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Identifying environmental risk and protective exposures that have causal effects on health is
an important scientific goal. Many environmental exposures are nonrandomly allocated and
influenced by dispositional factors including inherited ones.We review family-based designs
that can separate the influence of environmental exposures from inherited influences shared
between parent and offspring. We focus on prenatal exposures. We highlight that the family-
based designs that can separate the prenatal environment from inherited confounds are
different to those that are able to pull apart later-life environmental exposures from inherited
confounds.We provide a brief review of the literature onmaternal smoking during pregnancy
and offspring attention-deficit/hyperactivity disorder (ADHD) and conduct problems; these
inconsistencies in the literature make a review useful and this illustrates that results of family-
based genetically informed studies are inconsistent with a causal interpretation for this ex-
posure and these two offspring outcomes.

Identifying environmental risk and protective
exposures that have causal effects on health

and development is an important scientific and
public health goal. However, as discussed in the
literature, it is challenging to assess causality for
reasons including confounding, reverse causa-
tion, and selection bias (Academy of Medical
Sciences 2007; Gage et al. 2016; Pingault et al.
2018; Thapar and Rutter 2019). Environmental
exposures are nonrandomly allocated and many

are person-dependent—referred to as person–
environment correlation—which means that
people behave in ways that shape their environ-
ments and these environments have important
implications for health, social, and economic
outcomes (Rutter et al. 2001). Person effects
on the environment are driven by dispositional
factors including those that are inherited, a phe-
nomenon known as gene–environment correla-
tion (Rutter et al. 2001; Kong et al. 2018). Three
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types of gene–environment correlation have
been described (e.g., Rutter et al. 2006): (1) pas-
sive gene–environment correlation, which
comes about because parents provide both genes
and the rearing environment for their child(ren)
and alleles are correlated between parent(s) and
child(ren); (2) evocative gene–environment cor-
relation, which comes about because people’s
inherited behaviors evoke particular reactions
from others, which may further exacerbate that
behavior in the individual; (3) active gene–envi-
ronment correlation that occurs when people
seek out or “create” environments consistent
with their inherited dispositional characteristics.
The phenomenon of gene–environment corre-
lation applies to prenatal exposures including
health and lifestyle behaviors during pregnancy
such as maternal cigarette smoking and alcohol
consumption as well as postnatal and later ex-
posures, including factors such as parenting
style, stressful life events, social adversities, and
lifestyle and health behaviors (Kendler and Ba-
ker 2007; Jaffee and Price 2008; Rice et al. 2018).

Medical complications during pregnancy are
also consistent with person effects on the prena-
tal environment. Pregnancy may reveal biologi-
cal vulnerabilities for chronic disease as women
who develop preeclampsia, gestational hyper-
tension, and abruption or infarction of the pla-
centa are at heightened risk of developing car-
diovascular disease and diabetes after pregnancy
(Kaaja and Greer 2005). Thus, it is unsurprising
that many of the environmental factors hypoth-
esized as contributors to health and disease have
been observed to be genetically influenced (Plo-
min 2018). This raises the issue that observed
associations between exposure and disease out-
come could be explained by familial or genetic
confounds that would not be identified in ob-
servational studies (Fig. 1). Passive gene–envi-
ronment correlation is a special instance of a
person–environment correlation, which creates
challenges for causal interference because envi-
ronmental exposures are indexed in part by pa-
rental characteristics including genetic factors
that are transmitted to offspring (Fig. 1). Thus,

Exposure
(in father)

gf
Exposure

(in mother)

