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Abstract

OBJECTIVE—In this paper we evaluate the evidence for sex differences in fetal programming
within the context of the proposed viability-vulnerability tradeoff.

METHODS—We briefly review the literature on the factors contributing to primary and
secondary sex ratios. Sex differences in fetal programming are assessed by summarizing
previously published sex difference findings from our group (6 studies) and also new analyses of
previously published findings in which sex differences were not reported (6 studies).

RESULTS—The review and reanalysis of studies from our group are consistent with the
overwhelming evidence of increasing risk for viability among males exposed to environmental
adversity early in life. New evidence reported here support the argument that females, despite their
adaptive agility, also are influenced by exposure to early adversity. Two primary conclusions are
(i) female fetal exposure to psychobiological stress selectively influences fear/anxiety, and (ii) the
effects of female fetal exposure to stress persist into preadolescence. These persisting effects are
reflected in increased levels of anxiety, impaired executive function and neurological markers
associated with these behaviors.

CONCLUSIONS—A tacit assumption is that females, with their adaptive flexibility early in
gestation, escape the consequences of early life exposure to adversity. We argue that the
consequences of male exposure to early adversity threatens their viability, effectively culling the
weak and the frail and creating a surviving cohort of the fittest. Females adjust to early adversity
with a variety of strategies, but their escape from the risk of early mortality and morbidity has a
price of increased vulnerability expressed later in development.
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INTRODUCTION

Environmental pressures on population sex ratios, even prior to conception, dictate that a
male or female conceptus will achieve reproductive success. These pressures are reflected in
unique patterns of developmental “programming” with consequences that confer risk for
morbidity and mortality early in life and vulnerability to disease later in life. It is unknown if
there is a “tradeoff” between viability early in life and vulnerability later and if there is,
whether it is related to sex differences in patterns of fetal programming. The purpose of this
paper is to evaluate the evidence in support of a sex-dependent viability-vulnerability
tradeoff established in very early experience.

Sex ratio theory

An Evolutionary Stable Strategy (ESS) is a concept derived from Game Theory applied to
understand population sex ratios [1]. Among the assumptions of ESS are two that are of
particular importance; first, adoption of the strategy by all members of the population
ensures optimal outcomes and two, invading mutant strategies (for instance by a minority of
the population) will not survive. If the mutant strategy becomes more effective over time,
more members of the population will adopt it, supplanting the original strategy. The ideal
ESS to maintain an optimal balance of different characteristics in the population isa 1:1
ratio of males to females. This is supported by the fact that there is no sex ratio bias in X to
Y sperm [2]. Historical records and current studies [3, 4], however consistently confirm that
more males than females are conceived (primary sex ratio) and born (secondary sex ratio).
This suggests that under certain conditions, natural selection favors a deviation from the
50/50 ESS sex ratio at conception and birth [5]. Proposed explanations for a male biased
ratio are varied and include mechanisms related to population pressures [6], heritable traits
[7], genetic programming [8], parental hormone levels [9] and fetal responses
(programming) to adversity [9]. But most relevant for the aim of this paper is clear evidence
that an objective and crucial birth outcome, secondary sex ratio, is associated with, and
perhaps programmed by, preconceptional and maternal/fetal exposures to environmental
events.

Fisher [10] argued that sex ratios were determined by parental expenditures or investments
(e.g., nurturance) in their offspring and also that this investment should be equal for both
sexes. Fisher, however was aware, even in the 1930’s (and perhaps Darwin before him [9]),
of the sexual disparity in favor of male births. Most explanations for the sex ratio disparity
included the contribution of parental investment (PI) in the fetus and infant. Under hostile
environmental conditions differential mortality and “programming” of morbidity and
developmental impairments are predicted to occur early in pregnancy so that a new
reproductive cycle can be initiated and that PI can be directed to another pregnancy [5].
Studies consistently show that more males than females are born preterm [3], that males
have poorer neonatal and infant health outcomes [11], have higher risk for motor and
cognitive outcomes, are less likely to survive in intensive care, are more likely to have a
placental inflammation, decidual lymphoplasmacytic cell infiltration, velamentous umbilical
cord insertion [12, 13] and show delayed lung maturation compared to females equivalent to
one week of gestational age despite their greater size [14]. Under adverse or hostile
conditions, males are less likely to survive and more likely to suffer from profound
developmental impairments reducing the number of reproductively viable males in the
population.

The influential Trivers-Willard (TW) [15] sex ratio hypothesis assumes that the probability
of reproductive success of male offspring is more variable and resource-sensitive than
female offspring. Pl in sons of “good quality” yields greater reproductive success (RS) than
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sons of “poor quality” because their greater size and strength allows them to out-compete
their male rivals and dominate available reproductive opportunities [15, 16]. The TW theory
further assumes that PI has less influence on the RS of female offspring because
reproductive cycles are much slower in women than men and because almost all females do
reproduce some offspring.

