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Optimal early cognitive and emotional development are vital to reaching one’s full potential and represent our best chance to improve the mental
health of the population. The developmental origins of health and disease (DOHaD) hypothesis posits that adverse perinatal exposures can alter
physiology and increase disease risk. As physiological plasticity decreases with age, interventions applied during gestation may hold the most
promise for reducing the impact of mental disorders across the lifespan. However, this vast clinical potential remains largely unrealized as the
majority of human DOHaD research is observational in nature. The application of more rigorous experimental designs [e.g. Randomized
Controlled Trials (RCTs)] not only represents a major step toward unlocking this potential, but are required to fully test the scientific validity of
the DOHaD hypothesis as it pertains to mental illness. Here, we argue that the optimization of maternal diet and exercise during pregnancy
represents our best chance to improve offspring neurodevelopment and reduce the burden of mental disorders. Follow-up studies of the offspring
of pregnant women enrolled in new and existing RCTs of maternal gestational nutrition+ exercise interventions are required to determine if acting
during pregnancy can prevent and/or meaningfully reduce the prevalence and severity of mental disorders in the population.
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Introduction

The burden of mental disorders

It is estimated that approximately half of all Americans meet
diagnostic criteria for a psychiatric disorder at some point in
their lives.1 Nearly one in five children suffer from a mental
disorder2,3 and up to 50% of adult psychiatric patients met
diagnostic criteria for these disorders in childhood.4 The
experience of mental illness can result in great suffering for the
individual as well as enormous costs for healthcare systems and
society as a whole. TheWorld Health Organization reports that
mental health services account for up to 23% of all healthcare
costs in developed nations.5 Despite these staggering personal
and societal costs, just one in five adults and one in six children
receive treatment.6,7

Developmental origins of health and disease (DOHaD) and
mental illness

The DOHaD hypothesis posits that adverse pre and early
postnatal exposures can alter an organism’s physiology and
increase the risk of disease across the lifespan.8,9 The process

by which physiological alterations result from exposure to
intrauterine conditions is referred to as prenatal program-
ming.8,9 As most of the neuroanatomical and neurochemical
mediators of cognition and emotion develop in utero, it is
reasonable to expect that maternal exposure to physiological
and/or psychological stresses during gestation could increase
the risk for psychopathology in postnatal life. Given the
ubiquity of these stresses in today’s world, the potential impact
of intrauterine adversities on neurodevelopment and psychiatric
risk is significant.
Optimal infant and child cognitive and emotional develop-

ment are precursors to good mental health across the lifespan,
integral to the attainment of one’s full academic, social
and vocational potential, and represent society’s best chance
to boost the mental health of the population.10 Indeed,
landmark early postnatal intervention studies like the Elmira
Nurse Home Visiting Program, and the Abecedarian and Perry
Preschool Projects have shown that interventions undertaken
in early life can have significant, positive long-term effects
on the mental health of children.11,12 In fact, follow-up studies
of these children have shown that for every dollar invested
in these programs, society reaps an average return of $8 over
the life of the individual, an annual return rate of 17%.13

As brain plasticity decreases over time14, prenatal interventions
may be poised to produce similar or even more impressive
gains.
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However, not all early intervention programs have yielded
positive results. For example, a recent study of the Family
Nurse Partnership intervention in the UK reported no benefits
on primary maternal and infant health outcomes15 during
gestation and at 2 years of age. Important lessons can be learned
from less successful early postnatal intervention studies,
including the importance of longitudinal follow-up, minimiz-
ing attrition, collecting data from multiple informants, and
properly standardizing interventions.16–20 Despite the null
results seen in some studies, early interventions have generally
been shown to be much more effective and far less expensive
than corrective measures applied later on.21

Despite the accumulation of evidence supporting the use-
fulness of early intervention, the massive clinical and public
health potential of intervening during gestation remains
unrealized as nearly all human DOHaD research into mental
illness is observational in nature. In this review, we argue that
more rigorous experimental study designs are needed to deter-
mine the clinical applicability and preventive potential of the
DOHaD hypotheses to mental disorders.