Offspring
outcome

gm

pm em

pf

ef

d d

gc

Figure 1. Environmental exposures and child outcome: passive gene–environment correlation, dynastic, and
exposure effects. Shown is a schematic of passive gene–environment correlation for prenatal environmental
exposures in the absence of assortative mating. “p” represents passive gene–environment correlation (i.e., where
association between an exposure comes about because of shared inherited influences on environmental exposure
in the parent generation and child outcome in the offspring generation) (pf denotes paternal effects and pm
denotesmaternal effects). “e” represents a direct environmental exposure effect on offspring outcome (ef denotes
paternal effects and em denotes maternal effects). “d” represents the influence of nature on nurture (i.e., where
parental inherited characteristics influence environmental exposures thatmay impact on offspring). The product
of d and e gives an estimate of what have been termed “dynastic effects” where parental alleles may influence
environmental exposure but the environment then has a direct impact on offspring independent of alleles shared
between parent and offspring. (gf ) father genes, (gm)mother genes, (gc) child genes.
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parents create rearing environments that are
correlated with their genotype (shown in “d” in
Fig. 1). Features of the rearing environment can
directly influence offspring development (“E”)
or can in fact bemarkers of shared genetic liabil-
ity in the parent and offspring generations (“P”)
(i.e., correlation may come about because the
parent passes on genetic material to the child,
which is associated with exposure in the parent
generation and outcome in the offspring gener-
ation (passive gene–environmental correlation).
Afinal possibility is that of dynastic effectswhere
parental alleles influence environmental expo-
sure and the effect on the child does not depend
on shared parent–offspring alleles but instead
impacts directly on the child (Kong et al. 2018;
Davies et al. 2019).

In this work, we provide a brief review of the
literature onmaternal smoking during pregnan-
cy and offspring ADHD and conduct problems
for two reasons. First, there are systematic dif-
ferences associated with exposure to maternal
smoking during pregnancy, which suggests a
potential contribution of unmeasured genetic
and shared environmental confounding to asso-
ciations observed between maternal smoking
during pregnancy and offspring outcomes.
Thus, mothers who smoke in pregnancy differ
from those who quit during pregnancy or do not
smoke at all (Orton et al. 2014), including on
sociodemographic factors relevant to liability
for ADHD and antisocial behavior. For exam-
ple, mothers that smoke during pregnancy are
younger, have higher rates of mental health

difficulties including depression and antisocial
behavior, report more stress during pregnancy,
are more likely to live in deprived socioeco-
nomic circumstances, and are more likely to be
nicotine dependent (Maughan et al. 2004; Gil-
man et al. 2008a,b; D’Onofrio et al. 2014; Gus-
tavson et al. 2017). Second, inconsistencies in
the literature suggest that a narrative review
of family-based genetically informed studies is
likely to be useful.

Family-based, genetically informed designs
take advantage of differing patterns of genetic
similarity between relatives and aid causal infer-
ence because association between the exposure
(e.g., cigarette smoking in pregnancy) and out-
come (e.g., offspring health) are assessed after
accounting for genetic and family-level environ-
mental confounds. Table 1 summarizes a variety
of family-based genetically informed designs
and the sorts of environmental exposures that
they can assess after disentangling these from
inherited or shared familial factors.

Herein, we initially consider family-based
designs that are informative for examining pre-
natal exposures and offspring outcome; these
include the maternal versus paternal prenatal
exposure, discordant sibling (Keyes et al.
2013), and in vitro fertilization (IVF) (Thapar
et al. 2007) designs. These designs do not inte-
grate genomic data. (For additional information,
see Hwang et al. 2020, which looks at integrating
family-based and genomic [Mendelian random-
ization] designs.) The crucial aspect of these de-
signs is that they enable the contribution of the

Table 1.Genetically informative designs and the sorts of environmental effects they can separate from inherited
or familial factors

Study design
Prenatal
exposures

Postnatal and later-
life exposures

Cross-generational
transmission

Maternal vs. paternal exposure +
Discordant sib pair design + +
IVF design + + +
Adoption design + +
Classical twin designa +
Children of twins designa (e.g., identical twin

mothers each with at least one child)
+ + +

(IVF) in vitro fertilization.
aTwin design and its extensions are described in McAdams (2020).
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intrauterine environment to be separated from
genetic or familial factors that themother shares
with her offspring (Rice et al. 2018). This is done
either by separating the intrauterine environ-
ment from the maternal genome (as in the
case of the IVF design) or by varying the intra-
uterine environment across separate pregnan-
cies but holding the overall level of the moth-
er–child genetic relationship constant (as in the
case of the discordant sibling design). The sep-
aration of prenatal from genetic or shared fami-
lial factors cannot be achieved by classical twin
or adoption study designs because any effects of
the intrauterine environment cannot be isolated
from maternal genetic factors that are shared
with her offspring (twins or adopted-at-birth
offspring). As discussed by us previously (Rice
et al. 2018), the types of genetically informed
designs that can separate the prenatal environ-
ment from genetic confounds are different to
those that are able to pull apart postnatal or
later-life environment and genetic confounds.
We also discuss adoption-at-birth designs (Ken-
dler et al. 2015) as these are invaluable for testing
postnatal and later-life exposures but not prena-
tal ones. Each of these designs has different
strengths and weaknesses and none is without

