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Identifying the contribution of prenatal risk factors to offspring
development and psychopathology: What designs to use and a
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Abstract

Identifying prenatal environmental factors that have genuinely causal effects on psychopathology is an important research priority, but it is crucial to select an
appropriate research design. In this review we explain why and what sorts of designs are preferable and focus on genetically informed/sensitive designs. In the
field of developmental psychopathology, causal inferences about prenatal risks have not always been based on evidence generated from appropriate designs.
We focus on reported links between maternal smoking during pregnancy and offspring attention-deficit/hyperactivity disorder or conduct problems.
Undertaking a systematic review of findings from genetically informed designs and “triangulating” evidence from studies with different patterns of bias, we
conclude that at present findings suggest it is unlikely that there is a substantial causal effect of maternal smoking in pregnancy on either attention-deficit/
hyperactivity disorder or conduct problems. In contrast, for offspring birth weight (which serves as a positive control) findings strongly support a negative
causal effect of maternal smoking in pregnancy. For maternal pregnancy stress, too few studies use genetically sensitive designs to draw firm conclusions, but
continuity with postnatal stress seems important. We highlight the importance of moving beyond observational designs, for systematic evaluation of the
breadth of available evidence and choosing innovative designs. We conclude that a broader set of prenatal risk factors should be examined, including those
relevant in low- and middle-income contexts. Future directions include a greater use of molecular genetically informed designs such as Mendelian
randomization to test causal hypotheses about prenatal exposure and offspring outcome.

There is considerable interest in the possibility that exposure to
events during intrauterine life can influence subsequent devel-
opment. If early environmental exposures have causal effects
on the likelihood of psychopathology later in life, this has clear
implications for early intervention and prevention. The terato-
genic effects of thalidomide, rubella, high levels of alcohol,
and most recently Zika virus infection on the fetus are well
known (Rasmussen, Jamieson, Honein, & Petersen, 2016; Tha-
par & Rutter, 2009). In more recent years, the effects of expo-
sures to a broader set of prenatal risks on the development of the
offspring have been examined. These risks include exposures
such as maternal smoking during pregnancy, maternal depres-
sion, anxiety and stress during pregnancy, inadequate maternal
nutrition, certain types of medication (e.g., antidepressants),
toxins (e.g., lead), and maternal physical illness (e.g., autoim-
mune diseases; Instanes et al., 2017). The hypothesized causal
mechanisms include direct toxic effects on the fetal brain, hy-
poxia, disrupted placental function, immune and inflammatory
processes, and “developmental programming” that leads to later
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adult disease. The developmental origins of adult disease (Bar-
ker, 2007) is a hypothesis that was first considered in relation to
ischemic heart disease and type 2 diabetes and subsequently
has received considerable attention. It suggests that intrauterine
exposure to adversity (e.g., undernutrition) during a sensitive
period of development (fetal life) leads to potentially perma-
nent alterations in the structure, physiology, and metabolism
of the organism, and this in turn increases susceptibility to later
disease (e.g., ischemic heart disease). Nonetheless, as docu-
mented in detail elsewhere, there are numerous challenges in es-
tablishing whether environmental exposures exert true causal
risk effects on developmental outcomes (D’Onofrio, Class, La-
hey, & Larsson, 2014; Gage, Munafo, & Davey Smith, 2016;
Rutter, Pickles, Murray, & Eaves, 2001; Rutter & Thapar,
2016; Thapar & Rutter, 2015). These include reverse causation,
continuing adversity following the initial exposure, and mea-
sured and unmeasured confounding. Reverse causation high-
lights the possibility that the outcome might cause the exposure
rather than the other way round. The classic example of this re-
lates to the reinvestigation of socialization effects as child ef-
fects on parents (Bell, 1968). There are now many examples
of instances where children’s behavior and psychopathology
has effects on parents (Anderson, Hytton, & Romney, 1986;
Sellers et al., 2016). Often exposures of interest are associated
with continuity over time; for instance, it may be difficult to
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disentangle the risk effects of exposure to stress in utero from
stress exposure later in development (Thapar & Rutter, 2009).
In the case of confounding, seemingly causal links can be ex-
plained by confounding variables that are associated with both
exposure and outcome, and it is not necessarily possible to mea-
sure or test for all possible confounders, meaning that residual
confounding is a serious problem for observational studies. Re-
sidual confounding therefore refers to confounding that remains
even when the effect of measured confounders is included in sta-
tistical analyses and arises because of measurement error in con-
founders and unmeasured confounding (Fewell, Davey Smith,
& Sterne, 2007). This means that erroneous conclusions about
causality can be and are drawn from such designs.

One key challenge to rule out is the possibility that an ob-
served association is due to person—environment correlation
as this is potentially an important source of confounding in re-
lation to psychopathology, for example, where maternal char-
acteristics influence the exposure (e.g., diet during pregnancy)
and outcome variables (e.g., her offspring’s behavior). Passive
gene—environment correlation (rGE) is a special instance of a
person—environment correlation, where the prenatal environ-
ment is indexed in part by maternal characteristics including
genetic factors that are transmitted to the offspring (mothers
and offspring share 50% of their genome; Figure 1).

Thus, observational studies that find association between a
prenatal exposure and offspring psychopathology are liable to

Maternal Maternal infection,
genes smoking during
pregnancy etc.

B ——

Child

psychopathology

Figure 1. (Color online) Schematic of passive gene—environment correlation
for the prenatal environment. A dashed arrow between prenatal exposure and
child outcome and a filled arrow between maternal and child genes illustrates
passive gene environment correlation (i.e., that association may arise because
of genes shared between mother and child rather than a causal environmental
risk effect). Double-headed arrows represent correlations, and directional ar-
rows represent associations.
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identifying associations that are not necessarily causal. How-
ever, there are designs that enable more robust assessments of
causal inference (Davey Smith, 2008; Gage et al., 2016; Rut-
ter & Thapar, 2016; Thapar & Rutter, 2015). Genetically in-
formed designs are especially attractive because they separate
the genetic and environmental contributions to the associa-
tion between intrauterine exposure and offspring outcome.
The relevance of genetic designs for assessing environmental
risk is now widely appreciated in the field of developmental
psychopathology. However, it is not always recognized that
the designs that distinguish relevant genetic and environ-
mental contributions differ for prenatal and postnatal expo-
sures (see Figure 1 and Table 1); we describe these in detail
in this review. The genetic and environmental contributions
that need to be separated when investigating prenatal risks
are those shared between parents and offspring. For prena-
tal/intrauterine exposures, the contribution of maternal be-
haviors and genes is especially important. In this review we
focus on the genetically informed family-based comparison
designs where either the degree of genetic relatedness differs
between types of mother—offspring pair or the genetic rela-
tionship is held constant and the intrauterine environment
varies (Figure 1; Table 1). These sorts of designs have been
used widely to examine questions about the causal relation-
ship between specific prenatal exposures and offspring out-
comes, and they allow inferences to be made about separating
the contribution of the maternal genome from the intrauterine
environment. We note, however, that there are other types of
genetically informed designs (e.g., Mendelian randomization
and the polygenic transmission disequilibrium test; Davey
Smith & Hemani, 2014; Weiner et al., 2017) that use informa-
tion on the specific genetic variants involved in a trait (as op-
posed to inferring the effects of the entire maternal genome).
These sorts of designs have not yet been widely used for pre-
natal exposures and offspring outcomes and currently capture
a small proportion of the genetic variation involved. They are,
however, likely to become more important in the future as
genome-wide association studies identify increasing numbers
of genetic variants that are robustly associated with psychopa-
thology and health-related behaviors. These sorts of designs
are also useful for triangulation of evidence.

There is good evidence from observational studies, includ-
ing meta-analyses, that a number of different exposures during
prenatal development show association with psychopathology
in offspring (Abraham et al., 2017; Rice, Jones, & Thapar,
2007; Ruisch, Dietrich, Glennon, Buitelaar, & Hoekstra,
2017; Talge, Neal, Glover, & Early Stress Translational Re-
search Prevention Science Network: Fetal and Neonatal Expe-
rience on Child and Adolescent Health, 2007). One of the most
widely examined exposures is maternal smoking during preg-
nancy, which has been observed to be associated with increased
symptoms of attention-deficit/hyperactivity disorder (ADHD)
and conduct problems in offspring (Huizink & Mulder, 2006;
Langley, Rice, van den Bree, & Thapar, 2005; Linnet et al.,
2003). Other studies have focused on severely restricted mater-
nal nutrition, which is associated with an increased risk of
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Table 1. Summary of if and how particular research designs separate prenatal and genetic contributions to offspring outcome