The preventive potential of intervening during pregnancy

Interventions undertaken during the prenatal period may have
multiple advantages over those applied in postnatal life for
preventing or reducing the prevalence and/or severity of mental
disorders. First, women appear to be more motivated during
pregnancy to make healthy changes than at any other time in
life.22 Second, as two of the three biggest concerns women have
about their children are their educational attainment and
alcohol and substance problems23, if they are made aware that
changes made during pregnancy can reduce these difficulties,
they may be especially motivated to improve their health.
Third, pregnancy is a time when women regularly interact with
healthcare providers (e.g. physicians, nurses, midwives),
increasing the likelihood that they will be exposed to positive
messages about their health and potentially comply with
interventions. In addition to motivation, access and com-
pliance, women may also be more able to fully engage in
interventions prenatally than after delivery.

In the early postnatal period many demands are put on
women by their infants, their other children, and their partners,
and some may even have to return to work outside of the home.
When these realities are combined with sleep deprivation,
compliance with even the simplest interventions may become
quite difficult. Finally, after delivery, transactional processes
extant between women, their children and their families
become more complex. Indeed, the postnatal environment may
pose additional challenges, particularly with respect to the
number of unpredictable factors that can affect intervention
effectiveness. Therefore, prenatal interventions may have the
potential to yield greater effects than postnatal interventions
in-part, due to the nature of earlier intervention and the
number of factors present in pregnancy that can increase
compliance. Moreover, while compliance is not likely to be

perfect postnatally, the development of healthy behaviors in
pregnancy will increase the likelihood that lifestyle improve-
ments will continue into postnatal life.

Prenatal programming and mental health

A large body of evidence has linked prenatal environmental
adversity to mental health and cognitive problems later in life.
As reliable measurements of the intrauterine environment can
be difficult to obtain, the role of prenatal programming of
offspring outcomes had, until recently, largely relied on proxies
of sub-optimal intrauterine exposures such as birth weight and
preterm birth.24–26 This research has shown that variation in
birth weight and gestational age across their spectrums have
been linked to decreased intelligence quotient (IQ), attention
deficit hyperactivity disorder (ADHD), and mood, anxiety,
psychotic, and personality disorders24,27–29 throughout life.
As an alternative to investigating proxies of sub-optimal

intrauterine environments, more recent research has considered
the effects of specific pregnancy exposures and mechanisms that
are associated with an increased risk of offspring psychiatric and
cognitive problems. Intrauterine conditions including sub-optimal
maternal nutritional intake, physical inactivity, obesity, excessive
gestational weight gain (GWG), elevated levels of psychological
stress, environmental toxins, and smoking, alcohol, and recrea-
tional substance use have all been linked to impaired neurodeve-
lopment and later psychopathology in offspring.30–33 Evidence
from animal models has shown that these exposures share a
number of common physiological pathways including increased
inflammation, oxidative stress and hypothalamic–pituitary–adre-
nal (HPA) axis and neurotransmitter dysregulation.31,34,35

Modifications to these pathways are thought to occur via epige-
netic mechanisms. For example, the offspring of rat dams exposed
to high-fat diets have been observed to have significant epigenetic
alterations in genes regulating dopamine and serotonin.36,37

Despite the accumulation of this impressive body of
evidence, the vast majority of research to date has utilized
observational study designs. The use of this type of study
methodology limits causal inference and so the true clinical
utility of intervening on these exposures is still not known.
In the absence of causal associations and an unawareness of the

true effect size of interventions undertaken to optimize offspring
mental health, it is difficult for funders to justify expenditures
aimed at supporting interventions aimed at reducing the pre-
valence and severity of mental disorders. Likewise, it is difficult for
clinicians to confidently recommend treatments to women, and
for women to invest their time, energy andmoney to follow them.