Consistent with the majority of findings, the TW model predicts that any environmental
stress will always affect males more severely than females in very early life [5] and that
these effects have both short and long-term consequences. In a recent report [17], strong
evidence was presented for the immediate influence of environmental resources on sex
ratios and specifically for a reduction in male births. A three-year famine (1958-1961) in
China resulted in as many as 45,000,000 deaths. During this period, there was a significant
reduction in male births that did not return to normal proportions (higher ratio of male
births) until two years after the famine ended. Conversely, in a developed nation such as the
United States, historically birth ratios have favored males, roughly 51.5 to 48.5 percent
resulting in 5.8 million “excess” males since 1940 [4]. The TW theory argues that successful
evolution and survival in the gene pool are achieved when males are conceived during
favorable environmental conditions but that females are the best investment when the
resources are poor.

Sexually dimorphic patterns in response to hostile conditions or more specifically stress,
may be programmed very early in gestation. The female placenta appears to be more
responsive to changes in stress signals such as maternal glucocorticoid concentration than
the male placenta resulting in different patterns of growth [18]. Male fetuses invest
resources in growth, largely independent of maternal conditions, and this strategy may be a
contributor to their larger size at birth. A consequence of the investment in growth is a
relative poverty of resources to respond to subsequent exposures to stress and adversity.
Because the male fetus has not conserved its resources and does not adapt to maternal
signals it has limited ability to adjust to adversity and is at greater risk for subsequent
morbidity and mortality. In contrast, the female fetus does not invest as heavily in growth
but conserves resources and adjusts to maternal conditions in multiple ways (gene and
protein changes), a strategy that is relied on heavily in the context of a hostile or stressful
environment. Because of this developmental/evolutionary strategy the female fetus that has
conserved its energy needs has increased probability of survival when and if exposed to
stress that reduces nutrients and resources later in gestation.

The evidence supports the argument that prenatal exposure to adversity exerts unequal
influences on male and female development beginning even before conception. For
example, sex differences have been observed in mammalian animal models during meisois.
Meisois (not to be confused with miosis) is a special process that creates gametes, the sperm
and egg cells, by the combination of two haploid sex cells. The cells divide, without DNA
replication resulting in halving of the chromosomal complement. This process is responsible
for genetic diversity because of the sharing of genetic information between homologous
chromosomes. It is estimated that as many of 25% of human fetuses have the “wrong”
number of chromosomes. When faced with adversity (e.g. engineered mutations) male
meiosis is interrupted resulting in infertility [8]. However in females, a similar adversity
does not interrupt meiosis. The consequences are that only 3—4% of sperm are
chromosomally abnormal but 20% of oocytes are anomalous [8]. The early mortality of the
male sperm during adverse circumstances reduces male contributions to aneuploidy. The
robust and persistent meiosis of oocytes is the major contributor to deviant chromosomal
patterns.
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The strong consensus is that consequences of exposure to adversity are exhibited in males
very early in the life cycle, even as early as conception and meiosis. The tacit consensus is
that females do not exhibit developmental consequences, and that they are largely and
relatively immune from, exposure to early adversity. However it is possible that exposure to
early adversity influences both male and female conceptuses but that the developmental
strategies for response are radically different. There is no question that males exposed to
early adversity suffer a much higher risk than females of fetal and infant morbidity and
mortality. Because they have been eliminated (high mortality) or weakened (morbidity) the
surviving males constitute a relatively homogenous, less variable cohort. In contrast,
females adjust to early adversity with a variety of less extreme individually determined
strategies and have escaped the severe consequences of high risk for mortality and
morbidity. This results in a far greater and more variable behavioral and biological
repertoire among females increasing the probability that there will be associations between
their developmental trajectories and early life exposures. In this paper we evaluate the
evidence for sex differences in fetal programming within the context of the proposed
viability-vulnerability tradeoff by review and reanalysis of data from our existing studies
(see Table 1).