Fertilization—inheritance Gestation—provision of Posmatal rearing— Distinguishes
of genetic material from intrauterine environment by provided by biological prenatal environment
biological mother biological mother mother from maternal genes?
Related mother experiences the J N N No
pregnancy and rears the child
(standard observational
design)
Postbirth adoption N N X No
Twin study N N N No
Prenatal cross fostering study J X X Yes
(IVF design—oocyte donation Mother unrelated to offspring
and embryo donation with experiences the pregnancy
unrelated donor)
Prenatal cross fostering study N X J Yes
(IVF design—gestational Unrelated surrogate experiences
surrogacy with unrelated the pregnancy
surrogate)
Children of twins (identical twin N N N Yes, partial
mothers each with at least one Maternal genetic contribution
child) held constant for own and the
identical twin sister’s
pregnancies but intrauterine
environment varies across the
pregnancies
Discordant siblings (biological v N N Yes, partial
mother has at least two Maternal genetic contribution
pregnancies where a prenatal held constant but intrauterine
exposure (e.g., maternal environment can vary across
smoking during pregnancy or her pregnancies

maternal infection) differs
across the pregnancies

Mother father comparison N N J
Parental genetic contribution held
constant but effect of
intrauterine environment only
possible for maternal exposures
(as fathers do not experience
pregnancy)

Yes, partial
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psychosis and depression in offspring when they reach adult
life (Brown, van Os, Driessens, Hoek, & Susser, 2000;
St. Clair et al., 2005), and maternal stress, which is associated
with a wide range of symptoms of psychopathology in off-
spring (Rice, Jones, & Thapar, 2007; Talge et al., 2007).
Much recent interest has focused on maternal use of medica-
tions during pregnancy, including antidepressants and acetami-
nophen (paracetamol), as well as maternal chronic illnesses
(Avella-Garcia et al., 2016; Brown et al., 2016, 2017; Grzesko-
wiak et al., 2016; Instanes et al., 2017; Man et al., 2017; Rai
etal., 2017; Stergiakouli, Thapar, & Davey Smith, 2016). How-
ever, it is unclear to what extent these observed associations are
due to prenatal causal risk effects or other factors including fa-
milial and genetic confounding. Some investigators explicitly
acknowledge this (e.g., Instanes et al., 2017); others do not.
Fortunately, there is growing interest in alternative methods
for assessing causality. The importance of considering and test-
ing for the possibility that observed associations between pre-
natal exposures and offspring outcomes may not be causal
has been highlighted for scientific reasons. It is also important
for practical and policy reasons, including ensuring that preg-
nant women receive clear and appropriate as well as accurate
advice and guidance, providing antenatal care that is consistent
with current scientific evidence, and avoiding the possibility of
wasting resources on ineffective intervention (Gage et al., 2016;
Rutter, 2007; Thapar & Rutter, 2009).

In this review we begin by describing the phenomenon of
person—environment correlation and passive rGE in detail
and present new data on maternal smoking during pregnancy
from the Cardiff in vitro fertilization (IVF) study (Thapar
etal., 2007) to illustrate key points. Next, we explain the geneti-
cally informative research designs that can address familial
confounding and passive rGE for prenatal exposures and con-
sider their strengths and limitations. We then systematically
assess studies for two prenatal exposures where the plausible
hypothesized processes underlying any potential causal asso-
ciation differ. The first is maternal smoking in pregnancy,
where any possible causal effect on offspring development
and psychopathology seems likely to come about via effects
of toxin exposure and/or effects secondary to this such as ef-
fects on blood flow or placental functioning that directly affect
the developing brain (Ruisch et al., 2017; Slotkin, 2013). The
second is maternal stress during pregnancy, where develop-
mental programming of the hypothalamic—pituitary—adrenal
axis is hypothesized to underlie any potential causal effect
on offspring psychopathology (Talge et al., 2007). For mater-
nal smoking during pregnancy, a large number of studies have
been carried out, and therefore, we selected studies to review
that have reported links between maternal smoking in preg-
nancy and offspring conduct problems and ADHD. The reason
for selecting those outcomes is because reported results have
been somewhat inconsistent and misinterpreted, meaning a
systematic review of the findings from informative study de-
signs would be useful and is important in the context of trian-
gulation of evidence. Triangulation has been described as “the
practice of obtaining more reliable answers to research ques-
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tions through integrating results from several different ap-
proaches where each approach has different key sources of po-
tential bias that are unrelated to each other” (Lawlor, Tilling, &
Davey Smith, 2016). Thus, it involves evaluating evidence
from different studies that employ different research designs
that have differing patterns of strength and weakness: where re-
sults converge strengthens the evidence for the reasons for an
observed association (causal or not), where they do not requires
careful consideration of the evidence, and the likely biases in-
volved and identification of what further research is needed
(Lawlor et al., 2016). This process has some similarities with
the concept of “constructive replication,” whereby replication
of findings is seen to strengthen evidence only if it removes
some weakness in previous studies (Academy of Medical Sci-
ences, 2007). Finally, we highlight areas for future work.

What Is Person-Environment Correlation and Why Is
It Important for Prenatal Risk Exposures?

Developmental science shows that people behave in ways that
shape their environments, and these environments have
important implications for developmental psychopathology.
For instance, children with antisocial behavior evoke hostile
reactions from others, which serve to further exacerbate that
behavior in the child (Anderson et al.,, 1986; Ge et al.,
1996; Rutter, Moffitt, & Caspi, 2006). Individual differences
in personality can also affect a persons’ environment; for ex-
ample, a child concentrating and focusing on an academic
task may elicit responses from a teacher that sustains that be-
havior (Shiner & Caspi, 2003). Person—environment correla-
tion also applies to maternal behaviors during pregnancy in
that there are measurable differences between mothers that
engage in risk behaviors during pregnancy or experience
stress and antenatal complications compared to those who
do not. For example, mothers who smoke during pregnancy
are younger, are more likely to be raising their children in a
deprived socioeconomic background, have higher rates of
psychopathology (depression and antisocial behavior) and
substance use, report greater stress during pregnancy, and
are more likely to be nicotine dependent (D’Onofrio, Lahey,
Turkheimer, & Lichtenstein, 2013; Gilman, Breslau, Subja-
mian, [jitsman, & Koenen, 2008; Gustavson et al., 2017;
Maughan, Taylor, Caspi, & Moffitt, 2004; Rice et al.,
2009). Data from the Cardiff IVF sample illustrated in Table 2
also illustrate this point in that mothers who do not smoke, ab-
stain from smoking to prepare for pregnancy, or continue
smoking during pregnancy differ on socioeconomic factors,
psychopathology, and amount smoked prior to pregnancy.
Data on medical complications during pregnancy are also
consistent with a different form of person effects on the pre-
natal environment, in terms of maternal disease liability that
could be transmitted to offspring, rather than maternal behav-
ior. For example, women who develop preeclampsia, gesta-
tional hypertension, or abruption or infarction of the placenta
are at heighted risk for later developing cardiovascular dis-
ease and diabetes after pregnancy (Kaaja & Greer, 2005;
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the postnatal rearing environments. Maternal smoking was defined using a combination of antenatal records and maternal retrospective report. For further detail on the sample and the measures included, please see

Rice et al., 2009, 2010; Thapar et al., 2009. *p < .05. **p < .01. ***p < .001.

McDonald, Maliniwski, Zhou, Yusuf, & Devereaux, 2008;
Ray, Vermeulen, Schull, & Redelmeier, 2005). This implies
therefore that pregnancy may reveal biological vulnerabilities
for chronic physical disease that lie dormant before preg-
nancy. Thus, if women’s offspring develop similar illnesses,
this could be due to inherited liability not necessarily because
of prenatal exposure to the disease. These observations and
data then serve to illustrate the point that maternal character-
istics influence both the prenatal and the postnatal rearing
environment. What implications does this have for research
examining the influence of prenatal exposures on offspring
development and psychopathology? One major issue is that
the factors associated with these differences in the prenatal
environment (e.g., for maternal smoking in pregnancy, socio-
economic factors, and psychopathology) are in themselves
associated with developmental differences and psychopathol-
ogy in offspring (D’Onofrio et al., 2013; Repetti, Taylor, &
Seeman, 2002). This then raises the issue that confounding
may account for associations between prenatal smoking and
offspring psychopathology. For instance, it is possible that
the association between prenatal smoking and offspring out-
come could be due to common confounding causes including
genetic ones, as highlighted earlier (see Figure 1). We will
illustrate later that including measured confounders (e.g., par-
ent psychopathology) into statistical tests of association does
not remove the problem (e.g., D’Onofrio, van Hulle, Good-
night, Rathouz, & Lahey, 2012; Gustavson et al., 2017;
Rice et al., 2009; Thapar et al., 2009).

What Is Passive rGE?

The phenomenon rGE occurs when the genetic and environ-
mental contributors to a trait, behavior, or exposure are corre-
lated. Three key types have been distinguished: passive, evo-
cative, and active (Plomin, DeFries, & Loehlin, 1977). Here,
we focus on passive rGE, which refers to the special instance
in which the child’s genotype is correlated with the environ-
ment provided by his/her parents. This occurs because par-
ents typically provide both genes and environment to their
children. This means that the prenatal and the postnatal rear-
ing environments are correlated with genetic characteristics in
the parental generation, and because parents pass genes on to
their offspring, also in the child generation (Figure 1). Many
postnatal environmental factors that have important risk ef-
fects on psychopathology in children such as parenting style
and stressful life events are influenced by parent’s heritable
characteristics (Jaffee & Price, 2008; Kendler & Baker,
2007; Reiss, Neiderhiser, Hetherington, & Plomin, 2000).
This is also true for the prenatal environment, and we use
the example of maternal smoking during pregnancy to illus-
trate the point. As described above, there are systematic dif-
ferences between women who smoke and do not smoke dur-
ing pregnancy (see also Table 2). Smoking behavior is a
heritable trait, with twin studies showing heritability esti-
mates of between 50% and 70% for smoking persistence
and nicotine dependence (Kendler et al., 1999; Lessov
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1) requires the use of
assisted conception
designs where a
mother experiences a
pregnancy for a baby
with whom she shares
no genes.