Limitations of observational designs in establishing the
clinical utility of perinatal interventions

The most significant limitation of observational study designs
involves confounding variables. Confounders are the most sig-
nificant threats to establishing causal associations betweenmaternal
pregnancy exposures and offspring mental health. Observational
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studies must attempt to adjust for all confounding variables,
however, as these variables must be accounted for ahead of time
and measured without error, adjustment is usually incomplete.38

Newer observational designs have been utilized to attempt to
address some of these methodological limitations and increase
our confidence in their findings. These include the use of
negative controls, twin and family studies and Mendelian
randomization.38 For example, Keyes et al.33 investigated the
association between maternal smoking in utero and offspring
ADHD utilizing paternal smoking as a negative control.
Following adjustment, symptoms of ADHDwere more strongly
associated with maternal smoking, increasing confidence that
intrauterine exposure to smoking is linked to ADHD.

Twin and family studies have also been used to attempt to
control for genetic and shared environmental confounders.38,39

In one twin study, maternal adiposity was associated with
aggression in offspring even when heritability factors were
accounted for.40 However, in a sibling design, associations
between maternal obesity and offspring hyperactivity were no
longer statistically significant in full sibling comparisons.41 In
another study utilizing a sibling design, a link between autism
spectrum disorders and low birth weight within sibling pairs was
observed, however, links between birth weight and substance
abuse were fully attenuated following sibling comparisons.42

Although there are many advantages to using these designs to
infer causal associations, both twin and sibling designs cannot rule
out potential non-shared environmental influences.41

Finally, Mendelian randomization has also been used to
attempt to address potential genetic confounding of associa-
tions between offspring mental health and maternal adiposity,
smoking and alcohol use.38,43 Despite their usefulness in
addressing the limitations of more classical observational
designs, these studies are still significantly limited in their
ability to predict the clinical utility of intervening on particular
maternal exposures for reducing mental disorders.

It’s time: using experimental designs to determine preventive
and therapeutic potential

Experimental designs provide the best evidence for the causal
effects of early life exposures on offspring outcomes (Fig. 1).38

The utilization of experimental studies like randomized con-
trolled trials (RCTs) in humans therefore provides us with the
best chance to determine if (a) a perinatal intervention can
positively impact offspring mental health and (b) determine if
the magnitude of these changes is clinically meaningful.
Currently, there is very limited experimental evidence of the
effectiveness of perinatal interventions on the health of
offspring, let alone their mental health.

RCTs in pregnancy

The use of experimental designs in high-risk pregnancies

The majority of RCTs that have been conducted with pregnant
women to determine the impact of interventions on offspring
health have been conducted in those with specific, known
disease conditions. Although these are important to demon-
strate the preventive potential of intervening during pregnancy,
they may be limited in terms of their generalizability.
Interventions that have attempted to address maternal

nutritional deficiencies in order to improve offspring anthro-
pometric outcomes are the most common. Indeed, RCTs
conducted in low- and middle-income countries found that
nutritional interventions for malnourished women can reduce
fetal growth restriction, and the prevalence of low birth weight
and stillbirth.44,45 In addition, in women with a previous
macrosomic birth, central adiposity in offspring was optimized
by providing low glycemic index dietary advice in pregnancy.46

Another trial designed to help women abstain from smoking
during pregnancy, the prevalence of low birth weight

Fig. 1. Limitations of observational designs and the need for randomized controlled trials to determine the clinical applicability of
developmental origins of health and disease (DOHaD).
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(<2500 g) was significantly reduced in offspring born to
women receiving its smoking cessation intervention.47

RCTs have also reported offspring outcomes following
interventions for various problems like prenatal atopy, where
omega-3 fatty acid supplementation led to improvements in
offspring respiratory functioning48, and mood disorders where
women randomized to a cognitive behavioral stress manage-
ment intervention had offspring with improved 1 and 5min
Apgar scores.49 However, not all of these trials have shown
beneficial effects. For example, one recent RCT investigating
the efficacy of a lifestyle intervention in obese women did not
find beneficial changes in metabolic risk factors in 3 year-old
offspring.50 Although data from these studies appears promis-
ing, it is important that future RCTs measure clinically relevant
outcome variables and follow-up participants into early and
later childhood (and beyond) in order to extend upon these
findings.

