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The quality of fetal growth and development predicts the risk
for a range of noncommunicable, chronic illnesses. These
observations form the basis of the “developmental origins of
health and disease” hypothesis, which suggests that the in-
trauterine signals that compromise fetal growth also act to
“program” tissue differentiation in amanner that predisposes
to later illness. Fetal growth also predicts the risk for later
psychopathology. These findings parallel studies showing
that antenatal maternal emotional well-being likewise pre-
dicts the risk for laterpsychopathology. Taken together, these
findings form the basis for integrative models of fetal neu-
rodevelopment, which propose that antenatal maternal
adversity operates through the biological pathways associ-
ated with fetal growth to program neurodevelopment. The
authors review the literature and find little support for such
integrated models. Maternal anxiety, depression, and stress

all influence neurodevelopment but show modest, weak, or
no associations with known stress mediators (e.g., gluco-
corticoids) or with fetal growth. Rather, compromised fetal
development appears to establish a “meta-plastic” state that
increases sensitivity to postnatal influences. There also re-
main serious concerns that observational studies associating
either fetal growth or maternal mental health with neuro-
developmental outcomes fail to account for underlying
genetic factors. Finally, while the observed relation between
fetal growth and adult health has garnered considerable
attention, the clinical relevanceof these associations remains
to be determined. There are both considerable promise and
important challenges for future studies of the fetal origins of
mental health.
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The association between birth weight and cardiometabolic
health catalyzed interest in the fetal origins of non-
communicable disease (1, 2). Importantly, the relation be-
tween birth weight and metabolic health is broadly
continuous: the risk of metabolic disease declines with in-
creasing birth weight up to the point of macrosomia, where
it once again increases. More successful pregnancies (i.e.,
optimal fetal growth) are associated with better metabolic
health. These studies (1, 2) contributed to the emphasis on
maternal health as a global priority for the World Health
Organization (http://www.who.int/pmnch) and the Interna-
tional Monetary Fund (http://www.imf.org/external/np/exr/
facts/mdg.htm).

Studies of fetal growth and adult health outcomes
spawned the idea that intrauterine signals “program” the
development of tissue function in a manner that predisposes
to specific health outcomes. This idea is framed as the de-
velopmental origins of health and disease (DOHaD) hypoth-
esis, which suggests that the quality of fetal development
shapes individual differences in the risk for chronic illness
over the lifespan. TheDOHaD theme is familiar in psychiatry/
psychology, which emphasizes the importance of early de-
velopmental influences as determinants of mental health and
human capacity. DOHaD studies reflect the importance of
antenatal maternal well-being and fetal growth for individual

differences invulnerability toadversementalhealthoutcomes,
which could inform precision medicine and intervention
programs in psychiatry (3).We briefly review the evidence for
the importance of the antenatal period for neurodevelopment
outcomesandsuggestchallenges for futureresearch, including
studies that enable the integration of findings from DOHaD
studies into clinical practice and public policy.

FETAL ORIGINS OF BRAIN HEALTH

Fetal Growth and Psychopathology
Detailed information on fetal growth, such as that derived
from serial ultrasound scans, is difficult to obtain. Epide-
miological studies instead use proxy measures, such as birth
weight, gestational age, and, less often, birth length, head
circumference, placental weight, or ponderal index (4). We
focus here on birth weight, which is the most commonly
studied measure of fetal development, but it is important to
note that birth weight, gestational age, and birth length may
reflect different underlying mechanisms with independent
effects on specific mental health outcomes.

Fetal growth, measured as birth weight corrected for
gestational age, predicts the risk for later psychopathology
(4–9). The evidence is particularly strong for attention deficit
hyperactivity disorder (ADHD) (6–9). The risk for ADHD is
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significantly increased among children whose birth weight
is,2.5 kg (6, 7). The relation cuts across the normal range for
birth weight. A one-standard-deviation increase in fetal
growth is associated with a 14% decrease in the risk for
childhood behavioral problems, including ADHD symptoms
(8). And like metabolic dysfunction, the risk for ADHD in-
creases with macrosomia (9). More precise phenotyping
reveals that low birth weight predicts impairments of ex-
ecutive function, including attention and working memory
(10). Birth weight is associatedwith IQ as well as educational
achievement (10). Birthweight is also linked to the frequency
and severity of depressive symptoms (e.g., 11) andmeasures of
negative emotional reactivity in childhood that presages
depression (fearful, distress, sadness, anger) (4, 5). And there
is evidence for an association between birth weight and
psychosis-like symptoms (12), consistent with reports asso-
ciating obstetric outcomes with the risk for schizophrenia.