GENERAL METHODS

RESULTS

We have developed a longitudinal, prospective protocol to advance the understanding of
prenatal influences on birth outcome and infant and child development. Our protocol
includes maternal psychosocial and biological stress measures collected at five gestational
intervals beginning between 14 and 16 weeks. Maternal/fetal dyads are assessed at 15, 20,
25, 31 and 36 weeks of gestation. At ~25, ~31 and ~36 gestational weeks, fetal
neurodevelopment is evaluated with measures of startle and habituation. Infant assessments
begin 24 hours post delivery with the collection of HPA hormones and behavioral responses
to the painful stress of the heel-stick procedure and measures of neonatal neuromuscular
maturity. Infant cognitive, neuromotor development, stress and emotional regulation are
evaluated at 3, 6, 12 and 24 months of age. Maternal psychosocial and demographic
information is collected in parallel with infant assessments. Child neurodevelopment is
assessed between 6-9 years of age with cognitive tests, measures of adjustment and brain
imaging. Multiple assessments during gestation and during follow-up are essential because
there are critical periods both for the effects of programming on the nervous system and for
the expression of subsequent behaviors. All of our studies include normative samples of
healthy mothers and infants/children. Further, in all cases the consequences of prenatal
stress are present after considering stable demgraphic characteristics (maternal age, race/
ethnicity and SES) and carefully characterized postnatal influences such as maternal stress,
anxiety and depression. Table 1 summarizes previously published and new findings from
these studies that reveal sex-specific effects of early life experience. In all of the studies
described below associations are independent of birth outcome (e.g. birth weight and
gestational age at birth) and appropriate covariates such as socioeconomic status and
postnatal maternal psychological state (e.g., postpartum depression).

Maternal cortisol selectively shapes female fetal neurological development (previously
reported in Glynn & Sandman, 2012 [19])

Recently we reported the relation between prenatal maternal cortisol levels and fetal
movement (FM) response to vibroacoustic stimulation (VAS) in 190 mother-fetus pairs.
Fetal responses to VAS are exhibited at 25 gestational weeks although at this age the
response is developing and not observed in all fetuses. As the central nervous system (CNS)
develops, this response matures and becomes more robust. By 31 gestational weeks most
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fetuses display a large increase in movement in response to the VAS followed by sustained
elevations in movement and by 37 weeks fetuses display a more regulated response
characterized by a rapid return to baseline after the initial increase. Maternal cortisol
influences the developing fetal CNS and is associated with the developmental trajectory of
the response to VAS. Early elevations in cortisol predicted a failure to respond to the VAS at
25 weeks (p <0.01). This suggests that early elevations disrupt fetal CNS development
leading to a less mature response to VAS. In contrast, exposure to elevations in cortisol late
in gestation was associated with a larger and more mature response among fetuses when
assessed near term (p<0.01). These data are consistent with evidence that exposure to
maternal cortisol at the end of gestation promotes fetal maturation in preparation for birth.

Sex specific responses to stress signals are observed during the fetal period. The associations
between cortisol and VAS emerged earlier and were strongest among female fetuses.
Specifically, the association between elevated maternal cortisol early in gestation and
diminished FM response to the VAS at 25 weeks in the entire cohort is predominantly
present among the females. Further, the association between elevated maternal cortisol late
in gestation and a well-developed FM response at 31 weeks gestation also is more apparent
among the females. These findings may be consistent with the reports of the sexual
dimorphism of placental glucocorticoid receptor and function [18]. The female, but not the
male placenta adjusts its glucocorticoid metabolic activity in response to cortisol exposures.
Because adrenal cortisol easily passes the blood brain barrier and binds with receptors in
many cortical and subcortical areas the metabolic differences between sexes results in
unique patterns of brain activation and perhaps can account for the responses to the VAS we
observed here [20-24]. Our findings provide new support for the role that prenatal
glucocorticoids can play in shaping human fetal CNS development and for the sexually
dimorphic sensitivity to prenatal maternal signals in the human fetus.

Sex specific consequences of maternal prenatal stress hormone exposure for neonatal
neuromuscular maturation (previously reported in Ellman et al., 2009[25])

Concentrations of placental corticotrophin-releasing hormone (CRH) and maternal cortisol
were determined from plasma collected from 158 women at 15, 19, 25, and 31 weeks’
gestation. Newborn physical and neuromuscular maturation was evaluated with the New
Ballard Maturation index. Published results indicated that elevated maternal cortisol at 15,
19, and 25 weeks and increased concentration of placental CRH at 31 weeks were
significantly associated with decreased physical and neuromuscular maturation after
adjusting for length of gestation.

Supplementary analyses to examine programming differences for male and female neonates
indicated that the significant findings for maternal cortisol at 15 (p<0.01) and 19 (p<0.01)
weeks and placental CRH at 31 (p<0.01) weeks were significant only among males. Male
fetuses exposed to elevated levels of cortisol early in pregnancy and CRH late in pregnancy
exhibited delayed physical and neuromuscular maturation in very early infancy. Conversely,
a trend suggested that elevated maternal cortisol at 31 weeks was associated with increased
or accelerated maturation (total Ballard score) in females.

This was the first study to report that the timing of fetal exposure to stress hormones had
sex-specific effects on maturation at birth. The finding that exposure to stress hormones was
associated with delays or immaturity in males is consistent with the evidence that male
exposure to adversity results in risk for morbidity. The trend for a possible acceleration in
females is a novel finding that also may be consistent with the belief that the female fetus
adjusts and adapts to environmental challenge. It is important to acknowledge that the
results of sex-specific programming effects reported in this study were observed in neonates
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because it is a developmental period immediately after birth and before the effects of
postnatal influences, including parental investments can be consequential.