Intrauterine environment

must either: 2) In the discordant

sibling design pregnancies
from the same mother
are compared where an

2) Comparing maternal
and paternal exposures

varies intrauterine 1) Be separated from the

exposures (only possible

for mothers) holding the

parent-offspring genetic
relationship constant

maternal genome or

2) Vary holding the
mother-offspring genetic

intrauterine exposure
(e.g. maternal infection) is
different for the two
pregnancies.

relationship constant

2) In the children of
twins design the
offspring outcomes are
compared for twin
mothers e.g. identical
twin mums that are
discordant for an
intrauterine exposure.

Figure 2. (Color online) Schematic of genetically sensitive designs that separate genetic and environmental contributions to prenatal exposure and
offspring outcome. In the discordant sibling design, the genetic relationship between biological mother and children is .5. In the children of twins
design, identical twin mothers are equally related to their own child (.5) and their sister’s child (.5) because identical twin mothers share all their genes
in common. In the comparison of maternal and paternal exposures, biological mother and biological father each share .5 of their genes with their child.

et al., 2004; Li, Cheng, et al., 2003; Maes, Sullivan, et al.,
2004), and genome-wide association studies have identified
a number of genetic loci that increase susceptibility for smok-
ing-related behaviors (number of cigarettes smoked per day,
smoking initiation, and smoking cessation; Tobacco and Ge-
netics Consortium, 2010). The fact that smoking behavior is
heritable then raises the possibility that prenatal exposure to
smoking, an apparently “environmental” risk factor, is a
marker of maternal genetic predisposition, and these same
risk genotypes are then transmitted to the next generation
and influence risk for psychopathology in the offspring (Fig-
ure 1). This supposition is supported by the observation that
mothers who smoke and those who do not systematically dif-
fer on factors important for children’s development (e.g., ma-
ternal psychopathology, substance use, and maternal educa-
tion) and that are heritable. More recent molecular genetic
studies also find that genetic risks that contribute to smoking
behavior are correlated with those that contribute to psycho-
pathology, including ADHD (Demontis et al., 2017).
Genetically informed designs are valuable for assessing the
role of unmeasured or imperfectly measured confounding, in-
cluding familial and genetic confounding. Confounding,
where the exposure and outcome examined have common
causes, is a major threat to the validity of observational studies.
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Where randomization of exposures is not possible or ethical
(e.g., randomly exposing offspring to cigarette smoke in utero),
then genetically sensitive designs (and other types of natural
experiment and quasi-experimental designs) are extremely
useful. Next, we provide a description of the sorts of designs
that are required to tease apart environmental and genetic fac-
tors contributing to the association between prenatal exposures
and offspring outcome because they are different from the typ-
ical designs used to tease apart genetic and environmental in-
fluences relevant to postnatal exposures (Figure 2; Table 1).

Which Genetically Informative Designs Are Helpful
for Detecting Familial Confounding and Passive rGE
for Prenatal Exposures?

While traditional observational studies cannot distinguish be-
tween causal intrauterine effects and »GE, a number of de-
signs are able to separate the prenatal environment from ge-
netic factors shared between parent/mother and offspring
(Figure 2; Table 1). First, is the comparison of maternal ver-
sus paternal prenatal exposure associations with offspring
outcomes. Only in the mother—child association is there a
possibility of a direct intrauterine effect, but mothers and fa-
thers both share 50% of their genes with their offspring,
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meaning that the extent to which association between the pre-
natal exposure and offspring outcome indexes genetic effects
shared between parent and child can be assessed. In effect, the
inclusion of data on paternal exposure serves as a negative
control (Gage et al., 2016). Taking the example of smoking,
in the case of a causal intrauterine effect, no independent as-
sociation should be observed between paternal smoking and
offspring outcome. However, if the association is due to ei-
ther unmeasured genetic factors or other confounders, the
risk to offspring of an adverse outcome should be of similar
magnitude regardless of which parent smokes (Langley,
Heron, Smith, & Thapar, 2012). Second are sibling compar-
ison designs where differentially exposed sibling pairs are
compared, for example, where a mother smoked for one preg-
nancy and not another. In effect, siblings are matched “by na-
ture” on many confounders, including those that are unmea-
sured or unknown, making this a convenient method for
dealing with confounding (Sjolander & Zetterqvist, 2017).
The use of the unexposed sibling group as a control compar-
ison allows the effect of familial confounding for all factors
shared within the family to be assessed. A comparison of dif-
ferentially exposed cousins allows for the control of some
shared familial cofounding but less so than for siblings. Third
is the children of twins design. For prenatal exposures, the
comparison of the offspring of identical mother twins is
most informative, where the offspring of identical twin
mothers are equally related to their mother (50%) and their
aunt (50%) but the cousins experience a different prenatal
environment. This design has not yet been widely employed
for investigating prenatal exposures on child developmental
outcome (see D’Onoftio et al. 2003; Knopik et al., 2016, as
exceptions). Fourth is the IVF design, where related and un-
related mother—offspring pairs are compared; this is a prenatal
cross-fostering design, meaning some mothers experience a
pregnancy for a child to whom they are not genetically related
(by either egg/embryo donation or gestational surrogacy). In
unrelated mother—child pairs (where an unrelated mother/sur-
rogate experiences the pregnancy), then association between
a prenatal exposure and a child outcome must come about
through intrauterine effects because while the mother/surro-
gate experiences the pregnancy, she shares no genes with
the baby, meaning prenatal passive rGE is removed.

What these designs have in common is that they allow the
effect of the intrauterine environment to be differentiated
from genetic factors that mothers share with their offspring
(Table 1; Figure 2). In essence, the designs do this in one
of two ways: complete separation of the maternal genome
shared with the offspring and the prenatal environment
(IVF prenatal cross-fostering design) or by varying the prena-
tal environment (e.g., across different pregnancies in the same
mother or in the separate pregnancies of identical twin
mothers) while holding the mother—child genetic relationship
constant (Figure 2). These are the crucial aspects of address-
ing passive rGE for prenatal environmental exposures, and as
such the family-based genetically sensitive methods differ for
prenatal and postnatal exposures. The comparison of maternal
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and paternal prenatal exposure associations also provides a
useful type of negative control because only in mothers is it
plausible that there is an intrauterine effect of the exposure
variable (for smoking, in the absence of a substantial passive
smoking effect; Gage et al., 2016; Langley et al., 2012). We
next explain why the genetically sensitive designs typically
used for separating genetic and environmental contributions
to postnatal environments (adoption studies after birth and
twin studies) are inappropriate for prenatal risks before de-
scribing the strengths and limitations of the appropriate pre-
natal genetically sensitive designs.

Why Adoption After Birth Studies Are Not
Informative for Identifying Prenatal Passive rGE

As described above, the key requirement for detecting passive
rGE in the case of prenatal exposure variables is that the effect
of the intrauterine environment can be isolated from genetic
factors that mothers share with their offspring. This require-
ment means that many of the usual genetically sensitive de-
signs, such as twin studies and adoption studies where chil-
dren are adopted after birth, are not useful for detecting
passive rGE for prenatal environmental exposures. Adoption
after birth studies can instead be used to examine whether the
postnatal rearing environment has any moderating effect on
the relationship between a prenatal exposure and an offspring
outcome (Gaysina et al., 2013; Rice, Jones, et al., 2007). For
standard adoption designs where the genetic mother experi-
ences the pregnancy but the child is adopted after birth, there
is no separation of the intrauterine environment from (biolog-
ical) mother provided genetic effects because biological
mother provides genes and the prenatal environment to her
offspring, even though she does not provide the postnatal
rearing (Table 1). This means that the basic comparison be-
tween prenatal exposure and offspring outcome in the genetic
mother whose child is then adopted is essentially exactly the
same as it would be in a standard observational design. Un-
fortunately, this failure of adoption studies to address prenatal
passive rGE has not always been understood or clearly expli-
cated, meaning that erroneous conclusions may have been
made (Dolan et al., 2016; Gage et al., 2016; Gaysina et al.,
2013; Slotkin, 2013). Thus, although adoption studies are
thought to lead to the removal of passive ¥GE, this only refers
to passive rGE for the postnatal rearing environment (Rutter
etal., 2001). It is also known that mothers whose children are
adopted are systematically different from mothers whose chil-
dren are not (Rutter et al., 2001). It is likely that this creates
differences in the prenatal environment of children who are
adopted compared to children who continue to live with their
biological parent(s). Thus, mothers whose children are
adopted after birth show higher rates of smoking, alcohol
use, and illicit substance use during pregnancy and have
higher rates of psychopathology, including ADHD and con-
duct problems, than mothers whose children continue to re-
side with them after birth (Gaysina et al., 2013). This creates
a situation where biological mothers whose offspring are
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adopted away are a group at high background risk for psycho-
pathology and risky prenatal exposures, and some of this risk
will be due to dispositional and genetic factors that biological
mothers share with their offspring. This means the degree of
familial confounding is potentially higher than is typical. It
then follows that if passive rGE for the prenatal environment
and child outcome applies, one would expect to see stronger
association in an adoption study after birth (when the prenatal
exposure is assessed in the biological mother) than in a stan-
dard epidemiological design. This is what has been observed
for prenatal smoking and offspring conduct problems when
those adopted-after-birth, b = 4.27, 95% confidence interval
(CD [-0.90, 9.44]djustea, are compared to those reared by their
biological parents in the same cohort, b = 0.82, 95% CI [0.08,
1.56],gjusted» and from a meta-analysis, b = 2.17,95% CI[0.72,
3.62].gjusied, Teared by adoptive parents; b = 1.13, 95% CI
[0.02, 2.24].gjused, reared by biological parents (Gaysina
et al., 2013). This observation therefore provides indirect evi-
dence that there is passive 7GE that applies to the link between
maternal smoking during pregnancy and offspring conduct
problems.