In sum, epidemiological studies with clinical and com-
munity samples reveal associations between fetal growth and
a range of mental health outcomes, with little evidence for
specificity. Indeed, analysis of Scandinavian registries shows
that low birth weight (,2.5 kg) predicts an increased risk for
schizophrenia, alcohol and drug use disorders, anxiety dis-
orders, and somatoform disorders (13), even after controlling
for socioeconomic status.

Antenatal Maternal Mood and Psychopathology
Antenatal maternal emotional well-being affects neurode-
velopmental outcomes in the offspring (14–17). Antenatal
maternal symptoms of anxiety or depression are associated
with more difficult/reactive infant temperament (17–19),
independent of postnatal maternal mental health (18, 19).
This finding suggests that effects are not merely due to ge-
netic transmission. Indeed, the outcomes of maternal mental
health are commonly moderated by offspring, but not ma-
ternal genotype (20–22). Finally, community samples reveal
associations between self-reported symptoms of depression
or anxiety and neurodevelopment suggesting that effects of
antenatal maternal mood on child outcome occur across the
spectrum of symptom severity (14–16, 23) and are not unique
to clinical samples. This point underscores the importance of
maternal mental health as a population health issue.

The impact of antenatal maternal stress on neurode-
velopmental outcomes is well established in rodent and
nonhuman primate models (reviewed in references 24, 25).
These studies benefit from controls for postnatal influences,
including cross-fostering at birth to nonstressed mothers.
The offspring of mothers exposed to prenatal stress show
increased fearfulness, heightened hypothalamic-pituitary-
adrenal (HPA) responses to stress, and cognitive impair-
ments,most notably in executive functions. There is evidence
for comparable effects in humans. Studies of children whose
mothers were exposed to extreme forms of stress reveal the
impact of prenatal stress on cognitive and socioemotional
function (14), including increased levels of fearfulness.While
most such studies use global screening measures, there is

evidence for effects of maternal stress on executive function
aswell as on learning andmemory (14). There is nevertheless
a clear need for studies using “deep” phenotyping to identify
the specific functional domains that underlie the association
between various forms of maternal adversity and specific
mental health outcomes.

ANTENATAL “MATERNAL” INFLUENCES ON
NEURODEVELOPMENT

Birth Weight and Brain Structure
Only a few studies have examined neural structure in relation to
birth weight across the normal range. Birth weight is associated
with cortical surface area, but not thickness, in adulthood (e.g.,
26) and is modestly associated with adult hippocampal volume,
more strongly in women (e.g., 27). Thus, despite the strong
evidence for an association between variation in birth weight
across the normal range and mental health outcomes, there is
a paucity of studies examining potential neural mechanisms.

Antenatal Maternal Influences on Brain Structure
Antenatal maternal mood is associated with structural vari-
ation in the hippocampus, amygdala, and prefrontal cortex.
After controlling for postnatal maternal mood, infants born to
mothers with higher antenatal depressive symptom ratings
show greater functional connectivity of the amygdala with
the temporal cortex and insula, as well as the left and right
anterior cingulate, medial orbitofrontal, and ventromedial
prefrontal cortices, which is consistent with patterns of
connectivity observed in major depressive disorder (28).
Antenatal maternal depressive symptoms are also associated
with cortical thinning, primarily in the right frontal lobes in
children (29). Cortical thinning is a proposed endophenotype
fordepressionandmediates, inpart, the relationshipbetween
antenatal maternal mood and externalizing behaviors. An-
tenatal maternal anxiety is associated with gray matter vol-
ume reductions in the prefrontal cortex, themedial temporal
lobe, the lateral temporal cortex, and the postcentral gyrus as
well as thecerebellumextending to themiddleoccipital gyrus
and the fusiform gyrus (30).