its limitations (Table 2). Also, results from these
studies cannot definitively infer causality be-
cause the same individual cannot be simultane-
ously exposed and unexposed (the counterfac-
tual) to a risk or protective factor. Each of the
genetically informative designs that we consider,
as well as children-of-twins studies described in
McAdams (2020), has a different pattern of
strengths and limitations. When evidence from
different designs is considered together, conver-
gence of results from studies that use research
designs with differing patterns of strength and
weakness, often referred to as “triangulation”
(Lawlor et al. 2016), strengthens confidence in
causal inference.Where the pattern of results do
not converge, we have argued that considering
issues such as indicators of study quality includ-
ing reliability and validity of measurement, ad-
equate sample size, and tests as to whether the
assumptions of the design are met are also im-
portant in aiding causal inference (Rice et al.
2018).

In this review, we focus on prenatal expo-
sures. We summarize the genetically informed
studies for maternal smoking during pregnancy
and offspring ADHD and antisocial behavior/
conduct problems. Exposure to maternal smok-

Table 2. Strengths and limitations of family-based genetically informed designs

Study design

Separation of
prenatal

exposures from
shared

familial factors
including
inherited
confounds

Separation
of prenatal
exposures

from
inherited
confounds

Representativeness
of sample

Ability to
account for

shared
environmental
confounding

Ability to
account for
nonshared

environmental
confounding

Maternal vs. paternal
exposure

+ +a +

Discordant sib pair
design

+ +

IVF design + +
Adoption design

(+) Indicates where a particular study design has strengths. Random allocation to exposure (e.g., through a randomized
controlled trial or a natural experiment involving an externally imposed external event) can account for nonshared
environmental confounding. The selection of discordantly exposed siblings may mean that such siblings are selected to
differ more greatly on nonshared confounding than the general population given similar exposure levels. (IVF) in vitro
fertilization.

aAlthough theoretically representative, complete trio data (available father as well as mother and offspring) are likely to be
affected by selection bias.
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ing in pregnancy has been viewed as a potential-
ly causal exposure for many types of offspring
mental health problems, in particular for
ADHD and antisocial behavior. Associations
between maternal smoking in pregnancy and
ADHD and antisocial behavior have been ob-
served repeatedly in prospective population co-
hort designs and clinical case–control studies,
even when exposure to cigarette smoking is as-
sessed by cotinine levels (e.g., Sourander et al.
2019). Meta-analyses of observational studies
show association between smoking during preg-
nancy and an increased risk of offspring ADHD
(OR [odds ratio] = 1.60; 95% CI = 1.45–1.76)
(Huang et al. 2018) and conduct problems
(OR= 2.06; 95% CI = 1.67, 2.54) (Ruisch et al.
2018). Nevertheless, the genetically informed
studies provide a useful adjunct to observational
studies and allow an investigation of causal
inference controlling for genetic and shared
familial effects on exposure and outcome. We
include a summary of this literature because
results have been interpreted as somewhat in-
consistent, making a review useful. We have re-
viewed this literature in detail and systematically
elsewhere (Rice et al. 2018). We also select other
prenatal and postnatal exposures for illustrative
purposes—focusing on examples where there is
evidence supportive of a potentially causal rela-
tionship between exposure and outcome—to
highlight areas where further research on the
mechanisms underlying associations is warrant-
ed. We will next examine four family-based de-
signs in turn: maternal versus paternal exposure
during pregnancy, discordant sibling designs,
IVF designs, and adoption designs.

MATERNAL VERSUS PATERNAL EXPOSURE
DURING PREGNANCY

This design has been used for investigating pre-
natal exposures and compares maternal and
paternal exposures during pregnancy and their
associations with offspring outcome. An intra-
uterine contribution is possible for the mother–
offspring association but not for associations
observed between father and offspring. Mothers
and fathers both share exactly 50% of their ge-
netic material with their offspring, meaning that

the genetic contribution shared between parent
and offspring that contributes to the association
between the prenatal exposure and offspring
outcome is held constant. In this design, fathers
serve as a negative control (Davey Smith 2012)
for genetic factors and also as a control for fam-
ily-level environmental confounding (Gage et al.
2016). Extensions of the design have involved
including additional negative control variables
such as varying the timing of exposure to ma-
ternal smoking (e.g., before and after pregnancy
vs. during pregnancy) where an intrauterine ef-
fect on offspring is only plausible for prenatal
exposure (Thapar et al. 2009; Gustavson et al.
2017). A strong association between maternal
but not paternal exposure and the offspring out-
come is consistent with a causal inference. For
example, maternal smoking in pregnancy is as-
sociated with lower birth weight while paternal
smoking during this time period does not show
this association (Langley et al. 2012).