Why Twin Studies Are Not Informative for Identifying
Prenatal Passive rGE

The standard twin design involves comparing the phenotypic
similarity of identical (monozygotic; MZ) and nonidentical
(dizygotic; DZ) twins. MZ twins share all their genes in com-
mon, and DZ twins share, on average, half their genes in com-
mon. Thus, comparing the similarity of MZ and DZ twins al-
lows the variance of a trait to be decomposed into the
proportions due to additive genetic effects, shared environ-
mental effects (environmental influences that make members
of a twin pair more similar), and unique or nonshared environ-
mental effects (environmental effects that make members of a
twin pair different). In the standard twin design and its exten-
sions such as identical twin differences, it is not possible to
identify twin pairs differentially exposed to a prenatal expo-
sure because twins share a prenatal environment (at least as
far as is typically measured) and all types of twin share exactly
half their genes with their biological mother. This means that
each member of a twin pair will be equivalently exposed to a
prenatal exposure (e.g., smoking in pregnancy) and that the
genetic relationship between mother and twin offspring does
not differ across twin pairs. The standard twin design is there-
fore uninformative for the separation of genetic and environ-
mental contributions to a prenatal exposure and offspring out-
come. However, it can be used for assessing the role of
perinatal risk factors on which twins may differ, such as birth
weight (Tully, Arsenault, Caspi, Moffitt, & Morgan, 2004).

Strengths and Limitations of the Prenatal Genetically
Informative Designs

Four genetically sensitive designs for assessing the familial/
genetic and environmental contributions to prenatal risk ex-
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posures and offspring outcome were described. Each has
strengths and limitations, which we review briefly below.
The first design, the comparison of prenatal exposures in
mothers and fathers, is a convenient approach that controls
for the genetic relationship between parent and child as chil-
dren share exactly half of their genes with each parent. How-
ever, it is potentially contaminated by assortative mating,
shared couple behaviors, and the shared postnatal family
environment, and its assumptions can be violated if the con-
founding structure of the maternal and paternal exposures dif-
fer (Keyes, Davey Smith, & Susser, 2014). For some expo-
sures (e.g., cigarette smoking), passive exposure to paternal
risks is a potential problem (e.g., father or other household
members continue to smoke and mother and baby are ex-
posed). The second design, the sibling comparison study, is
a convenient way of controlling for confounding factors
shared by family members, and the existence of large popu-
lation registers in many Scandinavian countries has meant
that extremely large sample sizes representative of the general
population are available. This is an important strength. How-
ever, only siblings who have different prenatal risk exposures
contribute to the meaningful comparison in discordant sib-
ling comparisons, and therefore such designs are susceptible
to confounding by nonshared factors that might lead to such
changes in the mother (Frisell, Oberg, Kula-Halkola, &
Sjolander, 2012). In addition, there is the problem of carry-
over effects where the exposure and outcome of one offspring
affects the exposure and outcome of his or her siblings (Sjo-
lander, Frisell, Kuja-Halkola, Oberg, & Zetterqvist, 2016).
One instance where carryover effects might exist would be
if Caesarean section was the exposure variable, where a Cae-
sarean section in one pregnancy might well affect the likeli-
hood of exposure in a subsequent pregnancy. Nonetheless,
tests of carryover effects to date have not found this to be
an issue for maternal smoking during pregnancy and off-
spring conduct problems or ADHD (D’Onofrio et al., 2010,
2012; Skoglund, Chen, D’Onofrio, Lichtenstein, & Larsson,
2014). The third design type, the children of twin mothers de-
sign, provides an opportunity for investigating the effects of
the prenatal environment controlling for shared maternal
genes. Strengths include the ability to estimate genetic and
environmental influences in the parent and child generation
in addition to genetic and environmental transmission paths
(using structural equation modeling) without the need for
strong assumptions (D’Onofrio et al., 2003) and the existence
of statistical models to test a variety of extensions to the de-
sign (Silberg, Maes, & Eaves, 2010). Limitations include
the need to consider paternal effects, assortative mating,
and the need for sufficient numbers of similarly aged off-
spring from identical twin mothers and the need for large
sample sizes. The fourth design type, the IVF design, allows
unambiguous separation of the prenatal environment from the
maternal genome, making it a powerful approach for detect-
ing prenatal passive ¥GE. One main limitation is generaliz-
ability: are those that conceive via IVF similar to the popula-
tion that conceives naturally? The evidence shows that for
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parental psychopathology, child psychopathology, and the
family environment the answer to this question is yes (Go-
lombok, 2017; Golombok & MacCallum, 2003; Shelton
et al., 2009). However, those conceiving via IVF are at ele-
vated risk of perinatal complications, and the rates of expo-
sure for some prenatal risks (e.g., maternal smoking during
pregnancy) are low. Another limitation is that sample sizes
of the informative groups (i.e., unrelated mother—child pairs)
are also small given the considerable effort involved in iden-
tifying these groups. As is the case for all studies, indicators
of study quality such as reliability and validity of measure-
ment, adequate sample size, and tests that the assumptions
of the design are met also apply to genetically sensitive de-
signs, and consideration of these issues is informative for “tri-
angulation” of findings.

As described elsewhere, each type of quasi-experimental,
genetically informed design we have highlighted has a differ-
ent set of strengths and weaknesses, and none is without lim-
itations (Rutter & Thapar, 2016). Nonetheless, the value of
“natural experiments” that tease apart variables that usually
go together has been noted as providing important additional
leverage in answering questions of environmental causation.
A number of other “natural experiment” approaches that do
not directly distinguish the intrauterine environment from ge-
netic factors shared between mother and offspring but that
can be informative have been discussed in detail elsewhere
(Academy of Medical Sciences, 2007; Gage et al., 2016; Rut-
ter, 2007; Rutter & Thapar, 2016; Thapar & Rutter, 2015).
These include utilizing naturally occurring situations that
have involved universal introduction or removal of prenatal
risk. The best example here being the Dutch Hunger Winter
and Chinese famine studies, which suggest that extreme prena-
tal nutritional adversity has likely causal risk effects on later
schizophrenia (Lumey, Stein, & Susser, 2011; St. Clair et al.,
2005; Susser et al., 1996). Other methods not yet mentioned
include using changes in policy as natural experiments, instru-
mental variable approaches other than Mendelian randomiza-
tion, and cross-cultural comparisons where the confounding
structure of exposure variables differs (Davey Smith & He-
mani, 2014; Gage et al., 2016; Thapar & Rutter, 2015). Animal
studies that enable experimental design can also be helpful, but
here there is the difficulty in assuming that offspring behavior
in other species can be equated to child psychopathology (Tha-
par & Rutter, 2015). Comparing prenatal factors in siblings
with and without a psychiatric diagnosis can be informative
(Grizenko et al., 2012; Oerlemans et al., 2015), but popula-
tion-based registers are needed to overcome issues of ascertain-
ment and retrospective recall bias. We do not directly include
studies using these methods in our review of prenatal smoking
and gestational stress and offspring psychopathology.

Method

The effects of maternal smoking during pregnancy have been
examined for a wide range of developmental outcomes, in-
cluding child psychopathology. For some outcomes, the find-
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ings from such studies appear inconsistent. For the outcome
of offspring birth weight, findings from a range of genetically
informative designs including multiple maternal versus pater-
nal comparisons, discordant sibling studies, a children of
twins study, and an IVF study are remarkably consistent
and consistent with a causal interpretation in that regardless
of familial confounding or genes shared between mother
and child, birth weight is reduced in the infants of mothers
who smoked during pregnancy (D’Onofrio et al., 2003; EI-
lingson, Goodnight, van Hulle, Waldman, & D’Onofrio,
2014; Gilman, Gardener, & Buka, 2008; Kuja-Halkola,
D’Onofrio, Larsson, & Lichtenstein, 2014; Langley et al.,
2012; Obel et al., 2016; Rice et al., 2009). We carried out a
systematic search for studies of maternal smoking during
pregnancy and offspring conduct problems and ADHD where
results from genetically informative studies appear to be less
consistent. We sought to identify studies using informative re-
search designs (i.e., paternal vs. maternal smoking during
pregnancy comparisons; discordant sibling and/or cousin
comparisons; IVF design, which includes unrelated “prena-
tal” mother—child pairs; and children of twin studies). Figure 3
illustrates a flow chart of the search process and full details
can be found in Appendix A. The results of the identified ge-
netically informed family-based studies are summarized in
Table 3. In our interpretation of results, we consider the fol-
lowing: magnitude of effect sizes, precision of effect sizes
(i.e., the width of confidence intervals), the extent to which
results are consistent across indicators of the same construct,
and analytical options (also referred to as vibration of effects;
Button et al., 2013), and consistency in the pattern of results
when negative controls are used.