An issue for studies of fetal neurodevelopment is that
outcomemeasures areoftencollectedwell afterbirth. Studies
of fetal development using measures of cardiac function or
activity reveal clear effects of maternal emotional well-being
on fetal physiology (31, 32). While imaging studies of older
children suggest prenatal influences on brain structure (e.g.,
30), there remains the possibility that these effects are
confounded by postnatal experience. Recent studies that
overcome this complication by imaging shortly after birth
(22, 33) reveal that antenatal maternal anxiety predicts var-
iation in microstructure of regions important for cognitive-
emotional function (right insula and dorsolateral prefrontal
cortex), sensory processing (right middle occipital cortex),
and socioemotional function (right angular gyrus, uncinate
fasciculus, posterior cingulate, andparahippocampus).These
right lateralized clusters predict infant internalizing behavior.
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In summary, maternal antenatal mood and variations in
birthweight are associatedwith structure andconnectivity in
corticolimbic regions associated with affective disorders.
However, this conclusion is based on a small number of
cross-sectional studies; there is a clear need for longitudinal
analysis and studies of mechanism.

Do Maternal Glucocorticoid Levels Link Maternal
Adversity, Impaired Fetal Growth, and Altered
Neurodevelopment?
Antenatal treatmentwith thehighlycatabolic glucocorticoids
reduces birth weight (34, 35). This glucocorticoid effect
is most pronounced in late pregnancy, when fetal growth is
accelerated. Cortisol levels in cord blood are increased in
intrauterine growth retardation, implicating endogenous
cortisol in fetal growth. Glucocorticoid levels normally rise
over pregnancy, and glucocorticoid receptors are highly
expressed in the placenta, mediating metabolic and anti-
inflammatory effects. While lipophilic steroids easily cross
the placenta, fetal glucocorticoid levels are much lower than
levels in maternal circulation (36) because of placental 11b-
hydroxysteroid dehydrogenase type 2 (11b-HSD-2), which
converts active glucocorticoids (cortisol and corticosterone)
to inert 11-keto forms (cortisone, 11-dehydrocorticosterone)
(34, 35). Placental 11b-HSD-2 thus forms a fetal barrier to
maternal glucocorticoids. A deficiency of 11b-HSD-2 leads to
overexposure of the fetus to cortisol and lower birth weight.

Placental 11b-HSD-2 is dynamically regulated by proin-
flammatory cytokines, malnutrition, and maternal stress
or anxiety (35). Studies of 11b-HSD-2 null mice provide ev-
idence for a causal association between 11b-HSD-2, reduced
birth weight, and anxiety-like behavior in adulthood (37).
This finding is consistent with findings that antenatal ma-
ternal stress affects neurodevelopment (14, 25). Studies in
rodents and nonhuman primates show comparable effects of
antenatal glucocorticoid exposure, suggesting that the neuro-
developmental effects of prenatal stress may be mediated by
increased glucocorticoid action (24). In support of this idea,
maternal cortisol levels predict right amygdala volume in
childhood (38) as well as emotional problems that are medi-
ated in part by amygdala volume. Likewise, antenatal maternal
cortisol levelsareassociatedwithtemperament inoffspring(19).

Summary
Glucocorticoids are associated with variation in fetal growth
and are implicated as mediators of the association between
maternal adversity and offspring development. Compre-
hensive reviews provide working models unifying the find-
ings from studies of fetal growthwith those of both maternal
stress andmental health (e.g., 39). These models suggest that
multiple forms ofmaternal adversity, includingmalnutrition,
stressful events, and increased symptoms of anxiety or de-
pression, activate “stressmediators,” notably glucocorticoids
and proinflammatory cytokines that regulate birth outcomes
and, in parallel, stably “program” neural systems that un-
derlie cognitive-emotional function (Figure 1). This research

provides a compelling argument for the importance of
maternal health and materno-fetal interactions, including
placental function, for neurodevelopment. However, as with
any emerging field, there are both empirical and conceptual
challenges for studies of the fetal origins of individual dif-
ferences in neurodevelopment and mental health. We focus
on these issues, attempting to contribute to the further
growth of DOHaD research.