Males are more susceptible to the effects of early maternal cortisol on mental development
at one year of age (new analysis of data presented in Davis & Sandman, 2010 [26])

Maternal cortisol was prospectively evaluated in 125 mother-infant pairs and infant mental
and motor development was assessed at 12 months of age using the Bayley Scales of Infant
Development (BSID;[27]). The original publication showed that elevated maternal cortisol
early in gestation was associated with impaired mental development at 1 year of age among
infants born full term. New analyses of these data revealed that the negative association
between prenatal maternal cortisol and 12 month mental development was significant only
among male infants (p < 0.05). These data suggest that males are more susceptible to the
effects of early maternal cortisol on developmental delays during infancy. This finding that
prenatal stress hormone exposure has a greater effect on general cognitive ability among
males is consistent with evidence that early adversity is associated with male immaturity at
birth.

Prescience appears earlier in females (new analysis of data presented in Sandman, Davis
and Glynn, 2012[28])

We previously reported enhanced psychomotor (PDI) and mental development (MDI)
during the first year of life among infants whose mothers experienced congruent levels of
depressive symptoms during and after pregnancy. Symptoms of maternal depression were
assessed at regular intervals throughout the pregnancies and postpartum in a sample of 221
healthy women. For analysis, infants were separated into four groups. Two groups included
infants whose mothers reported congruent prenatal and postnatal depression; either high
levels or low levels both pre- and post-partum. The other two groups reported incongruent
symptoms pre- and post-partum. At 3 months of age, infants in the two congruent groups
performed significantly better than infants in the two discrepant groups on measures of PDI.
By six months of age, infants in the congruent groups achieved superior performance on
both PDI and MDI measures compared with infants in the two discrepant groups. By 12
months of age, infants in the congruent groups continued to have higher scores only on the
MDI scores. There was no main effect to indicate that exposure to maternal depression pre-
or postpartum alone influenced mental or psychomotor development at any age. We
concluded that the congruence between prenatal and postnatal environments prepared the
fetus for postnatal life and conferred an adaptive advantage for critical survival functions
during early development.

Reanalysis of these published data examining sex differences are illustrated in Figure 1. The
effect of a congruent maternal environment at 6 months of age was due only to the superior
performance of females for both the PDI and MDI. By 12 months of age, sex differences
were not apparent and the effects of congruence were significant for both sexes on the MDI.
The findings may indicate that female infants adapt more quickly than male infants to
conditions that are essential for survival. The pattern of adaptation is identical for males and
females, but it occurs early in development for females with possible consequences for
outcomes later in life.

Placental CRH and maternal depression increases risk for fearful infant temperament
among girls (new analyses of data presented in Davis et al., 2005[29])

We have previously reported that fetal exposure to elevated maternal depression and
placental CRH at 25 gestational weeks in 248 women are independent risk factors for fearful
or reactive temperament during infancy. New analyses illustrated that these effects are
observed only among females. Specifically, elevated placental CRH at 25 gestational weeks
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was significantly associated with more fearful temperament [partial r(95)=0.23, p<0.05] and
higher levels of distress behavior [partial r(95)=0.38, p<0.01] among female infants, but not
male infants (p’s > 0.2). Interestingly a similar pattern was observed for prenatal maternal
depression. Elevated levels of depression at 25 gestational weeks were associated with more
fearful temperament during infancy for girls [partial r(93)=0.21, p<0.05], but not for boys
(p=0.09). Hierarchical linear regression analyses were performed to determine the
cumulative risk associated with gestational exposure to maternal depression and placental
CRH. These new analyses indicated elevated placental CRH (AR? = 0.05, B = .22, t=2.2; p
< 0.05) and elevated prenatal maternal depression (AR? = 0.04, B =.21,t=2.1; p < 0.05) at
25 gestational weeks independently predicted fearful temperament during infancy only for
girls. After statistically considering relevant covariates including postpartum depression,
placental CRH and maternal depression accounted for an additional 9% of the variance in
infant fearful temperament among girls but not boys.

Late gestational exposure to elevated maternal cortisol is associated with fearful infant
temperament and child anxiety in girls (New analyses of data presented in Davis et al, 2007
and Davis & Sandman 2012[30, 31])

We have reported that prenatal exposure to maternal cortisol is associated significantly with
fearful temperament in infancy and risk for anxiety problems in childhood. New analyses of
these published findings statistically adjusted for confounding factors including gestational
age at birth, postpartum and current measures of maternal psychological distress illustrated
that in both cases the association is strongest among females. Infant fearful temperament in
healthy, full term infants was assessed at 2 months of age using the fear subscale of the
Infant Behavior Questionnaire [32]. Elevated maternal cortisol at 30 gestational weeks was
significantly associated with infant fearful temperament at 2 months of age among girls
[partial r(128)=0.18, p<0.05], but not boys (p=0.22). Moreover, the sex specific association
between prenatal maternal cortisol and fear/anxiety persists into the preadolescent period.
Elevated maternal cortisol at 30 gestational weeks significantly predicts anxiety (Child
Behavior Checklist; CBCL [33]) in preadolescent girls [partial r(80)=0.23, p<0.05] but no
significant association was observed among boys [p=0.8]. These findings indicate that the
female fetus is more susceptible than the male fetus to the consequences of exposure to
maternal cortisol for fear and anxiety.