Results

Maternal smoking during pregnancy and offspring
conduct problems: Findings from genetically informed
family-based designs

Nine studies utilized an approach that should be robust to ge-
netic and some other sources of confounding and examined
offspring conduct problems or antisocial behavior in child-
hood, adolescence, and adult life. Two publications included
the same IVF data set and assessment outcome (Gaysina
etal., 2013; Rice et al., 2009) meaning that eight independent
studies remained, although some studies used the same sam-
ple but assessed conduct problems at a later time point (e.g.,
for childhood, Gilman, Gardener, et al., 2008; for adoles-
cence/adulthood, Paradis, Shenassa, Papandonatos, Rogers,
& Buka, 2017). Differences in how the dependent and inde-
pendent variables were assessed and in the analytical proce-
dures employed complicate direct comparisons of the effect
sizes observed in different studies. In analyses without con-
trols for familial/genetic factors, the studies included in this
systematic review report correlation coefficients (or b or 3
coefficients) between .1 and .3 (D’Onofrio et al., 2008; El-
lingson et al., 2014; Gaysina et al., 2013) and odds ratios
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Figure 3. (a) Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) flow diagram detailing each stage of the review process
for prenatal smoking as an exposure. (b) PRISMA flow diagram detailing
each stage of the review process for prenatal stress as an exposure.

(ORs) or hazard ratios (HRs) of between 1.01 and 3.43 de-
pending on the outcome and scaling of the exposure variable
(D’Onofrio et al., 2008, 2010, 2012; Kuja-Halkola et al.,
2014; Paradis et al., 2017). These effect sizes are similar to
that reported in a meta-analysis of observational studies,
ODD = 2.06, 95% CI [1.67, 2.54] (Ruisch et al., 2017). Se-
ven studies reported that the association between maternal
smoking and offspring conduct problems was mainly attribu-
table to familial or genetic confounding. For instance, Rice
et al. (2009), using an IVF design (n = 779), observed an
association between maternal smoking during pregnancy
(defined by an amalgamation of data from self-report and an-
tenatal records) in genetically related mother—child pairs (Co-
hen’s d = 0.527). However, there was no association between
maternal smoking during pregnancy and offspring conduct
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problems in the group of mothers who experienced the preg-
nancy but were genetically unrelated to their child (Cohen’s d
= —0.210). The magnitude of association was greater in the
related mother—child pairs than in the unrelated mother—child
pairs (test for difference in strength of association F = 4.106,
p = .04). These results are therefore consistent with the asso-
ciation between maternal smoking during pregnancy and off-
spring conduct problems being due to passive rGE although
the sample size, particularly the unrelated pregnancies ex-
posed to maternal smoking during pregnancy, was unsurpris-
ingly small. In this study as in others (D’Onoftrio et al., 2008,
2010, 2012), including measured confounders, such as mater-
nal antisocial behavior, did not alter association findings,
highlighting the need for genetically informative designs be-
cause including measured confounders in analyses of obser-
vational data does not circumvent the problem of passive
rGE. In a different analysis of the same IVF data set, Gaysina
et al. (2013) examined the relationship between maternal re-
ported number of cigarettes smoked and offspring conduct
problems. These authors also included an adoption-at-birth
sample and observational cohort data. Consistent with what
had been published previously (Rice et al., 2009), in the anal-
ysis of the IVF unrelated mother—child pairs, no association
between maternal smoking and offspring conduct problems
was found and the correlation coefficient was zero for this
group (r = .00, p = .98). These observations fail to support
the hypothesis that there is a causal effect of maternal smok-
ing during pregnancy on offspring conduct problems and
suggest that genes shared between mother and child are
important in explaining associations reported in observational
studies. However, it is worth noting that the findings reported
in one study (Gaysina et al., 2013) have been interpreted by
others as being consistent with a causal effect (Dolan et al.,
2016; Slotkin, 2013) despite not reporting data supporting
such an interpretation as highlighted by Thapar and Rutter
(2015). This is likely due to confusion in assumptions that
data from adoption-after-birth studies enable causal infer-
ences for prenatal exposures; they do not. This misinterpreta-
tion highlights the need for systematic review and clear re-
porting of findings (Academy of Medical Sciences, 2007).
As described earlier, the association between prenatal smok-
ing and offspring outcome in an adopted-after-birth study is
uninformative regarding differentiating the influences of in-
trauterine and maternal genetic effects (because the biological
mother who shares genes with the adopted away offspring ex-
periences the pregnancy).

Results from six discordant sibling studies (D’Onofrio
et al., 2008, 2010, 2012; Ellingson et al., 2014; Gilman, Gar-
dener, et al., 2008; Kuja-Halkola et al., 2014) report findings
that are inconsistent with a causal effect of maternal smoking
during pregnancy on offspring conduct problems. Some stud-
ies use partly overlapping samples but assess different off-
spring outcomes. These studies have tended to be based on
large samples, including two studies of Swedish population-
wide registries (sample sizes of 609,372 and 2,754,626),
which are representative of the population as a whole, three
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Table 3. Summary of papers identified in systematic search of maternal smoking during pregnancy and offspring conduct problems or ADHD

Study

Exposure

Offspring outcome

Design

Key comparisons

Main finding

Consistent
with a
causal
effect?

D’Onofrio et al., 2008 Maternal retrospective

Gilman et al., 2008

Rice et al., 2009

Thapar et al., 2009

self-report (within 4
years after child
birth)

Maternal self-report
during antenatal
visits (rate of MSDP
>60%)

Maternal smoking in
pregnancy
(retrospective self-
report plus data from
antenatal records)

Maternal smoking in
pregnancy
(retrospective self-
report plus data from
antenatal records)
and current smoking
Paternal smoking
during pregnancy
and current smoking
(self-report)

Conduct problems
Oppositional defiant
problems (ODD)
ADHD problems—
all maternal reports
on selected items
from CBCL

Conduct problems—
behavioral
observations by
the examining
psychologist at the
age 7 assessment
(6 items)

Conduct problems
(SDQ—combined
mother and father
reports)

ADHD symptoms
(Du Paul—mother
reports)

Cohort (Offspring age
4-10 years of
women in the
National
Longitudinal Survey
of Youth 1979)

Cohort (the
collaborative
perinatal project—
Boston and
Providence sites)
1959-1974

IVF
Prenatal cross
fostering

IVF Prenatal cross
fostering

Discordant sibling design

Discordant sibling design

Association in related

mother—child pairs vs.
association in unrelated
mother—child pairs
(where unrelated
mother experiences
pregnancy)

Association in related

mother—child pairs vs.
unrelated mother—child
pairs Also (a) maternal
vs. paternal prenatal
smoking; (b) maternal
current smoking; and
(c) related vs. unrelated
paternal smoking
during pregnancy

Association in full sample (unadjusted
associations: conduct problems b = .29
male, b =.18 female; ODD b = .29;
ADHD b = .27).

Substantially attenuated in sibling
comparisons for all outcomes
(unadjusted associations: conduct
problems b = .06 male, b = —.01
female; ODD b = -.02; ADHD
b=.07).

Dose-response association present in the
full sample (F = 20.4, p < .001). No
dose response association in the
discordant siblings (F = 0.5, p = .665).
Effect size in discordant siblings small,
maternal smoking yes/no b = .05, 95%
CI [-.03, .13]; maternal smoking
amount b = —.00, 95% CI [.00, .00].

Association between MSDP and
offspring conduct only in the related
pregnancies (d = 0.527) and not
unrelated pregnancies (d = —-0.210).
Association in related pregnancies
greater (F = 4.106, p = .04).

Association between MSDP and
offspring ADHD only in the related
pregnancies (3 = .10, p < .02) and not
unrelated pregnancies ( = —.05
p > .1). Association in related
pregnancies greater. Additional
sensitivity analyses inconsistent with a
causal effect: paternal SDP associated
with offspring ADHD in related fathers
and not unrelated fathers (3 = .11,

p <.05vs. 3 =.03,p>.1). Maternal
current smoking associated with
offspring ADHD in related pairs and
not unrelated pairs (3 = .09, p < .04
vs. B =-.02,p >.1).

No

No
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Table 3 (cont.)

Study Exposure

Offspring outcome

Design

Key comparisons

Consistent
with a
causal

Main finding effect?