CHALLENGES FOR DOHaD MODELS OF
MENTAL HEALTH

The Term “Maternal Adversity”
Measures of stressful life events, the perception of stress,
depressive symptoms, and levels of state, trait, or pregnancy-
related anxiety are commonly used to indicate maternal
adversity. This clustering implies an assumption of common
influences and/or underlying mechanisms. The evidence
suggests otherwise. When studied across the normal range,
maternal anxiety appears to more consistently predict neu-
rodevelopmental outcomes than do depressive symptoms
(14, 40), although a direct comparison is difficult to opera-
tionalize. And subtle distinctions within specific forms of
“adversity” seem important. For example, while trait anxiety
accounts for a proportion of pregnancy-related anxiety,
pregnancy-related anxiety may have greater predictive value
for obstetric or child outcomes thanmore global measures of
maternal anxiety (e.g., 41, 42).

One potential source of confusion is the assumption that
various forms of maternal adversity, including depression,
anxiety, and stress, are associated with increased glucocor-
ticoid levels and thus reduced birth weight and birth
weight–associated outcomes. There is indeed compelling
evidence for the role of glucocorticoids in fetal growth re-
striction. However, only a subset of patients with clinical
depression show hypercortisolemia, and to our knowledge
there are conflicting data on the association of anxiety with
cortisol levels. Studies employingmomentary assessments of
maternal mood states show covariation between negative
mood in pregnancy and salivary cortisol (e.g., 43); however, a
number of studies find little or no association between maternal
cortisol levels and measures of maternal stress, anxiety, or de-
pression (25, 44–47). Indeed, pregnancy in humans and other
mammals is associated with dampened HPA stress reactivity.
Detailed studies reveal no association of maternal salivary (19),
plasma, or amniotic cortisol levels (46, 47) with eithermaternal
stress or anxiety. Sarkar et al. (47) reported a weak correlation
betweenmaternal anxiety and plasma cortisol, and only in early
pregnancy. In contrast, O’Connor et al. (48) reported an asso-
ciation between maternal depression and diurnal cortisol levels
in a low-socioeconomic-status sample, while one study (49)
has reported increased cortisol levels in pregnant women
with comorbid anxiety and depression. These findings sug-
gest that the relation between maternal mental health and
glucocorticoid exposure may lie within specific subgroups,
includingwomenwithmore severemental health conditions.
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Antenatal maternal mood, cortisol levels, and stress all
predict neurodevelopmental outcomes in offspring, but the
evidence to date suggests that these factors are not necessarily
associated with each other, and there is even less evidence to
suggest that maternal glucocorticoid levelsmediate the effects
of maternal adversity on neurodevelopment. Rather, the evi-
dence suggests that these effects may operate through dif-
ferent pathways, and thus a broader survey of potential
mediatingmechanisms is called for (50). Indeed, studies of the
specificoutcomesassociatedwithdistinctantenatal influences
should enhance our ability to elucidate specific mechanisms.

Relation Between Maternal Mental Health and
Birth Outcomes
Intense maternal stress, such as exposure to Hurricane
Katrina, is associated with low birth weight (,2.5 kg) (51).
However, these effects are independent of maternal mental
health, further underscoring the distinct influences of spe-
cific forms of maternal adversity. An extensive review (52)
reveals an influenceof severe stress (e.g., deathof a spouse)on
offspring birth weight, as well as of factors such as social
support that moderate the impact of stress, but no consistent
evidence for the influence of maternal anxiety or depression
(also see reference 53). The exceptions are studies showing
an association between “pregnancy-associated anxiety” and
birth outcomes, which again underscores the specificity of
different forms of maternal “adversity.”

While extremely stressful conditions may affect birth
outcomes, large epidemiological studies with community

samples (e.g., 45) have reported no association between
maternal levels of depression, anxiety, or stress and either
birth weight or gestational age. Likewise, a meta-analysis
examining maternal depression and birth weight (53)
revealed a relation using categorical measures of depression,
reflecting symptoms in the clinical range, but little or no
association between birth weight and continuous measures
of depressive symptoms, despite the fact that these same
measures predict neurodevelopmental outcomes (see above).
Interestingly, the associationbetweenclinical depressionand
birth outcome is strong in developing but not developed
countries (53). This finding may reflect greater access to
resources for pregnant women in developed countries, such
as better nutrition and prenatal health services, that buffer
against compromised birth outcomes that would otherwise
be apparent. Nevertheless, the existing findings suggest that
while clinical levels of maternal psychopathology may be
associated with low birth weight, across nonclinical pop-
ulations the level of depressive symptoms or anxiety is un-
related to birth outcomes. The assumption that birth weight
necessarily reflects maternal stress/adversity across the
normal population, especially in developed countries, is not
yet justifiedby theexisting literature.Lowbirthweight seems
most reasonably interpreted as reflecting a less-than-optimal
intrauterine environment (4).