Cortisol in human milk predicts temperament in female infants, but not males (Previously
reported in Grey et al., 2012 [34])

In a recent published report, we examined the possibility that human breast milk may
represent an important pathway through which the mother continues to shape the
development of her offspring. Specifically, this study examined the relation between cortisol
levels in human breast milk and temperament of the breastfed infant. Fifty-two mother and
infant pairs participated when the infants were three-months old. Cortisol levels from breast
milk were assessed and each mother completed the Infant Behavior Questionnaire [32].
Analyses revealed that elevated concentrations of cortisol in breast milk were associated
with infant negative temperament. Importantly, this association was not explained by
indicators of parenting such as postpartum depression. Further, the association between
breast milk cortisol and negative temperament was present among girls (p<0.05), but not
among boys (p=0.92). The findings suggest that mothers have the ability to shape offspring
phenotype through the transmission of biologically active components in breast milk, and
that these influences appear to be the most potent for female offspring. These findings are
consistent with evidence from the prenatal period that early life exposure to elevated
maternal cortisol may program a vulnerability to anxiety problems among girls.
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Brain volume is reduced in females exposed to elevated levels of maternal pregnancy
anxiety (Previously reported in Sandman et al., 2011[35])

Recently, our group published the first study to show that fetal exposure to pregnancy
specific anxiety (PSA) was related to changes in brain morphology at six to nine years of
age independent of birth phenotype [36]. Specifically, PSA early in gestation was associated
with gray matter volume reductions in the prefrontal cortex, the premotor cortex, the medial
temporal lobe, the lateral temporal cortex, the postcentral gyrus as well as the cerebellum
extending to the middle occipital gyrus and the fusiform gyrus. These brain regions are
associated with a variety of functions including executive cognitive functions such as
behavioral/emotional regulation, inhibitory processes, reasoning, planning, attention,
working memory, and some aspects of language and memory.

Subsequent analysis of these data indicated that the significant (p<0.01) reduction in brain
volume in 6-9 year old children exposed to elevated PSA early in gestation primarily were
observed in girls [35]. There virtually was no effect of fetal exposure to maternal pregnancy
specific anxiety in male gray matter volume. These data suggest that there is a persisting
influence of prenatal exposure to maternal adversity in females and that the effects are
apparent in areas of brain critical for executive function, including emotional regulation and
inhibition and for language and memory.

Maternal pregnancy anxiety influences executive function in girls (Previously reported in
Buss et al., 2011[37])

The effects of maternal PSA, generalized anxiety and depression on executive (cognitive)
function were assessed in 6-9 year old children. Serial data were collected in 89 women at
15, 19, 25, 31 and 37 weeks gestation. Maternal prenatal pregnancy-specific anxiety was a
stronger predictor of executive function in the offspring than maternal prenatal state anxiety
or depression. Accompanying analysis indicated that the association between high levels of
mean maternal pregnancy-specific anxiety at mid-gestation but not later and poor
performance on tests of executive function was observed only in girls.

Because executive functions, including emotional regulation and inhibitory control, are
coordinated by activity within the prefrontal cortex, these findings are consistent with the
association between reduced gray matter volume and pregnancy anxiety described above
[38]. Poor performance is associated with reduced brain volume and these two consequences
were observed only in girls exposed to elevated maternal pregnancy anxiety at midgestation.
This is further evidence that persisting influences of prenatal exposures are more common in
females than males.

Fetal exposure to maternal cortisol is associated with increased amygdala volume and
affective problems in preadolescent girls (Previously reported in Buss et al., 2012[39])

The association of maternal cortisol in early, mid and late gestation with amygdala and
hippocampal volume was determined in 65 normal, healthy mother-child dyads. Elevated
maternal cortisol at 15 weeks gestation but not later was associated with a significantly
larger right amygdala volume in girls but not in boys. This strong effect was significant after
adjusting for factors associated with pregnancy, birth outcome and current child and
maternal characteristics. Moreover, we reported that the association between fetal exposure
to high levels of maternal cortisol early in gestation and subsequent affective problems in
children was mediated by an enlarged right amygdala. The findings from this study support
the argument that fetal exposures to maternal signals of stress and adversity have persisting
effects on the female nervous system and subsequent behavior. Further, they are consistent
with our behavioral data linking gestational cortisol exposure to risk for fearful and anxious
behavior only among females.
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Sex Specific Associations between Gestational Age at Birth and Gray Matter Volume at 6
to 10 years of Age (New analyses of data presented in Davis et al., 2011[40])