D’Onofrio et al., Maternal self-report at
2010* first antenatal visit

Lindblad et al., 2010*  Maternal self-report at

first antenatal visit

Obel et al., 2011° Maternal self-report
during 2nd trimester
of routine antenatal

care

D’Onofrio et al., 2012 Self-reported maternal
smoking

Langley et al., 2012 Self-reported maternal
and paternal
smoking assessed

during pregnancy

Criminal convictions

via the National
Crime Register

ADHD medication

Diagnosis of

ADHD via
psychiatric inpatient
and outpatient care
register (ICD-10
hyperkinetic
disorder)

Adolescent self-

reported antisocial
behavior (Self-
Reported
Delinquency Scale)
and criminal
convictions

ADHD symptoms

(parent-rated
symptoms from
diagnostic interview
DAWBA and
diagnoses made on
basis of teacher and
parent ratings)

Cohort—Swedish
population of births
1983-1989

Cohort—register of
offspring born
1987-2000 at term
and resident in
Sweden in 2006
(age 6-19 years)

Cohort—Finnish
population of

singleton births born

1987-2001

Cohort
(adolescent
offspring of women
in the National

Longitudinal Survey

of Youth 1979)

Cohort (ALSPAC-data

from 1991-2000)

Discordant sibling design

Discordant sibling design

Discordant sibling design

Discordant sibling design

Maternal vs. paternal
prenatal smoking
comparison

Association with violent and nonviolent  No
convictions in full sample Full sample
(association with violent convictions
adjusted for maternal and paternal
traits): moderate smoking HR = 2.47,
95% CI [2.34, 2.60]; high smoking
HR = 3.43 95% CI [3.25, 3.63].

Substantially attenuated in sibling
comparisons: moderate HR =1.02,
95% CI [0.79, 1.30]; high HR =1.03,
95% CI [0.78, 1.37].

Association in full sample (for =10 No
cigarettes/day), OR = 2.86, 95% CI
[2.66, 3.07].

Substantially attenuated in sibling
comparisons (for =10 cigarettes/day),
OR = 1.26, 95% CI [0.95, 1.58].
Association in full sample, HR = 2.01,  No
95% CI [1.90, 2.12].
Substantially attenuated in sibling
comparison, HR = 1.20. 95%
CI [0.97, 1.49].

Association with greater smoking and No
antisocial behavior in full sample
(unadjusted ORs range from 1.15 to
1.57 depending on outcome).

Association substantially weaker in
sibling comparisons (unadjusted ORs
range from 0.67 to 0.98 depending on
outcome). Direction of association is in
the opposite direction in discordant
siblings vs. the full sample.

Magnitude of maternal prenatal smoking, No
B =.25,95% CI [.18, .32], vs. paternal
prenatal smoking, B = .21, 95% CI
[.15, .27], and offspring ADHD was
similar. Strength of mother and father
associations not substantially different
(F= .21, p=.65).
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Gaysina et al., 2013 Maternal retrospective
self-report of
amount smoked

during pregnancy

Ellingson et al., 2014  Maternal retrospective
self-report (within 2
years after child

birth)

Keyes et al., 2014 Maternal retrospective
report at child age
10 years of own and
father smoking
during pregnancy
and current smoking

Kuja-Halkola et al.,
20142

Maternal self-report at
first antenatal visit

Skoglund et al., 2014* Maternal smoking
during pregnancy
—antenatal record

data

Averaged,

standardized
problem scores for
mother/father/
teacher reports
depending on
sample

Maternal reports on

Behavior Problem
Index—biannually
from child age 4 to
13. Developmental
trajectory of ADHD,
ODD, and CD.

Maternal report of

ADHD symptoms at
age 10. Eight items
derived by factor
analysis from a 100-
item battery of child
characteristics.

Criminal convictions,

violent convictions,
and drug misuse
collected via the
national inpatient
register and
convictions of
crimes in Swedish
lower court

Diagnosis of

ADHD via
psychiatric inpatient
and outpatient care
register (ICD-10
hyperkinetic
disorder, DSM-IV
ADHD, or
medication for
ADHD).

IVF— Prenatal cross
fostering®
Adoption after birth
vs. cohort
comparison

Cohort
(adolescent
offspring of women
in the National

Longitudinal Survey

of Youth 1979)

Cohort
(CHDS—1961-
1963). Subsample
~10% of the
original cohort who
participated in two
follow-up
assessments.

Cohort—Swedish
population born
1983-2009

Cohort (population
born in Sweden
1992-2000)

Association in unrelated
mother—child pairs
between amount
smoked in pregnancy
and offspring conduct
Adoption after birth vs.
cohort comparison to
assess moderation by
the postnatal rearing
environment

Discordant sibling design

Maternal vs. paternal
prenatal smoking
comparison

Discordant sibling design
(full siblings and
maternal half-siblings)
Also discordant cousins
and half-cousins

Discordant sibling design
Also discordant cousin
design

No association between prenatal maternal
amount smoked and offspring conduct
in unrelated IVF mother—child pairs
(r = .00, p = .98). No effect of the
postnatal rearing environment on
observed associations.

In within-family analysis, little evidence
of association of MSDP with the
intercept (i.e., average) or slope of any
externalizing outcome (ADHD, ODD,
CD)

Maternal, B = .22, 95% CI [.11, .33], and
paternal, 3 = .18, 95% CI [.07, .30],
association similar in unadjusted
models but association attenuated for
paternal following adjustment, 3 = .25,
95% CI [.09, .40] vs. B =.02, 95% CI
[-.20, .24]. Maternal quitting smoking
prior to pregnancy also associated with
offspring ADHD, 8 = .32, 95% CI
[.01, .63]. Maternal current smoking, 3
= .35,95% CI [.09, .61], and lifetime
smoking, B = .25, 95% CI [.03, 48],
also associated.

In all within-family analysis, little
evidence that maternal smoking in
pregnancy was associated with conduct
problems.

Association in full sample, HR moderate
= 1.89, 95% CI [1.83, 1.97]; HR high
= 2.50, 95% CI [2.40, 2.61].

Attenuated in cousin comparisons, HR
moderate = 1.45, 95% CI [1.24, 1.68];
HR high = 1.69, 95% CI [1.40, 2.04].

Completely attenuated in full-sibling
comparisons, HR moderate = 0.88,
95% CI [0.73, 1.06]; HR high = 0.84,
95% CI [0.65, 1.06].

Partially

No
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Consistent
with a
causal
Study Exposure Offspring outcome Design Key comparisons Main finding effect?
Kovess et al., 2015 Retrospective maternal Maternal and teacher Cross-sectional Maternal vs. paternal Maternal, OR = 1.82, 95% CI [1.45, Partially

report of self and
father

Knopik et al., 2016 Maternal report—
number smoked in

each trimester

Obel et al., 20162 Maternal self-report at
antenatal visit at first

antenatal

Gustavson et al., 2017 Maternal report on
own and maternal
grandmother
smoking during
pregnancy. Maternal
report on smoking
during previous
pregnancies.
Paternal self-
reported smoking.

reports of “probable
ADHD” on SDQ
hyperactivity scale.

ADHD symptoms—

parent and teacher
reports—Conners
scale plus Child
Behavior Checklist

Diagnosis of

ADHD via
psychiatric inpatient
and outpatient care
register (ICD-10
hyperkinetic
disorder or
medication for
ADHD for >6
months)

ADHD diagnosis—

Norwegian Patient
Registry

ADHD symptoms—
maternal reports at
child age 5 (6 items
from Child Behavior
Checklist)

Missouri Mother and

Cohort—Danish

Cohort (Norwegian

prenatal smoking
comparison

schools survey
across six European
countries

Discordant sibling
design—within- and
between-family effects
estimated

Their Children study
(1998-2005)

Discordant sibling design
population of

singleton births born

1991-2006

Discordant sibling design
Also a series of
additional negative
controls—maternal vs.
paternal vs. grand-
maternal vs. maternal
smoking in previous
pregnancies
comparisons.

Mother and Child
Cohort Study,
1999-2008)

2.29], and paternal, [OR = 1.53, 95%
CI [1.25, 1.86], association similar in
unadjusted models.

Greater attenuation of association for
paternal following adjustment,
maternal OR = 1.44, 95% CI [1.06,

1.96]; paternal OR = 1.17, 95% CI
[0.92, 1.49]. CIs wide for teacher-rated
ADHD.

Within-family effects very small. The one No
exception was for parent-rated
hyperactivity/impulsivity scale but did
not replicate for teacher reports or total
scores.

Association in full sample, HR = 2.01, No
95% CI [1.94, 2.07].

Substantially attenuated in sibling,

HR = 1.07, 95% CI [0.94, 1.22], and
half-sibling comparisons.