Antenatal Glucocorticoid Effects
Mothers with female fetuses at risk for virilization through
congenital adrenal hyperplasia are treated with synthetic

FIGURE 1. A Schema Describing Proposed Pathways Linking Antenatal Maternal Mental Health to Neurodevelopmental Outcomes in
the Offspringa
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glucocorticoids in the first trimester to suppress endogenous
pituitary-adrenal activity. The offspring show altered cog-
nitive performance, including inattention, as well as in-
creased fearfulness (for a review, see reference 54). Antenatal
treatment with synthetic glucocorticoids predicts increased
HPA reactivity to stress in neonates born at term (55). An-
tenatal glucocorticoid treatment is also associated with in-
creased cortisol responses to the Trier social stress test in
older children, an effect unique to female offspring (56).
These findings are consistent with studies reporting an as-
sociation between increased maternal antenatal cortisol
levels and infant HPA reactivity to stress (e.g., 57, 58).

Glucocorticoids are also used clinically in the third tri-
mester to advance pulmonary development in the fetuswhen
there is a risk for preterm delivery. In contrast to the con-
genital adrenal hyperplasia findings, clinical trials report
surprisingly feweffects of antenatal glucocorticoid treatment
on neurodevelopmental outcomes. These studies involve
powerful synthetic glucocorticoid receptor agonists, such as
dexamethasone and betamethasone, which, unlike cortisol,
are poor substrates for placental 11b-HSD-2. A randomized
controlled trial comparing antenatal betamethasone with
placebo with follow-up in adulthood found no differences
between groups exposed to betamethasone and placebo in
cognitive functioning, working memory and attention, psy-
chiatric morbidity, or health-related quality of life (59).
Similarly, a trial comparing single versus multiple antenatal
glucocorticoid treatments found no differences in measures
of neurocognitive function (60). A meta-analysis of ran-
domized controlled trials found that chronic glucocorticoid
treatment during pregnancy reduced fetal growth, but with
no discernible effects on neurodevelopment (61, 62). These
findings contrast with those described above, and especially
noteworthy is the absence of effects of antenatal glucocor-
ticoid treatment designed to enhance pulmonary maturation
comparedwith treatment for congenital adrenal hyperplasia.
Importantly, the latter routinely involves treatment in the
first trimester, whereas the former targets mid to late
pregnancy. The timing of glucocorticoid treatment or ex-
posure over the course of pregnancy, at various stages of
neurodevelopment, could potentially explain seemingly
conflicting findings (63). Nevertheless, in relation to the
broader DOHaD hypothesis, it should be noted that a glu-
cocorticoid treatment in laterpregnancy that reliably reduces
birth weight is not consistently associated with long-term
effects on neurodevelopment.

Two additional, important issues complicate our un-
derstanding of the role of antenatal glucocorticoids as me-
diators of maternal influences on neurodevelopment. The
first concerns the unexpected specificity of effects ob-
served in neuroimaging studies. Glucocorticoid receptors
are expressed throughout the developing nervous system.
Why, then, are effects of maternal mental health or maternal
glucocorticoid levels specific to the amygdala, and largely
the right amygdala, as well as cortical regions? Why is there
such little evidence from clinical studies for effects on the

hippocampus, when the rodent and nonhuman primate
studies reveal consistent effects on hippocampal structure?
The issue here again may be that of the timing of human
corticolimbic development, although existing studies suggest
that the hippocampus and amygdala show comparable de-
velopmental trajectories. Likewise, the issue of asymmetric
effects, most notably in measures of amygdala volume,
remains a puzzle.

A second issue is the consistent finding of gender differ-
ences. A variety of studies have reported effects of maternal
cortisol levels or birthweight that are apparent only in female
offspring (11, 27, 64). Models that rely on the importance
of stress mediators will need to be expanded to explain
the specificity of effects in terms of gender or neurodevel-
opmental outcome.