We have reported that children born at later gestational ages have regionally specific
increases in grey matter volume during preadolescence (All subjects: Figure 2). This
significant association was observed even when only full term children were included. New
analyses presented here were performed to evaluate the association between gestational age
at birth and gray matter volume in the identified regions of interest separately for male and
female children (See Table 2 and Figure 3). For females, longer gestation was associated
with increased gray matter volume bilaterally in the superior and middle temporal gyrus (BA
21, 22) extending ventrally to the occipitotemporal gyrus/fusiform gyrus (BA 20) and
medially to the insula. Associations between longer gestation and increased gray matter
volume also were present in the left parietal lobe (BA 40 and 7) and the left cerebellum. For
males, the association between greater gestational age at birth and gray matter volume was
confined to bilateral increases in the superior and middle temporal gyrus (BA 21). Notably
the relation between gestational length and subsequent development was evident among this
low risk cohort of children with a stable neonatal course, who did not experience common
perinatal risk factors for neurological impairment such as mechanical ventilation,
intraventricular hemorrhage, or periventricular leukomalacia.

Rapid changes in the development and organization of the fetal brain occur throughout the
entire course of gestation [41, 42]. Accordingly, we found that even modest differences in
gestational length shape the construction of the healthy fetal nervous system and alter the
trajectory of neurodevelopment, with consequences that persist for at least 6 to 10 years. In
this low risk sample, we found that female fetuses are more susceptible than male fetuses to
the persisting influences of gestational length. Although length of gestation was associated
with regionally specific alterations in brain morphology at 6 to 10 years of age for both male
and female children, the effect was strongest among females. The differential consequences
of length of gestation for girls and boys is consistent with both the sex specific trajectories
of fetal development [43, 44] and the fact that the emergence of neurodevelopmental
disorders originating during the prenatal period varies by sex [45, 46]. The greater
susceptibility of low risk female children to the consequences of gestational length observed
in the current study differs from the greater vulnerability of males to extreme preterm birth
[47, 48], but is consistent with a recent report showing that in a low risk sample, birth
weight was only associated with adult hippocampal volume in females [49].

CONCLUSIONS

The purpose of this paper is to examine the evidence that there is a sex-dependent tradeoff
between early life viability and later life vulnerability as a consequence of fetal exposure to
adversity. To accomplish this, we briefly reviewed an extensive literature on the factors
contributing to primary and secondary sex ratios. The rationale for examining the sex ratio
literature was to establish a basis for expecting sex differences in response to early adversity.
We reasoned that if biological sex itself is influenced by early environmental exposures,
then the influence of environmental exposures on males and females would be programmed
differently.

There is overwhelming evidence that more males are conceived and born during periods of
prosperity. There is an equally large literature indicating elevated risk for morbidity and
mortality (viability) in males born exposed to environmental adversity [5]. The review of
studies from our group is consistent with this evidence. We report that fetal and infant males
exhibited developmental delays in important markers of neonatal maturity that are related to
morbidity in comparison to females when exposed to elevated levels of stress hormones and
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psychosocial stress. Our studies support the extensive literature that males suffer
maturational delays when exposed to prenatal adversity.

A tacit assumption examined here is that females, with their adaptive flexibility early
ingestation, escape the consequences of early life exposure to adversity. Published findings
and new analyses of previously published reports presented here support the argument that
females, despite their adaptive agility, are influenced by exposure to early adversity. There
were two primary and novel findings that support a viability-vulnerability tradeoff and
suggest that the adaptive strategy implemented by female fetuses may render them
susceptible to more subtle, but persisting consequences. Our data consistently show a
vulnerability that is associated with increased risk for anxiety and affective problems. First,
female fetal exposure to psychobiological stress selectively influences fearful temperament
and anxiety risk. Increased fearful or reactive behavior was observed in the female infants
after fetal exposure to elevated levels of maternal stress and stress hormones. Further,
postnatal exposure to maternal hormones may further tune the development of female infant
temperament, but not males [34]. Compared to the developmental delays, morbidity,
mortality and generally depressed viability in males, the relatively subtle effects in females
may have been overlooked. However, infants who are easily aroused by varied stimulation
are more likely to become behaviorally inhibited as young children [50, 51], exhibit social
anxiety during adolescence [52] and show greater amygdalar activation to novelty as adults
[53]. Our data suggest that female fetuses are more susceptible than males to the
consequences of prenatal maternal depression, prenatal and postnatal maternal cortisol and
placental CRH on infant behaviors that may indicate prodromal risk for affective problems.