A recent systematic review identified four
published studies that compared maternal and
paternal smoking during pregnancy and exam-
ined effects on child ADHD (Langley et al. 2012;
Keyes et al. 2014; Kovess et al. 2015; Gustavson
et al. 2017). Two studies reported findings in-
consistent with a causal effect ofmaternal smok-
ing during pregnancy on offspring ADHD
(Langley et al. 2012; Gustavson et al. 2017),
while two studies reported results at least par-
tially consistent with a causal effect (Keyes et al.
2014; Kovess et al. 2015); but those findings are
challenging to interpret as we describe below. In
a study of over 100,000 mothers and children,
Gustavson and colleagues examined the as-
sociation between maternal smoking during
pregnancy and offspring diagnosis of ADHD
and included three negative controls (paternal
smoking during pregnancy, maternal grand-
mother smoking during pregnancy, and mater-
nal smoking during previous pregnancies). The
association withmaternal smoking during preg-
nancy (where an intrauterine effect is plausible)
was similar in size to the association for the three
negative control variables. Similarly, in a sample
of 8324 children, Langley and colleagues found
that the association between maternal and pa-
ternal smoking in pregnancy with offspring
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symptoms of ADHD was very similar. Both of
these studies therefore suggest that the associa-
tion between maternal smoking during preg-
nancy and offspring ADHD is driven by shared
inherited or familial factors. In a study of 1752
mothers and children by Keyes et al. (2014),
results were initially inconsistent with a causal
effect when no adjustments for confounders
were made but adjusting for confounders atten-
uated the association with paternal smoking
during pregnancy, indicating that maternal
smoking during pregnancy might be more
important for offspring ADHD. Nonetheless,
within the same study, there was an association
similar in magnitude with offspring ADHD in
mothers who smoked before but not during
pregnancy, which is inconsistent with a causal
interpretation. The results of the study of 4517
mothers and children by Kovess and colleagues
(2015) again suggested no causal relationship
when no adjustments for confounders were
made but adjusting for confounders attenuated
the association with paternal smoking during
pregnancy. Results also differed according to
who rated the child’s ADHD symptoms (mother
or teacher), making it difficult to interpret re-
sults. Interestingly, the two studies that reported
results at least partially consistent with a prena-
tal effect relied on retrospectivematernal reports
of paternal smoking during pregnancy and the
reliability of this is not currently known (Keyes
et al. 2014; Kovess et al. 2015).

Limitations

The maternal and paternal comparison is a
useful design and it is possible to recruit large
samples fairly easily. Limitations include that
parents are more similar than expected for
many phenotypes and exposures due to genetic
and social factors, which is known as assortative
mating. Also, it is limited to exposures that are
relevant to both parents, and the assumptions of
the design can be violated if the confounding
structure of thematernal and paternal exposures
differs (Keyes et al. 2014). Similarly, differential
measurement error of the exposure in the
two groups can bias results (Sanderson et al.
2018).

DISCORDANT SIBLING DESIGN

Sibling pairs who are reared together but dis-
cordant for exposure to a hypothesized risk fac-
tor provide the opportunity to examine whether
the exposed individual shows higher rates of the
outcome trait or condition than their unexposed
sibling.This design is essentiallyamatched case–
control comparison that takes advantage of
siblings being “matched” for stable shared envi-
ronmental variables. This design can be used to
examine hypothesized exposures before and af-
ter birth and is useful for investigating prenatal
exposures because the intrauterine environment
varies but the overall level of the mother–child
genetic relationship is held constant (full sib-
lings share 50%of their geneswith theirmother).
Given that the full complement of alleles inher-
ited from the mother will differ between discor-
dantly exposed siblings, large samples will be
required to limit the influence of chance fluc-
tuations in individual allele transmission.
Although monozygotic twins, unlike sibling de-
signs, entirely control for genetic confounding as
emphasized earlier, twin designs cannot be used
to assess prenatal exposures because twins are
not differentially exposed (i.e., they develop in
the same prenatal environment), at least in a
way that is currently accessible to measurement.