Genetic Influences
The study of antenatal influences relies on measures of
maternal conditions or birth outcomes that are linked to
genetic variation (e.g., 65, 66). Yet few studies have addressed
the possibility that the reported associations share a common
genetic basis. For example, perceived stress is a heritable trait
(67), suggesting that the effects of heritable genetic variants
may account, in part, for reported associations between
maternal stress and measures of child temperament, in-
cluding stress reactivity, or more generally the risk for psy-
chopathology in the offspring. Rice et al. (68) examined this
issue using a variation of a prenatal cross-fostering study in
humans in which pregnant mothers were genetically related
or unrelated to their child as a result of in vitro fertilization.
Associations between antenatal stress and offspring outcome
that are environmental in origin should be observed in both
unrelated and related mother-child pairs. Antenatal stress in
late pregnancy is associated with birth weight, anxiety, and
antisocial behavior in both related and unrelated mother-
offspring pairs, consistent with an environmental influence.
In contrast, the link between prenatal stress and ADHD-like
features is present only in relatedmother-offspring pairs and
is therefore potentially attributable to heritable genetic in-
fluences or gene-environment interplay.

While antenatalmaternal cortisol levelsmaybe associated
with HPA function in offspring, the interpretation is subject
to concerns of heritable genetic influences. HPA function
shows an intriguing, context-dependent heritability (69).
High heritability ofHPA reactivity is evident among children
in families with low adversity, but not in families with high
adversity. High familial adversity is associated with greater
cortisol reactivity to stress. Since the majority of children
enrolled in community-based studies are likely drawn from
low-adversity settings, the association between antenatal
maternal cortisol and HPA function in the offspring may
reflect heritable genetic influences. Moreover, since gluco-
corticoids are a well-established mechanism for low birth
weight, these same considerations might influence the in-
terpretation of associations between birth weight and HPA
function. The concern for genetic mediation is underscored
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by a study showing that among seven confirmed genome-
wide loci that account for variance in birth weight, with
effects comparable to maternal smoking, three are also
associatedwith cardiovascular (ADRB1) ormetabolic disease
(ADCY5, CDKAL1) (66), suggesting that the well-documented
relation between birth weight and cardiometabolic out-
comes may partly reflect common underlying genetic
features.

There has been surprisingly little emphasis on the mod-
erating effect of offspring genotype in studies linking birth
weight or maternal stress to neurodevelopment. The con-
sideration of heritable genetic variation is not simply an issue
for the interpretation of epidemiological studies. The in-
clusion of genetics in DOHaD research models provides the
opportunity to expand the breadth of research focusing on
antenatal environmental influences to discern the degree to
which such effects are moderated by offspring genotype.
Existing studies reveal that associationsbetweenbirthweight
and child socioemotional development are moderated by
variants in multiple genes implicated in serotonergic or
dopaminergic function (e.g., TPH2,HTR2A, SCL6A4, DRD4)
(70–72), and stratification by genotype yielded effect sizes
beyond those commonly reported for studies of birth weight
alone. Qiu et al. (22) reported that offspring COMT genotype
actually determined the nature and regional specificity of
the influence of antenatal maternal anxiety on cortical
morphology.

Oneapproach toexamininggenetic variation is tocompare
the moderating influence of the maternal and offspring ge-
notypes. For example, the BDNF genotype of the infant, but
not that of the mother, moderates the influence of antenatal
maternal anxiety on genome-wide DNA methylation (21).
Indeed, a survey of interindividual variability in DNA
methylation across the genome in umbilical cord samples
shows that the vast majority (∼80%) of such variation is
principally determined by an interaction between maternal
condition or birth outcome and infant genotype (73). The
increased risk of major depressive disorder among individ-
uals born small (,2.5 kg) is greater among children of de-
pressed than nondepressed parents (74). The implication is
that the effect of birth weight on later depression is greater
among those with a depressed parent, which suggests
moderation by genetic influences. A polygenic risk score
calculated from genome-wide association studies of major
depressive disorder could be used in such studies as a mea-
sure of individual cumulative genetic vulnerability (75).
Studies of the relation betweenmaternal conditions andbirth
outcomes might likewise benefit from genetically informed
designs. Hypofunctional 11b-HSD-2 variants, for example,
might define instances where increased maternal stress is
more likely to be associated with increased fetal cortisol
exposure (35, 37, 76) and thus greater effects on birth weight
and neurodevelopment. These considerations suggest that
the transition of DOHaD science from observational studies
to those of biologicalmechanismswill require the integration
of genetic information into developmental models. Since

vulnerability is seemingly best defined by measures of both
environmental risk and genetic predisposition, the inclusion
of genetic information is also important for the most precise
targeting of interventions.