The second finding was that the effects of female fetal exposure to stress persisted into
preadolescence, as suggested above. These effects were reflected in increased levels of
anxiety, impaired executive function and neurological markers associated with these
behaviors. For instance, girls, but not boys exposed to elevated levels of maternal cortisol
early in pregnancy had significantly enlarged amygdala and increased levels of anxiety in
childhood. Highly consistent with our infant findings, exposure to early adversity appears to
program risk for affective problems among girls, but not boys. Six-to-nine year old girls but
not boys exposed to high levels of pregnancy specific anxiety early in gestation additionally
performed poorly on tests of executive function and had decreased gray matter volume in
areas of the brain critical for emational regulation, inhibitory control and memory. One
reason that vulnerabilities in females have not been often observed is that there are very few
longitudinal, prospective studies of early life experience in humans. A second reason is that
the effects in females, although potentially profound have attracted less attention because
their consequences are subtle compared to the compromised early viability in males.

A recent study presents data and a hypothesis that support our argument that there is a sex-
dependent viability-vulnerability trade-off during early development [54]. In a cohort in
whom there was a marked decrease in males births several months after the 9/11 attack,
higher than expected mental development scores were measured in males but not females.
Because the frail have been eliminated (high mortality) or weakened (morbidity) the
surviving “culled male cohort” constitute a relatively homogenous, less variable cohort of
the strongest and the fittest. In contrast, because females adjust to early adversity with a
variety of strategies they have escaped the severe consequences of high risk for mortality
and morbidity. However, similar to the resistance of oocytes to mutations during meiosis,
this adaptation has a price. Just as subsequent chromosomal errors in the population can be
traced to the contribution of female germ cell, the effects of fetal exposure to early adversity
in females are manifested in a highly variable behavioral and biological repertoire. This
variability increases the probability that there will be associations between their
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developmental trajectories and early life exposures-- the price for enhanced viability is
reflected in greater vulnerability among females.

Although it is possible that sexually dimorphic responses to early life experience (e.g. more
fearful temperaments only among girls exposed prenatally to higher levels of maternal
cortisol) are due to genetic influences, there are a number of reasons to increase confidence
that shared genetics do not solely account for these effects. First, findings from animal
models in which random assignment to conditions is possible, are consistent with the fetal
programming framework (e.g. [55]). Second, in our work and the work of others, significant
associations between early life exposures and outcomes persist after adjusting for maternal
genetic or familial factors. Third, we have shown previously that among formula-fed infants,
maternal postnatal cortisol does not predict temperament, whereas among breastfed infants
the same positive association between maternal cortisol and infant temperament is observed
[34]. This is significant because maternal circulating cortisol levels are the source of milk
cortisol and the two are fairly tightly correlated. These findings argue against a genetic
explanation at least for the associations between postnatal cortisol exposures and infant
temperament because the genetic influences underlying the relations would be unique to
breastfeeding mothers, a highly implausible selectivity. Finally, the findings that early life
stress is related to several child outcomes in related and unrelated (in-vitro fertilization)
mother-offspring pairs strongly support the argument that influences other than genetic
influences child outcomes [56].
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Mental (MDI) and Psychomotor (PDI) development in male and female infants at 3, 6 and
12 months who were exposed to maternal depression during pregnancy and at 3 months
postpartum. Female infants exposed to congruent prenatal and postnatal maternal depression
(NoDep/NoDep and Dep/Dep) have superior mental and psychomotor development
compared with infants exposed to discordant maternal depression (NoDep/Dep ande Dep/
NoDep) at six months of age. By 12 months of age, both male and female infants exposed to
congruent maternal depressive symptoms have superior MDI. *(p<0.05; comparison is
between groups, within sex. Error bars are sem.
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All Subjects Females
N=100

Figure 2.

Longer gestation is associated with significant bilateral increases in grey matter volume
(VBM) primarily in the temporal lobe for all preadolescent subjects. The overall effect is
due primarily to the effects observed in preadolescent girls. Hot colors denote significantly
(p<0.05 to 0.01) greater volume associates with gestational age at birth.
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Figure 3.