Prenatal Exposures

The premise is that by investigating sibling pairs
who are discordant for exposure to the hypoth-
esized prenatal exposure (e.g., mother smokes in
one pregnancy but not the other), the contribu-
tion of familial confounding to the association
between the prenatal exposure and offspring
outcomes is assessed. This design has been used
to assess many different prenatal exposures, in-
cluding maternal medications such as antide-
pressant use in the first trimester of pregnancy
(Sujan et al. 2017) and complications of preg-
nancy such as inadequate maternal weight gain
during pregnancy (Mackay et al. 2017). It has
also been used to examine the effect of maternal
smoking during pregnancy on offspring ADHD
and conduct disorder problems. Typically, the
association between exposure and outcome is
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examined in the full sample and compared to
the association derived from discordantly ex-
posed siblings.

A recent systematic review (Rice et al. 2018)
yielded six informative published studies of
ADHD in discordant sibling pairs whowere dif-
ferentially exposed in intrauterine life to ciga-
rette smoke. Many of these studies utilized
data from very large population-based samples.
All observed an association between prenatal
smoking and offspring ADHD at the population
level as expected, but association was markedly
attenuated in discordant sibling pairs. For exam-
ple, the largest Danish registry-based study in-
cluded ∼900,000 individuals (Obel et al. 2016).
Analyses were performed using Cox regression
and adjusted for a number of measured con-
founders (e.g., year of birth, child sex, maternal
age at birth, and parity). The authors analyzed
the full study population and compared these
results with the discordantly exposed matched
sibling analyses. In the text, we report the results
obtained when adjusting for confounders. Con-
ventional association analysis in the complete
dataset yielded results in linewith previous stud-
ies; the authors observed association between
maternal smoking in pregnancy and ADHD
(adjusted HR [hazard ratio] = 2.01; 95% CI =
1.94–2.07). In the sibling analysis, the associa-
tionwas substantially attenuated (adjustedHR=
1.07; 95% CI = 0.94–1.22). However, that was
not the case for association with offspring birth
weight where the association remained robust
(adjusted OR= 1.68; 95% CI = 1.33–2.12). A
number of methodological challenges to inter-
preting effects from sibling comparison designs
have been highlighted (Frisell et al. 2012; Pe-
tersen and Lange 2020), which are discussed in
the section on limitations below. A particular
issue is the selection of discordantly exposed
siblings, which has the effect of selecting pairs
that differ on nonshared causes of the exposure
(Frisell et al. 2012).

Since that systematic review, two additional
sibling comparison papers have been published
(Ekblad et al. 2017; Marceau et al. 2018). The
study by Ekblad precludes any firm conclusions
about the relationship between maternal smok-
ing in pregnancy and offspring psychiatric out-

comesbecause it examined theeffect of change in
maternal smoking during pregnancy status on
the second sibling only. Thus, it did not compare
rates of disorder in matched differentially ex-
posed sibling pairs. Instead, it examined rates of
disorder in the second sibling in mothers that
changed smoking status across pregnancies
(i.e., “quitters” or “starters”) and compared this
to theratesofdisorder in theoffspringofmothers
that smoked consistently across two pregnancies
or nonsmokers. One comparison of 173 siblings
found results inconsistent with a causal effect for
symptom-based measures of ADHD, although
one questionnaire measure reported a within-
family effect for hyperactivity/impulsivity (Mar-
ceau et al. 2018). Collectively, the discordant
sibling studies suggest that there is substantial
genetic and/or family-level environmental con-
founding that contributes to the association
betweenmaternal smoking in pregnancy and off-
springADHD. Similarfindings have been report-
ed for offspring antisocial behavior, with all bar
one (a smaller subsample of an initially negative
study) of the seven discordant sibling studies
finding results inconsistent with a causal expla-
nation (see Rice et al. 2018 for further details).