Clinical Significance
Maternal mental health and birth outcomes predict child
health and development. But are these effects functionally
relevant and clinically informative? The impact of maternal
emotional well-being on child outcomes has been assessed
(14, 15). After controlling for multiple potential confounders,
children of mothers with increased antenatal anxiety show a
twofold increase in behavioral problems. Importantly, these
effects equate to an approximate doubling of the population
prevalence of childhood psychiatric disorders (15). A similar
analysis showed that prenatal maternal stress accounted for
17% of the variance in childhood cognitive abilities (77). The
situation is less clear for birth weight. Individuals born small
show worse outcomes in terms of school achievement test
scores, use of disability programs, residence in high-income
areas, and wages (10). These findings suggest an economic
impact. However, children born small are also more likely to
be born into poverty to mothers of lower education (10), as
well as to mothers with high-risk lifestyles that include
smoking and increased alcohol consumption, which predict
low birth weight. In the 1958 British cohort study of 10,845
children, birth weight accounted for 0.5%21.0% of the vari-
ation in math scores, whereas social class accounted for
2.9%212.5% (78). Another study (15) showed that obstetric
outcomes (birth weight and gestation age) explained ,1% of
additional variance in child emotional/behavioral difficulties
when maternal mental health and socioeconomic status var-
iables were accounted for. These studies suggest that although
the impairments in neurodevelopment associatedwith lowbirth
weight are functionally relevant, the magnitude of the impact
uniquely associated with fetal growth per se remains unclear.

The relevance of variation in fetal growth across the
population for clinical medicine and intervention programs
must be determined. This issue is not unique to the study of
mental health outcomes. Despite the many years since the
initial reports linking fetal growth to the metabolic syndrome,
it remains unclear to what extent fetal development might
account for clinical cases of metabolic or cardiovascular dis-
ease: What percentage of the patients with the metabolic
syndrome were born small? Does fetal growth retardation
predict differential clinical outcomes or, importantly, suggest
alternative treatment strategies? Studies addressing these is-
sues should occupy the forefront of future DOHaD research.

Fetal Neurodevelopment and “Meta-Plasticity”
There is considerable evidence that the influence of in-
trauterine factors on neurodevelopment is modified by
postnatal environmental conditions. Low birth weight pre-
dicts adolescent depression more strongly in girls with a
history of adverse postnatal experiences, which suggests that
the effects of prenatal experiences are conditional on the
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postnatal environment (11). Likewise, the association be-
tween birthweight andhippocampal volume ismoderated by
the quality of parental care (27). Socioeconomic status ap-
pears to moderate the effects of fetal growth restriction on
irritability and impulsivity (79). The well-established asso-
ciation between birth weight and ADHD is absent in sub-
urban communities (80), suggesting effects that are context
dependent, and an enhanced quality of maternal care elim-
inates the association between birth weight and ADHD
symptoms (81). Likewise, mother-infant attachment mod-
erates the influence of maternal glucocorticoids on socio-
emotional development (82). These findings reveal that the
consequences of fetal adversity on child development are
dependent on the quality of the postnatal environment.

Indeed, various forms of prenatal adversity may actually
increase the sensitivity of the developing organism to the
influences of the postnatal environment (83). This “meta-
plasticity” refers not to the influenceof antenatal adversity on
any specific outcome, but rather to the degree to which the
developing organism is susceptible to subsequent environ-
mental influences. The quality of intrauterine environment
might explain, in part, the wide diversity among children in
the degree to which developmental outcomes are influenced
by prevailing context (84), a possibility that could inform and
improve early interventions strategies.