Avreas of increased grey matter volume in association with longer gestational length are
displayed for each of the seven regions of interest (See Table 2) for: (i) the complete sample
(column 1), (ii) males (column 2) and (iii) females (column 3). Arrows indicate clusters that
remained significant at p < .05 after FDR correction. Scatter plots demonstrate the
association between gestational age at birth (y axis) and cluster value (x axis) for each of the
seven regions of interest. Red triangles are females and blue circles are males.
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Table 1
STUDY PARTICIPANTS PRIMARY SEX-SPECIFIC FINDINGS
Glynn & Sandman (2012). Sex Relations between maternal cortisol and fetal response to
moderates associations between 190 Mothers (83 ; g :
E o vibroacoustic stimulation were stronger for females. Among
etus prenatal glucocorticoid exposure and female/107 male femal ternal cortisol dictive of fetal behavior i
human fetal neurological development. | fetuses) emales, rtna f.malct(.) 'Sot was plrgz Ic 'Viho etal be awlor mn
Developmental Science. 15, 601-610. response to stimulation at an earlier age than among males.
Ellman, Dunkel-Schetter, Hobel,
Chicz-Demet, Glynn & Sandman
(2008). Timing of fetal exposure to 158 Mothers (80 The association between fetal exposure to elevated maternal
Neonate | stress hormones: Effects on newborn female/78 male cortisol and placental CRH and delayed neuromuscular
physical and neuromuscular neonates) development was observed only among male neonates.
maturation. Developmental
Psychaobiology, 50, 232-241.
The association between exposures to elevated maternal
. 165 Mothers (60 . . : > . -
Sandman, Glynn, Davis 20131 female/65 ma(le infants) cortisol early in gestation and impaired cognitive
performance at 1-year of age was stronger among males.
Congruence between exposure to maternal depression in the
221 Mothers (103 pre and postnatal environments was associated with
Sandman, Glynn, Davis 20132 female/118 male advanced maturation of motor and mental abilities in 1-year
infants) - old infants. Effects were observed at an earlier age among
female infants.
Elevated placental CRH at 25 gestational weeks is
. 3 248 Mothers (116 associated with more fearful temperament and higher levels
Infant Sandman, Glynn, Davis 2013 females/ 132 males) of distress behavior among female infants, but not male
infants at 2 months of age.
Increased maternal depressive symptomatology at 25
Sandman, Glynn, Davis 20133 ?:'nﬁ aﬂgfhfef; (nlélees) gestational weeks predicted more fearful temperament
during infancy among girls, but not boys.
Grey, Davis, Sandman & Glynn
(2012). Human milk cortisol is The positive association between milk cortisol and fearful
associated with infant temperament gé L\n/la(‘)l?(ier:?a(ﬁé)female/ infant temperament at 3 months of age was observed only
Psychoneuroendocrinology, 37, 1224— among female infants.
1233.
Sandman, Davis, Buss & Glynn
(2011). Exposure to prenatal . Elevated pregnancy specific anxiety early in pregnancy is
psychobiological stress exerts gg I\S/I)others (17 girls/18 associated with reduced gray matter volumes. This effect is
programming influences on the mother 4 seen primarily in girls.
and her fetus. Neuroendocrinology.
Buss C., Davis, EP, Hobel, CJ and
Sandman, CA (2011). Maternal 89 Mothers (39 girls/50 | Pregnancy-specific anxiety predicted executive function in
pregnancy anxiety is associated with boys) irls. but not bovs
child executive function at 6-9 years Y giris, ys.
age. Stress 14, 665— 676.
: . 178 Mothers (98 girls/ The relation between prenatal maternal cortisol and child
Child Sandman, Glynn, Davis 20134 (%89 P

anxiety was stronger among girls.

Buss, Davis, Shahbaba, Pruessner,
Head & Sandman (2012). Maternal
cortisol over the course of pregnancy
and subsequent child amygdala and
hippocampus volumes and affective
problems. Proceedings of the National

Academy of Sciences. 109, E1312-
1319.

65 Mothers (35 girls/30
boys)

Reduction in brain volumes in 6-9 year-old children
exposed to elevated maternal cortisol early in gestation
primarily was observed in girls.

Sandman, Glynn, Davis 20139

100 Mothers (49 girls/
51 boys)

The association between longer gestation and increased gray
matter density is stronger among girls.

Data from the following previously published studies were reanalyzed to evaluate sex differences. These new findings are presented in the current

manuscript:

Davis & Sandman (2010). The timing of prenatal exposure to maternal cortisol and psychosocial stress is associated with human infant cognitive
development. Child Development, 81, 131-148.
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Zsandman, Davis & Glynn LM (2012). Prescient human fetuses thrive. Psychological Science 23, 93-100.

3. . . . .
Davis, E. P., Glynn, L. M., Dunkel Schetter, C., Hobel, C., Chjcz-Demet, A., & Sandman, C. A. (2005). Maternal plasma corticotropin-releasing
hormone levels during pregnancy are associated with infant temperament Developmental Neuroscience 27, 299-305.

4 . . . . Lo .
Davis & Sandman (2012). Exposure to prenatal maternal psychobiological stress increases anxiety in preadolescent children
Psychoneuroendocrinology 37, 1224-1233.

5Davis, Buss, Muftuler, Head, Hasso, Wing, Hobel & Sandman, (2011). Children’s brain development benefits from longer gestation Frontiers in
Developmental Psychology 2, 1-7
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