The discordant sibling design has also been
used to examine the association of maternal ges-
tational weight gain and risk for psychosis in
offspring (Mackay et al. 2017). That study found
that inadequate maternal weight gain during
pregnancy (but not maternal underweight,
overweight, or obesity) was associated with an
increased risk for nonaffective psychosis in off-
spring (HR= 1.32; 95% CI = 1.13, 1.54), an as-
sociation that did not attenuate in the matched
sibling analysis (HR= 1.61; 95%CI = 1.02, 2.56).
These findings are consistent with those from
studies where mothers were exposed to starva-
tion during pregnancy following unfortunate
historical events (Susser et al. 1996; St Clair
et al. 2005) and suggest a role of maternal un-
dernutrition in the development of psychosis,
although the exact mechanisms remain unclear.

Postnatal Exposures

The sibling design and its extension, the co-
relative study has also been used to examine
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exposures after birth. For example, in a recent
large study, an extended sibling pair design that
utilized Swedish registry data on siblings, half
siblings, and cousins was employed to examine
the relationship between cannabis use and psy-
chiatric disorders (Giordano et al. 2015). The
association between cannabis use and schizo-
phrenia was observed as expected in the whole
population (OR= 10.44; 95% confidence inter-
val = 8.99–12.1). The association attenuated but
did not disappear (OR in full siblings = 5.07;
95% CI = 4.17–6.16). The authors concluded
that the findings suggest that observational de-
signs overestimate the association between can-
nabis use and future schizophrenia because of
familial confounding but do not remove the
possibility that there is a causal link.

Limitations

Strengths of the discordant sibling design in-
clude the fact that siblings are “matched by na-
ture” on many potential confounders and the
existence of large population-based registries
where family relationships can be linked have
facilitated analyses in very large, representative
samples. Nevertheless, as with all research de-
signs, several limitations have been documented.
First, there is the issue of selection for discor-
dantly exposed siblings where, for prenatal ex-
posures, it is necessary to select mothers that
behave differently (or are affected differently)
in different pregnancies. Therefore, discordant
sibling designs are susceptible to confounding
by nonshared factors that might lead to changes
in the mother’s behavior or health during preg-
nancy (Frisell et al. 2012). The selection of dis-
cordantly exposed sibling pairs thus implies that
the sample includes pairs of individuals that are
more likely to differ from each other on non-
shared confounding than those similarly ex-
posed but randomly selected from the general
population (Frisell et al. 2012). Also, if the de-
gree of measurement error differs for exposure
and outcome, that can also lead to bias in results,
and random measurement error will tend to in-
crease misclassification in discordant sibling
pairs (Frisell et al. 2012; Sanderson et al. 2018).
These factors are likely to have the effect of bi-

asing within family estimates toward the null
(Frisell et al. 2012). Different siblings will be
born at different time periods and thus exposed
to different family- and population-level expo-
sures including parental age. Sibling compari-
sons assume a stable family and social context.
It is also assumed that one sibling’s exposure
does not influence the unexposed sibling,
which seems unlikely for prenatal exposures
(e.g., D’Onofrio et al. 2010; Skoglund et al.
2014) but plausible for later exposures. For in-
stance, this phenomenon where the exposure
and outcome of one child affects the exposure
and outcome of his or her siblings (known as
“carryover effects”) might plausibly exist for ex-
posure to Caesarean section where a Caesarean
section in one pregnancy might affect the like-
lihood in a subsequent pregnancy. Ultimately,
this design on its own still cannot rule out that
differences between siblings arise from some
other exposure or experience and for exposures
after birth, as genetic differences between sib-
lings will also be a contributor. Finally, it is
probably not possible to generalize results to
the general population and estimates apply
only to discordantly exposed siblings (Petersen
and Lange 2020). Frisell and colleagues (2012)
have suggested that sibling comparison designs
may be most appropriate in situations where
confounding factors are more likely to be
shared between siblings than the exposure and
avoided in situations where the opposite sce-
nario is likely (i.e., greater sharing for the expo-
sure than confounders).

IVF DESIGN

The IVF design is a prenatal cross-fostering de-
sign that separates the prenatal environment
from genetic factors shared between mother
and child (Table 3). It does this by comparing
associations between a prenatal exposure and a
child outcome in pairs of mothers and children
who are related and unrelated. In the design, all
children are conceived using IVF, with some
mothers experiencing a pregnancy for a child
to whom they are not genetically related (con-
ceiving either by IVF with egg/embryo donation
or gestational surrogacy). In the unrelatedmoth-
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er–child pairs where an unrelated mother or
surrogate experiences the pregnancy, an associ-
ation between a prenatal exposure and a child
outcome must come about through intrauterine
(rather than inherited) effects because while the
mother/surrogate experiences the pregnancy,
she does not pass on her genetic material to
the baby. The IVF design therefore allows sepa-
ration of genetic factors that mothers share with
their offspring from the intrauterine/prenatal
environment assuming that the oocyte/embryo
donation or surrogacy is provided by an unrelat-
ed individual.