RCTs of interventions applied to general population samples

Even though pregnancy interventions applied to the general
population have the most potential to improve the mental
health of offspring across the lifespan, RCTs of this nature are
very limited (and completely lacking when it comes to mental
health as an outcome). A recent RCT examining the impact of
a lifestyle intervention aimed at optimizing metabolic health
failed to show significant benefit for offspring outcomes at birth
even though it did improve maternal diet.51 However, while a
number of RCTs of similar interventions aimed at optimizing
maternal GWG have been successful at improving outcomes in
women, none have measured offspring outcomes past birth.52

This lack of offspring follow-up, despite promising evidence of
maternal benefit, thwarts our ability to determine if exposing
women in the general population to interventions designed to
optimize the intrauterine environment can improve child
health beyond delivery. This is important as these lifestyle
interventions are efficacious in addressing risk factors for
mental disorders like maternal pre-pregnancy and pregnancy
adiposity and excess GWG.53,54

The case for RCTs of comprehensive nutrition + exercise
interventions to optimize offspring neurodevelopment and
mental health

Maternal gestational health, nutrition and physical activity are
among the most potent and modifiable environmental deter-
minants of offspring intelligence, emotion regulation and
behavior,55,56 and are important predictors of mental health
across the lifespan. Sub-optimal nutrition in pregnancy appears
to significantly affect the trajectory of offspring neurodevelop-
ment, impacting the emerging neural circuitry required for
optimal cognitive and behavioral outcomes.57 For example,
three large cohort studies reported associations between an
unhealthy prenatal diet and offspring externalizing, and emo-
tion regulation problems in children up to age 7 years.32,58,59

In addition, exercise in pregnancy is associated with optimal
neurobehavioral outcomes in offspring, potentially through
reduced inflammation, upregulation of neurotrophic factors
and increased maternal psychological well-being. This evidence
is significant as a sizable proportion of pregnant women in
developed countries still consume unhealthy diets, are seden-
tary, overweight and/or manifest nutrient deficiencies.
Excess GWG in pregnancy is also a major clinical challenge,

affecting up to 50% of women.60 As both excess GWG and
maternal adiposity have been linked to mental disorders in
children, a state-of-the-art maternal nutrition+ exercise pro-
gram that optimizes maternal weight and GWG in all pregnant
women may be the most effective means by which offspring
neurodevelopment can be improved and the impact of future
mental disorders reduced.

Maternal nutrition

Much of the evidence that supports links between poor nutri-
tion during pregnancy and offspring cognitive and emotional
problems in humans comes from observational studies of
deficiencies of specific nutrients (e.g. protein, iodine, zinc,
folate, iron).57,61,62 Unfortunately, despite the simplicity and
ease of compliance with single nutrient supplements, RCTs in
humans have failed to find conclusive evidence of positive
effects of single nutrient supplementation on offspring cogni-
tion and behavior.63,64

That more favorable outcomes have been seen in observa-
tional studies of diets high in fish compared with omega-3 fatty
acid supplementation alone, and that RCTs that supplement
women with multiple nutrients have had more positive
effects56,65 on offspring cognition and psychopathology, sug-
gest that complete diets may be more effective at optimizing
offspring brain development than single nutrients by them-
selves.65 As nutrient deficiencies rarely occur in isolation, and as
combinations of foods may contain other compounds that
could act synergistically to promote neurodevelopment, it is
important to consider overall maternal diet as a potential point
of intervention. Indeed, observational studies in developed
nations have also shown that infants and children who con-
sume healthier diets have IQs ⩾ 5 points higher and fewer
emotion regulatory and behavioral problems.32,66,67 However,
the observational nature of these studies limit causal inference.
Experimental research in animal models has shown that

maternal consumption of a ‘western’ diet (i.e. high in fats and
sugars) during pregnancy adversely affects offspring cognition,
emotion regulation and behavior. Indeed, the offspring of these
animals manifest more problems with learning, memory, anxiety,
aggression37,68 as well as altered reward pathways36, and
abnormalities in brain regions implicated in emotion regulation.69