Association between maternal smoking ~ No
and offspring ADHD no stronger than
paternal, grand-maternal, or maternal
smoking in previous pregnancies. HR
= 1.48 95% CI [1.30, 1.68] MSDP;
HR = 1.28 95% CI [1.16, 1.42] FSDP;
HR =1.2895% CI[1.15, 1.42] GSDP;
HR = 1.53 95% CI [1.33, 1.75]
MSDPP. For discordant siblings effects
inconsistent with causal interpretation,
within-family effect b = —.01, SE =
03, p=.58
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No

Multiple outcomes examined. Within-
family effects tended to be larger than
between-family effects. Confidence
intervals were wide. For the two
within-family effects with the strongest
evidence according to p value, the
evidence for a total effect was not
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of a representative population US sample (sample sizes of
6,066, 10,251, and 11,192), and one of a large US volunteer
sample (sample size 52,919). Each of these six studies ob-
serves an association between maternal smoking during preg-
nancy and offspring conduct problems in the full population
sample, but for the sibling comparisons that control for shared
familial confounding, the association is substantially attenu-
ated. For instance, D’Onoftio et al. (2010, 2012) reported re-
sults consistent with familial confounding for adult criminal
behavior and adolescent antisocial behavior. For adult violent
criminal convictions, the HR for association with high levels of
maternal smoking during pregnancy was 3.43. In sibling com-
parison models, the HR was 1.03. For high adolescent antiso-
cial behavior, the HR was 1.34 in the full sample and 0.67 in
the sibling comparison. Similarly, Gilman, Gardner, et al.
(2008) reported a dose-response relationship for amount
mothers smoked during pregnancy and number of offspring
conduct problems in the full sample (F = 204, p < .001)
but no dose-response relationship in the sibling analysis
(F = 0.5, p = .665). Those authors concluded that the results
observed suggested that such effects were “not present,” “not
readily distinguishable from a broader range of familial factors
associated with maternal smoking,” or “were not detectable
using the assessment methods available at the time of the
study.” The findings from these discordant sibling studies
are therefore also inconsistent with inferring a causal effect
of maternal smoking during pregnancy on offspring conduct
problems. Only one study in Table 3 reported evidence par-
tially consistent with a causal effect of prenatal smoking on
offspring antisocial behavior in a genetically informed design
(Paradis et al., 2017), which was a discordant sibling study of a
US cohort. That study was a subsample (sample size ranged
from 1,883 to 3,447 depending on the outcome) of a much
larger study (n = 52,919), which reported results inconsistent
with a causal effect of maternal smoking during pregnancy on
childhood conduct problems measured at age 7 (Gilman, Gar-
dener, et al., 2008). In the study by Paradis et al. (2017), the
within-family effect tended to be larger than the between-fam-
ily effect for the six offspring antisocial behavior outcomes ex-
amined. However, the confidence intervals for the within-fam-
ily effects were very wide, and results fluctuated depending on
the outcome variable and how it was defined. Of note, the total
effect tended to be fairly low, and to some extent, this is what
would be expected when the exposure variable is common in
the general population as was the case in this sample where the
prevalence of maternal smoking during pregnancy (in women
pregnant between 1959 and 1966) was 59%. Attitudes toward
smoking have become less permissive over time, which has
had the effect that, in more recent cohorts, smoking behavior
has become increasingly associated with psychiatric vulner-
ability and lower socioeconomic status (Gilman, Breslau, Sub-
ramanian, Hitsman, & Koenen, 2008; Talati, Keyes, & Hasin,
2016; Talati et al.,, 2013). At time periods when maternal
smoking during pregnancy was more normative, attenuated as-
sociations with offspring antisocial behavior may therefore be
expected in the full population. In summary, all but one of the
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reports based on appropriate genetically informative designs
reported no association between maternal smoking during
pregnancy and offspring antisocial behavior during childhood,
adolescence, and adulthood once familial/genetic confounding
had been controlled. These results are therefore inconsistent
with a causal effect on prenatal smoking on offspring conduct
problems.

Maternal smoking during pregnancy and offspring ADHD
problems: Findings from genetically informed family-
based research designs

Twelve informative studies examined offspring ADHD as an
outcome (Table 3). In analyses without controls for familial/
genetic factors, the studies included in this systematic review
report correlation coefficients (or 3 or b coefficients) between
.10 and .32 and ORs or HRs of between 1.48 and 2.86 de-
pending on the outcome and scaling of the exposure variable.
These effect sizes are similar to that reported in a pooled anal-
ysis of observational studies, OR =2.39,95% CI [1.61, 3.52]
(Langley et al., 2005). Eleven studies reported no evidence of
a causal association between maternal smoking during preg-
nancy and offspring ADHD diagnosis or symptoms. These
include an IVF study, eight discordant sibling studies, and
two maternal versus paternal comparisons. A study using
the IVF design reported results inconsistent with a causal ef-
fect of maternal smoking during pregnancy on offspring
ADHD (Thapar et al., 2009). These authors observed associa-
tion between maternal smoking during pregnancy and off-
spring ADHD in the genetically related mother—child pairs
only. The magnitude of association was greater in the related
compared to unrelated mother—child pairs (test for difference
in strength of association 3 = —.10, p < .05). In addition, the
study by Thapar et al. (2009) also carried out sensitivity anal-
yses of paternal smoking during pregnancy for related and un-
related fathers (a different set of parent couples to the previous
analysis) and reported findings consistent with a shared ge-
netic influence on paternal smoking and offspring ADHD
(similar to that for maternal smoking during pregnancy)
such that there was only an association between paternal
smoking during pregnancy and offspring ADHD when the fa-
ther was genetically related to the child. These results are
therefore consistent with passive rGE.

Eight discordant sibling studies report results showing that
the association between maternal smoking during pregnancy
and offspring ADHD was largely due to familial or genetic
confounding (D’Onofrio et al., 2008; Ellingson et al., 2014;
Gustavson et al., 2017; Knopik et al., 2016; Lindblad &
Hjern, 2010; Obel et al., 2011, 2016; Skoglund et al.,
2014). These include discordant sibling studies of whole pop-
ulation registries and extremely large samples that are repre-
sentative of the local population as a whole (sample sizes be-
tween 100,000 and 1,000,000; Gustavson et al., 2017; Obel
et al., 2011, 2016; Skoglund et al., 2014). For instance, in
the study by Obel et al. (2016) of a Danish national regis-
ter-based cohort, in the full sample, the adjusted HR of
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ADHD contingent on exposure to maternal smoking during
pregnancy was 2.01, 95% CI [1.94, 2.07]. In contrast, in
the discordant sibling comparison (where the rate of ADHD
in the exposed and unexposed siblings are compared), the
HR was substantially attenuated 1.07, 95% CI [0.94, 1.22].
This suggests that most of the observed association between
maternal smoking during pregnancy and offspring ADHD
is due to familial confounding. Similar results were reported
in a Swedish national register-based cohort (Skoglund et al.,
2014) such that the level of maternal smoking during
pregnancy substantially increased risk of offspring ADHD
in conventional observational tests (HRs 1.890derate smokings
2.50nigh smoking)- This association was reduced somewhat
when controlling statistically for measured confounds,
but was substantially attenuated for cousin (HRs
1.45 moderate smoking: 1-69high smoking) and sibling comparisons
(HRS 0-88moderale smoking > O~84high smoking)- Gustavson et al.
(2017) found similar results in using a discordant sibling de-
sign. There are four published studies that have used the com-
parison of maternal and paternal smoking during pregnancy
(Gustavson et al., 2017; Keyes et al., 2014; Kovess et al.,
2015; Langley et al., 2012). Two studies report findings in-
consistent with a causal effect of maternal smoking during
pregnancy on offspring ADHD (Gustavson et al., 2017;
Langley et al., 2012), and two studies report findings that
are at least partially consistent with a causal effect (Keyes
et al., 2014; Kovess et al., 2015). In the large study by Gus-
tavson et al., three negative control variables were included
(paternal smoking during pregnancy, maternal grandmother
smoking during pregnancy, and maternal smoking during
previous pregnancies). Results showed that associations be-
tween maternal smoking during pregnancy (where a intrauter-
ine effect is plausible) on offspring ADHD diagnosis were of
a similar magnitude when compared to each of the three
negative control variables, HRnaermal smoking = 1.48, 95% CI
[1.30, 1.68]; HRpaemal smoking 1.28, 95% CI [1.16, 1.42];
HRmatemal grandmother smoking — 1287 95% CI [1157 142]7
HR maternal previous smoking = 1.53, 95% CI [1.33, 1.75]. These
results are therefore inconsistent with a causal intrauterine ef-
fect of maternal smoking during pregnancy on offspring
ADHD because a similar effect size is seen regardless of
which parent smoked and the timing of maternal smoking
(during the index pregnancy or a different pregnancy). Sim-
ilarly, the UK study by Langley et al. (2012) showed no dif-
ference in the magnitude of association of maternal, 3 = .25,
95% CI [.18, .32], and paternal smoking, 3 = .21, 95% CI
[.15, .27]; test for difference in strength of association F =
0.21, p = .65, during pregnancy and offspring ADHD, and
results were therefore inconsistent with a true intrauterine ef-
fect. These two studies included data on mothers’ and fathers’
own reports (where available) of their smoking behavior as-
sessed contemporaneously during pregnancy (Gustavson
etal., 2017; Langley et al., 2012). While the results of Keyes
et al. (2014) were inconsistent with a potentially causal effect
when no statistical adjustments for measured confounders.
The magnitude of association for maternal, B = .22, 95%
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CI [.11, .33], and paternal smoking, 3 = .18, 95% CI [.07,
.30], was very similar. When statistical adjustments for
measured confounders were made, there was an attenuation
of the association between paternal smoking during preg-
nancy, 3 = .25, 95% CI [.09, .40] for maternal; B = .02,
95% CI [-.20, .24] for paternal. That finding therefore sug-
gest that maternal smoking during pregnancy may be more
important than paternal smoking during pregnancy, which
is consistent with a causal hypothesis. Nevertheless, in the
same study, maternal quitting smoking prior to pregnancy
was associated with offspring ADHD to the same extent as
maternal smoking during pregnancy. That finding is therefore
consistent with dispositional factors that affect the likelihood
of women smoking being important in the association with
offspring ADHD as opposed to a true intrauterine risk effect.
In conclusion, the findings from that study are ambiguous.
Results from the study by Kovess et al. (2015) are similarly
difficult to interpret in that the authors observed an associa-
tion for both maternal and paternal smoking during preg-
nancy and offspring ADHD in unadjusted associations, OR
= 1.82, 95% CI [1.45, 2.29] for maternal; OR = 1.53, 95%
CI [1.25, 1.86] for paternal, which were attenuated in both
groups, OR = 1.44, 95% CI [1.06, 1.96] for maternal; OR
= 1.17, 95% CI [0.92, 1.49] for paternal (slightly more so
in the fathers) when statistical adjustment for potential
confounders was made. The adjusted association between ma-
ternal (and paternal) smoking during pregnancy were attenu-
ated further when teacher reports of ADHD problems were
used: OR = 1.33, 95% CI [0.96, 1.84] for maternal; OR =
1.10, 95% CI [0.86, 1.40] for paternal. One methodological
issue to note is that these two studies relied on maternal
retrospective reports of paternal smoking during pregnancy
at child age 10 (Keyes et al., 2014) and in a sample of children
aged 6-11 years (Kovess et al., 2015). The reliability of a
mother retrospectively reporting on her partner’s smoking
behavior during pregnancy once a relatively long period has
elapsed is not known.

