immunoreactivity (Ulm et al.,
1999). The placenta is the prime candidate for transduction of this
response as it has become clear that placental function differs by sex of
fetus. For example, placentae of male fetuses born preterm are more likely
to show evidence of chronic inflammation (Ghidini and Salafia, 2005) and
infection (Goldenberg et al., 2006) suggesting a diminished protective
mechanism. Additional supportive findings, along with excellent reviews
of this literature, have generated a view of the intrauterine environment of
male fetuses as pro-inflammatory (Clifton, 2010, Challis et al., 2013). As a
result, the downstream effects on perinatal outcomes become clearer,
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although the manner in which a less hospitable intrauterine environment
translates to effects on the developing central nervous system remains
relatively obscure. Nonetheless, there is intense interest in applying
emergent knowledge of the altered metabolic milieu of male and female
fetuses to understanding its effects on neural circuitry with behavioral and
affective consequences that are expressed after birth. In particular, efforts
to understand developmental outcomes with well-known sex differentials,
such as autism spectrum disorder, through the lens of the prenatal
environment may yield important clues to etiology and pathogenesis
(Davis and Pfaff, 2014).

Prenatal sex steroids differentially affect the intrauterine environment and
developing fetal brain. Sex steroids play well known roles in
masculinization and feminization of the genitalia and sex organs; broader
consequences on prenatal neurological development resulting in sex
differences in behavior are less well-established (Fausto-Sterling et al.,
2012a, Hines et al., 2015). Variation in prenatal androgenic exposure has
been implicated as a mediating influence on developmental disorders by,
in part, impeding developmental progress and expanding the window of
vulnerability (Martel, 2013). There is some evidence to support that
testosterone, assessed by proxy using digit ratios, interacts with
environmental exposures, including maternal cigarette and alcohol use,
and at times can generate 3-way interactions (Martel and Roberts, 2014)
that make it difficult to isolate its contributions. There are other reports of
differential effects of testosterone exposure in male and female fetuses,
including a significant relationship with fetal and infant growth for male
but not female fetuses (Moegtline et al., 2013a). Sex steroids may exert
independent effects or interact with other neuroendocrine outputs, such as
glucocorticoids in modifying the intrauterine milieu (Clifton, 2010, Challis
et al., 2013). With respect to fetal neurobehavior, for example, maternal
cortisol levels are associated with fetal motor activity in mid-third
trimester primarily for male but not female fetuses (DiPietro et al., 2009);
for fetal responsivity to vibroacoustic stimulation, this association is
reversed (Glynn and Sandman, 2012).

From an evolutionary biology standpoint, male and female fetuses may
rely on different adaptation strategies to maximize survival early in life.
This approach can be summed up by the dramatic title of “Boys live
dangerously in the womb” (Eriksson et al., 2010). That report, which
linked placental measurements to hypertension in late adulthood, found
that lower weight at birth was associated with subsequent hypertension in
both sexes but that only the placentae from male pregnancies evidenced
signs of compensatory growth suggesting lessened reserve capacity.
Lessened reserve capacity in males at birth translates to greater risk in the
neonatal period, as indicated by sex differentials in morbidity and
mortality rates, and adverse outcomes in the long term (Clifton, 2010).
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Maternal asthma has also been used as a model to evaluate sex specific
fetal adaptation, generating reduced growth and glucocorticoid activity in
female but not male pregnancies (Clifton, 2005). Although on the surface
this might appear to indicate male resiliency to disrupted oxygenation,
continuing normal growth trajectories under conditions of stress in tandem
with altered glucocorticoid production and disrupted biochemical
regulation may spare growth at the expense of other organ processes.
There are essentially two components to this evolutionary framework for
sex differences: a) male and female fetuses use different coping strategies
in the face of adversity, and b) as a result, developmental trade-offs are sex
specific; for example, the compensatory growth strategy used by male
fetuses garner short term gain but longer term disadvantage. Thus, male
investment in physical growth makes them less adaptable to fluctuating
conditions within the intrauterine environment than females, with negative
downstream effects on development of function (Clifton, 2010). This
perspective is bolstered by correspondence to a long-standing natural
selection theory focused on reproductive success (Trivers and Willard,
1973) that is described elsewhere (Aiken and Ozanne, 2013, Sandman et
al., 2013). Support for this theory is primarily based on observations of sex
differentials in size at birth and/or placental histology or assay in relation
to maternal factors or to subsequent disease in offspring. Its utility and
explanatory power in fostering understanding of more complicated
behavioral outcomes has been challenged (Hankin, 2013). We concur that
its application to understanding sex differences in the development of the
central nervous system in the face of adversity is untested and, while we
agree that it is an interesting theory, are unconvinced of its ultimate
usefulness in understanding the complexities of human development
beyond the central construct of survival and the subtleties of sex
differentials.