Taken together, this work suggests that nutritional inter-
ventions undertaken during pregnancy have the potential to
enhance neurodevelopment in offspring, but should focus on
the promotion of overall diet quality rather than single micro-
nutrients or specific dietary components in isolation.
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Maternal exercise

The American College of Obstetrics and Gynaecology (2015)
and exercise guidelines based on the PARmed-X study70

recommend that pregnant women engage in regular moderate-
intensity aerobic activity (such as brisk walking) weekly. In
some cases, women that regularly engaged in more vigorous
physical activity before pregnancy may be able to continue
these activities, following consultation with their obstetrical
care provider.71 However, contact sports and activities with
a high risk of falling are potentially harmful and are not
recommended. Overall, current evidence suggests that the
benefits of moderate exercise in uncomplicated pregnancies
greatly outweigh the risks.

Optimizing maternal physical activity during pregnancy has
also been linked in observational studies to optimal offspring
neurodevelopment. In three separate case-control studies,
Clapp et al. compared the offspring of women who had been
active before pregnancy but then (a) reduced their level of
exercise during gestation or (b) remained just as active.72–74

Women who continued to exercise had infants who had
superior emotion regulation at 5 days of age, and higher
cognitive scores (up to 8 IQ points) at 1 and 5 years of age.72

More recently, the 1-month-old offspring of exercising women

were shown to have more adaptive emotion regulation than
infants born to non-exercisers.75

Interestingly, in a single small RCT, Ellemberg et al. recently
showed that women randomized to an exercise intervention during
the second trimester of pregnancy had infants with superior audi-
tory memory at 8–12 days of age compared with the offspring of
women who were not.76 This evidence provides support for the
beneficial effects of exercise in pregnancy on offspring neurodeve-
lopment. However, the single outcomemeasure limits its predictive
ability of offspring cognitive and mental health outcomes.
Despite the fact that studies that have intervened

on overall maternal diet and exercise separately provide tanta-
lizing evidence of effectiveness on early neurodevelopment,
previous RCTs of perinatal interventions suggest that inte-
grated treatments may be more effective than simpler ones,
despite their complexity. As a result, a state-of-the-art nutrition
plus exercise intervention that optimizes overall maternal diet
and physical activity during pregnancy may represent our best
chance to reduce the prevalence and severity of the precursors
of mental disorders in children and perhaps mental illness
across the lifespan (Fig. 2). Indeed, RCTs of diet+ exercise
interventions for pregnant women already underway further
support this approach to determining the full clinical applic-
ability of the DOHaD hypotheses.

Fig. 2. Design of a complete diet+ exercise intervention to optimize mental health across the lifespan.
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Clinical applicability of the nutrition + exercise RCT for
optimal neurodevelopment

Although there are potential challenges to improving diet and
increasing physical activity at any time in life, women are more
highly motivated to improve their health during pregnancy,
receive high levels of support from the healthcare system during
this time, and studies have shown that such lifestyle interven-
tions are not only well-accepted by women, but are likely to
positively impact multiple developing physiological systems in
offspring. Indeed, both healthy maternal diet and exercise
represent proven means of ameliorating a number of the bio-
logical mechanisms shown to link adverse intrauterine expo-
sures and offspring mental health including inflammation,
oxidative stress and HPA axis dysregulation.