In the studies noted above, the effects of socioeconomic
status ormaternal care are greater among lowcomparedwith
normal birth weight offspring (27, 78–81). The effect of
breastfeeding on cognitive development is greater in low
compared with normal birth weight children (85). Likewise,
there is evidence for the idea that the impact of interventions
or of high-quality day-care programs may be greater among
children born at low birth weight (e.g., 86). This meta-
plasticity may extend to the influence of antenatal gluco-
corticoids. The effect of socioeconomic status on long-term
memory is greater among children exposed to antenatal
glucocorticoid treatment (87).

This issue is of considerable importance for the evaluation
of treatment outcomes of prevention/intervention programs,
as the failure to account for differential vulnerability could
underestimate the “treatment” effect amongmore vulnerable
individuals. These considerations also underscore the im-
portance of longitudinal approaches with sample sizes suf-
ficient to effectively stratify subjects according to risk factors.
Such studies might better address the issue of clinical sig-
nificance, as environmental effects could be evaluated on the
basis of adversity in earlier developmental periods.

CONCLUSIONS

Research on the fetal origins of individual differences in
neurodevelopment has attracted attention to a period of
development previously undervalued in importance for later
mental health. DOHaD studies provide an empirical basis for
multidisciplinary programs across obstetrics/gynecology,
neonatology, pediatrics, neuroscience, and psychiatry/

psychology and are essential for a comprehensive under-
standing of the relation between maternal health, fetal
growth, and neurodevelopment. This same partnership is
critical for clinical programs that target maternal health.

Fetal development clearly matters. Nevertheless, the
science of fetal origins of psychopathology faces important
challenges. First, current models suffer from the inclusion of
multiple antenatal maternal conditions in the broad category
of “adversity.” Symptoms of depression or anxiety or re-
sponses to stressful circumstances are not synonymous in
their underlying biology.Nor do these conditions readilymap
onto variations in fetal growth. Studies that relate specific
maternal conditions and birth outcomes to specific neuro-
developmental consequences bear greater promise in our
studies of underlying mechanisms.

Second, glucocorticoids are strongly linked to fetal
growth, and there is compelling evidence for the association
between maternal cortisol levels and neurodevelopment.
However, there is surprisingly little evidence for an associ-
ation between levels of maternal emotional well-being and
increased HPA axis activity. Maternal anxiety or depression
may increase transplacental passage of glucocorticoids (e.g.,
76, 88), but this possibility awaits direct study. Studies of
glucocorticoids or any candidate mechanisms must also ac-
count for theunexpected specificity in the effects of antenatal
maternalmental health aswell as for the prominent effects of
gender (Figure 1). Future research will need to resolve why a
glucocorticoid treatment regimen sufficient to produce a
decrease in birth weight does not necessarily affect neuro-
development. It will also need to investigate why the amyg-
dala, and in particular the right hemisphere, is so sensitive to
the influences of antenatal maternal mood.

Third, future research must clearly assess the clinical
relevance of the individual antenatal factors that influence
fetal neurodevelopment. Nanni et al. (89) have provided
evidence for the role of childhood maltreatment as a sig-
nificant predictor of illness course and treatment outcomes in
depression: childhood maltreatment predicts treatment re-
sistance to antidepressant medications, although not psy-
chotherapy. A comparable level of evidence is lacking for
antenatal exposures and should assess the degree to which
such factors independently account for variation in mental
health outcomes as well as the degree to which such factors
might inform clinical practice (14). Future research should
also focus on the potential importance of antenatal factors for
the effective identification of high-risk individuals in early
childhood for prevention programs.

Finally, it is difficult to imagine how environmental in-
fluences could operate in the absence of genetic moderation.
Environmental signals influence brain development and
function through effects on intracellular signaling pathways,
the activity of which inevitably varies across individuals in
part as a result of sequence-based, heritable genetic variation.
Thus, the influence of antenatal maternal conditions on
neurodevelopment will vary as a function of the genotype
of the offspring. Studies that incorporate the analysis of
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genomic variationmay identify gene networks thatmoderate
the impact of antenatal environmental influences and thus
elucidate the underlying biological pathways.

These are formidable challenges, and theyarenot unique to
studies of environmental influences occurring during fetal
development. However, progress in our understanding of the
origins of mental health will depend on our ability to suc-
cessfully meet the demands of research that focuses on neu-
rodevelopmental outcomes at the level of the individual child.
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