This synthesis of potential mechanisms that may mediate prenatal sex as a moderating factor
for outcomes is not meant to be exhaustive. Not covered, for example, are potential
beneficial effect introduced by the duplicate copy of the X chromosome, potential direct and
non-gonadal effects of genes found on the X and Y chromosomes, or the burgeoning interest
in sex differences in epigenetic transmission which may ultimately be highly relevant to
understanding differentials in environmental exposures (Gabory et al., 2009, Ngun et al.,
2011). Genetic sex also appears to play an important role on cell function and death in
neonatal neurons derived from male and female animal models, providing further impetus
for study (Johnston and Hagberg, 2007).

Conclusion

The review consolidated empirical information regarding prenatal sex differentials in
vulnerability from a variety of diverse sources and literatures. We found converging
evidence that developmental outcomes of male fetuses and infants exposed to prenatal and
perinatal adversities are more highly impaired than those of female fetuses and infants.
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Although sex differences in vulnerability are most often found for male offspring, there are
reports of female vulnerability, particularly with respect to affective outcomes (Sandman et
al., 2013). Sex differentials appear to be affected by timing of exposures over gestation and
are perhaps coupled with different developmental trajectories in male and female fetuses,
although empirical evidence is limited and often based on ad hoc interpretations of
unexpected results. We propose that part of this may be the result of differential
susceptibility based on the intensity as well as the timing of the exposure. For example, in
children, higher socioeconomic status is protective of prenatal lead exposure effects on
developmental progress, but only up to a certain dosage; above this threshold both poorer
and more advantaged children are affected equally (Bellinger et al., 1988). Thus, we suspect
that female sex might also be protective only to a threshold of biological risk, which likely
varies by exposure.

The mechanisms through which biological sex imparts vulnerability or protection are largely
unknown, as is the true scope of the role of early sex given the relative scarcity of studies
that report analysis of sex differences in general, and interaction terms in particular. We urge
investigators to routinely include and examine both in studies ranging from cells to animals
or persons. This is particularly essential for neuroscience which exhibits a particularly
pronounced male bias in animal studies when compared to other disciplines (Zucker and
Beery, 2010). We also hope that attention is invigorated in pursuing the generally
unrecognized, and often surprising, role that fetal sex imparts on pregnant women with both
short-term and potential long term effects on their well-being.
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Highlights
. Fetal sex confers effects on pregnancy, the intrauterine milieu and early
development
. Prenatal and perinatal adversity affects male fetuses and neonates more
negatively
. Fetal sex has been under-recognized as physiologically consequential

for pregnant women

. Mechanisms by which biological sex imparts vulnerability or
protection are largely unknown
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Gestation Infancy

Figure 1.
Conceptual model of fetal neurobehavioral development within the maternal context

(DiPietro et al, 2015.
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Figure 2.
Fetal heart rate by fetal sex. Female fetuses had significantly faster heart rates at the second

and third gestational periods and Lowess curve estimates depict significantly greater decline
in fetal heart rate from the second to third periods in male fetuses. Scatter points represent
data from individual fetuses at each gestational age and illustrate inter-individual variation
and distributional overlap between sexes.
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Fetal heart rate variability
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Figure 3.

Fetal heart rate variability by fetal sex. Male fetuses had significantly greater variability in
fetal heart rate at the second and third gestational periods and Lowess curve estimates depict
a steeper developmental trajectory between the first and second periods in male fetuses.
Scatter points represent data from individual fetuses at each gestational age and illustrate
inter-individual variation and distributional overlap between sexes.
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During the prenatal, perinatal, and postpartum periods, being male is associated with:

© 2014 JHU

T Embryonic loss

e Hyperemesis of pregnancy
T Maternal diabetes

T Pregnancy complications

T Umbilical cord abnormalities

Gestation

T Fetal demise

T Growth restriction

d Fetal heart rate

T Fetal heart rate variability
d Fetal habituation

— ’>

Infancy

T size

T Preterm birth

T Mortality

T Morbidity (including central
and respiratory)

T Maternal sympathetic performance 7T Fetal distress/autonomic
activation 4 Maturation instability
T Placental Inflammation T Vulnerability to maternal & T Neonatal Narcotic Abstinence
T Cesarean delivery environmental exposures Syndrome
Maternal microchimerism 7T Fetal Alcohol Spectrum
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7T sudden unexplained infant
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Figure 4.
Schematic representation of early sex differences, distributed over gestation. Depicted are

the most well-supported and documented sex differences in pregnant women, fetuses and
neonates. Although some differences may not be expressed until later in development, such
as heightened vulnerability of the male central nervous system to environmental exposures
or preterm birth, their origins are in the prenatal or perinatal period. Placement within
columns is somewhat arbitrary as a number of these observations affect both the mother and
fetus, or span the prenatal and perinatal domains, depending on when either the exposure or
delivery occurs. Maternal microchimerism (first column) typically refers to that observed as
the result of vestiges of the Y chromosome, its implications for long term maternal well-
being remains uncertain. Variation in fetal neurobehavioral indicators (second column) has
primarily been observed in the 3 trimester. Morbidity and mortality (final column) spans
the gestational age and birth weight continuum.
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