In summary, a body of evidence from a series of studies
using innovative research designs suggests that it is unlikely
that there is a substantial environmental causal effect of mater-
nal smoking during pregnancy on offspring ADHD or conduct
problems. Nevertheless, it is important to note that the results
of maternal and paternal comparison studies are inconsistent,
and methodological tests of the reliability and validity of ma-
ternal retrospective reports of paternal smoking during preg-
nancy are required. There is a need for further studies that in-
clude reports on smoking behavior from mothers and fathers
assessed during pregnancy rather than after the child is born.
The vast majority of genetically informative studies use mater-
nal reports of smoking behavior. There is good evidence that
these are reliable and valid: maternal retrospective reports of
smoking status correlate highly with contemporaneous reports
during pregnancy (Rice, Lewis, et al., 2007) and with plasma
cotinine levels which index recent exposure to nicotine in to-
bacco smoke (George, Granath, Johansson, & Cnattingius,
2006). The best evidence for the validity of maternal reported
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smoking is the consistent evidence for correlations with objec-
tive measures of infant birth weight. There is strikingly consis-
tent evidence from genetically sensitive study designs that
maternal smoking during pregnancy reduces offspring birth
weight in a way that is consistent with a causal effect (Gustav-
son et al., 2017; Langley et al., 2012; Obel et al., 2016; Rice
et al., 2009; Thapar et al., 2009), illustrating that studies using
these methods are able to detect potentially causal intrauterine
effects when they are present. This same pattern of findings for
maternal smoking during pregnancy and infant birth weight
emerges from studies using alternative methods (with differing
patterns of bias) including randomized controlled trials of
smoking cessation and Mendelian randomization (Tyrrell
et al., 2012; Veisani, Jenabi, Delpisheh, & Khazaei, 2017).

Maternal prenatal stress

Our search identified only one genetically informative study
that examined maternal prenatal stress and offspring psychopa-
thology in humans (Rice et al., 2010). That study used an IVF
design, a retrospective measure of perceived maternal stress
during pregnancy, which showed reliability (using test—retest
methods) and examined childhood anxiety, ADHD, and con-
duct problems as continuous outcomes (rated by mothers). Re-
sults differed for each childhood outcome examined. For
ADHD, results were consistent with shared genetic effects as
associations were observed in related prenatal mother—child
pairs only. For offspring conduct, there was some evidence
consistent with a causal intrauterine effect because similarly
sized effects were observed in related and unrelated prenatal
mother—child pairs. For offspring anxiety, while associations
with maternal prenatal stress were observed in both groups, re-
sults appeared to be primarily attributable to postnatal anxiety,
and postnatal anxiety mediated observed associations in both
the related and unrelated groups. This study showed that results
differed depending on the child outcome examined. Limita-
tions include the retrospective assessment of perceived stress,
which requires validation and the possibility of shared method
variance because mothers rated both the exposure and the out-
come variable. There is clearly a need for further genetically
informative studies focusing on maternal stress in pregnancy
given the dearth of such studies. These will need to consider
continuity of maternal stress to the postnatal rearing environ-
ment (O’Donnell & Meaney, 2017; Rice et al., 2010)

Discussion

After undertaking a systematic review of genetically informa-
tive studies, the findings suggest that the prenatal risk factor
of maternal smoking during pregnancy has likely causal effects
on infant birth weight and prematurity but that there is minimal
evidence to support a causal effect on offspring ADHD or con-
duct problems and much evidence to suggest associations
reflect familial confounding and passive rGE. There are too
few genetically informative studies of maternal stress in preg-
nancy to draw firm conclusions in spite of a substantial obser-
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vational literature on the topic. It seems reasonable to conclude
that relatively less attention has been paid to genetically in-
formed studies that include either extremely large samples or
extremely informative comparisons but report negative results
compared to studies reporting apparently positive results (e.g.,
Obel et al., 2016; Slotkin, 2013; Thapar et al., 2009), a problem
that applies to the whole of science (Ahmed, Sutton, & Riley,
2012; Easterbrook, Berlin, Gopalan, & Matthews, 1991). Clear
reporting is needed to address this (Academy of Medical Sci-
ences, 2007). The uptake of common analytical strategies is
also likely to be helpful. For prenatal risks, there are examples
of designs where current evidence using appropriate designs
supports causal effects, such as exposure to extreme maternal
undernutrition during pregnancy and offspring psychosis risk
(Mackay, Dalman, Karlsson, & Gardner, 2017). In these cases,
it will be important to understand the mechanisms through
which such exposures influence offspring risk for maladaptive
outcomes. In our view, for certain prenatal exposures and out-
comes, especially maternal smoking in pregnancy and ADHD
or conduct problems, further reports of association from obser-
vational designs will be unhelpful because of contributions of
person—environment correlation, passive rGE, and the problem
of residual confounding. A key reason for identifying if early
environmental exposures have causal effects on the likelihood
of psychopathology later in life is to guide prevention and early
intervention. Effective strategies for reducing maternal smoking
remain an appropriate public health target because of the dele-
terious effects of smoking on fetal growth and with obstetric
and perinatal complications including prematurity and miscar-
riage. Given that maternal smoking in pregnancy is already
recognized as a health hazard, we therefore urge researchers
in the field of developmental psychopathology to investigate
other environmental risk factors amenable to change. Some
may be especially or exclusively relevant for mothers in low-
and middle-income settings, and studies in these contexts is a
priority. Findings from genetically informative and quasi-exper-
imental designs that are well designed will however continue to
be important. Avoiding the expenditure of resources on preven-
tive interventions that do not work becomes even more impor-
tant in low-resource settings. Where studies with different sets
of strengths and limitations find converging evidence, this
adds to confidence about inferring causal effects. However,
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text screening and studies known to the authors were also included.
Having removed non-English language articles and duplicates, two
authors (K.L. and C.W.) excluded irrelevant articles by title and ab-
stract, blind to the others’ classification with 95% agreement. All dif-
ferences were resolved on discussion. The full text of 37 articles was
screened for final inclusion by two authors (F.R. and K.L.) with
100% agreement. In total, 19 studies were included in the final re-
view. Details of this process are illustrated in Figure 3a. A separate
search of studies in humans using the same genetically informative
research designs to examine the relationship between maternal stress
during pregnancy and offspring psychopathology was carried out on
September 5, 2017. This expanded set of offspring outcomes was
chosen to expand the studies identified. The following search terms
were used: (a) (((ADHD OR conduct OR anx* OR depress* OR
emotion*) AND stress AND (prenatal OR pregnan* OR maternal)
AND (discordant sibling OR sibling))); (b) ((ADHD OR conduct
OR anx* OR depress* OR emotion*) AND stress AND (prenatal
OR pregnan* OR maternal) AND (children of twin))); (c) ((ADHD
OR conduct OR anx* OR depress* OR emotion*) AND stress AND
(prenatal OR pregnan* OR maternal) AND (IVF OR assisted repro-
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duct*))); and (d) (((ADHD OR conduct OR anx* OR depress* OR
emotion*) AND stress AND (prenatal OR pregnan* OR maternal)
AND (maternal AND paternal AND (comparison OR compared)).
Two authors (K.L. and F.R.) excluded irrelevant articles by title and
abstract, blind to the others’ classification with 100% agreement.
The full text of 5 articles was screened for final inclusion by two of
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the authors (F.R. and K.L.) also with 100% agreement. One study
was included in the final review. In addition to the electronic search,
a manual citation search of the studies that passed full-text screening
and studies known to the authors were also included. However, no ad-
ditional studies were identified using this method. The full details of
this search can be seen in Figure 3b.
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