However, in order to fully harness the clinical and public
health potential of these RCTs, a number of challenges must be
addressed. Although women are more likely to be compliant with
interventions during pregnancy than at any other time in their
lives, compliance and participant attrition could limit the size of
the effects of these intervention, and therefore investigators must
focus on monitoring and optimizing compliance, and recruit
samples that take attrition into account. Ecologically valid
ambulatory assessment methods should be considered to assess
andmonitor diet and exercise throughout the intervention.77 The
use of pedometers, actigraphs and daily exercise logs would
increase intervention adherence and provide objective measures of
exercise behavior. In addition, food diaries completed using eco-
logical momentary assessment methods collected through smart-
phone applications could be used to quantify nutrition intake and
to monitor intervention adherence to the dietary component.78

These methods are also advantageous in that they reduce poten-
tial for retrospective bias.

Currently, the gold standard for assessing and monitoring
intake involves the use of diet weighed food records.79 In
addition, quality measures of diet such as the Diet Quality Index
for pregnancy, or the Healthy Eating Index (2010) could be used
to objectively monitor diet and allow researchers to tease apart
specific effects of dietary components on relevant outcomes.80

Two systematic reviews of diet interventions in pregnancy
recommend that the diet component be comprised of (i) indivi-
dualized nutrition plans catered to estimated energy needs,
(ii) provision of certain foods that are essential to the intervention
and (iii) information sessions with a dietician to provide dietary
advice.79,81 Overall, investigators must determine which type
of interventions are likely to be the most effective, the doses
required and the women and children who will benefit most.

Finally, valid and reliable measurements of clinically relevant
outcomes are important to establish the preventative applic-
ability of these interventions. This is a particularly perplexing
issue in studies of mental disorders given our imperfect diag-
nostic methods, reliance on self-reports, evolving classification
and nosological systems, issues of clinical heterogeneity and
comorbidity, and the presence of heterotypic continuity in
youth mental disorders. Researchers should consider the use of

more proximal phenotypic markers of behavioral systems and
multiple informant reports help address these limitations and
complement traditional measures.
Perhaps the most efficient way to determine if nutrition+

exercise lifestyle interventions have the potential to optimize
mental health is to follow the offspring of women already enrolled
in existing trials into childhood and beyond. The Maternal
Obesity Management (MOMs) trial,82 a structured physical
activity and nutrition program designed to optimize GWG, and
other prenatal lifestyle interventions such as the Fit for Delivery
trial,83 and the UK Pregnancy better eating and activity
(UPBEAT trial), the Be Healthy in Pregnancy (BHIP), and the
Lifestyle in Pregnancy (LiPO) trials50,84 are examples of existing
RCTs that could be utilized. Finally, as more benefits of specific
diet+ exercise interventions accrue, it will be important to con-
sider the ethical implications of randomization during pregnancy.
In the meantime, control group participants should receive
prenatal care as usual from healthcare providers.

Conclusions

The impact that mental illness can have on individuals, families
and society, and difficulties individuals have in accessing
treatments highlight the need to make the prevention of mental
disorders a primary clinical and public health priority.85

Despite consistently noted associations in observational studies
between sub-optimal intrauterine conditions and offspring men-
tal health problems, no experimental studies in humans have
attempted to intervene on these adversities and assess their clinical
impact. However, maternal nutrition+ exercise interventions are
acceptable to women and may have the potential to truly test the
clinical utility of acting during pregnancy to optimize the brain
development and mental health of offspring across the lifespan.
Within the next 20 years, the global effect of mental disorders
could amount to US $16 trillion.86 Combined with the impact
these disorders have on human capital and lost potential, we
believe that the time is now to act on sub-optimal maternal diet
and physical inactivity in an attempt to elucidate the clinical
potential of the DOHaD hypothesis. If prenatal nutrition+
exercise interventions leads to improved neurodevelopmental
outcomes in infants, it could provide the scope for the primary
prevention or amelioration of mental disorders very early in life
with significant benefits for offspring and society.
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