Prenatal Exposures

The IVF design has been used to examine the
association between maternal smoking during
pregnancy with a range of offspring outcomes
including birth weight, conduct problems, and
symptoms of ADHD (Rice et al. 2009; Thapar
et al. 2009). Those studies suggest that for birth
weight, findings seem consistent with a causal
relationship of maternal smoking during preg-
nancy; while for offspring conduct and ADHD,
findings are inconsistent with a causal interpre-
tation and appear as a result of genes shared
been mother and child. Thus, infant birth
weight is reduced to a similar extent when
mothers smoke during pregnancy for related
(β=−0.14, P < 0.01) and unrelated mother–
child pairs (β=−0.11, P < 0.01), which is con-

sistent with a prenatal environmental effect
(Thapar et al. 2009). When looking at offspring
ADHD, the association with maternal smoking
during pregnancy was positive and greater in
the related (β= 0.102, P < 0.02) than the unrelat-
ed (β=−0.052, P > 0.1) pairs (test for interaction
between maternal smoking status and related-
ness group β=−0.10, P < 0.05), suggesting that
the association was due to shared genetic influ-
ences. Sensitivity checks assessing the role of
related and unrelated paternal smoking during
pregnancy also revealed a pattern of association
consistent with a shared genetic influence on
paternal smoking and offspring ADHD (similar
to that observed for maternal smoking and off-
spring ADHD) (Thapar et al. 2009). For off-
spring conduct problems, a similar pattern of
results was reported such that there was a posi-
tive association with maternal smoking during
pregnancy and offspring antisocial behavior in
related mother–child pairs (Cohen’s d = 0.527)
but not in the group of mothers who experi-
enced the pregnancy but were genetically unre-
lated to their child (Cohen’s d =−0.210). The
magnitude of association was greater in the re-
lated mother–child pairs than the unrelated
mother–child pairs (test for interaction between
maternal smoking status and relatedness group
F = 4.106, P= .04).

One study used an IVF design to assess the
role of perceived maternal stress during late
pregnancy on continuous measures of (mater-

Table 3. Maternal and paternal factors contributing to mother/father and offspring similarity in the IVF design

Conception group

Mother
contributions to

offspring

Father
contributions to

offspring

Intrauterine
environment provided
by biological mother?

Postnatal rearing
provided by

biological mother?

Homologous IVF Gm+ I + E Gf + E Yes Yes
IVF with sperm

donation
Gm+ I + E E Yes Yes

IVF with oocyte
donation

I + E Gf + E No No

IVF with embryo
donation

I + E E No No

Gestational surrogacy Gm+E Gf +E No Yes

With gestational surrogacy, the commissioning parents provide gametes and the rearing and an unrelated surrogate
experiences the pregnancy.

(IVF) in vitro fertilization, (Gm) maternally provided genes, (Gf) paternally provided genes, (I) intrauterine environment,
(E) postnatal and later-life-rearing environment.
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nally rated) childhood anxiety, conduct prob-
lems, and ADHD (Rice et al. 2010). Results dif-
fered for each childhood outcome examined. For
birth weight and gestational age, results were
consistent with a prenatal environmental effect
with lower birth weight and gestational age for
mothers with greater perceived stress during
pregnancy irrespective of whether the mother
experiencing the pregnancy shared genes with
her baby. For offspring withADHD, results con-
sistent with a shared genetic link as an associa-
tion was only observed in related mother–child
pairs. For conduct problems (antisocial behav-
ior), results were consistent with a prenatal
environmental effect because similarly sized as-
sociations were observed in related and unrelat-
ed mother–child pairs. For child anxiety, while
associations with maternal stress were observed
in related and unrelated mother–child pairs, the
pattern of findings suggested that postnatal ma-
ternal stress primarily explained the association
with childhood anxiety (i.e., continuing mater-
nal stress appeared to be important). A need to
consider the continuation of maternal stress has
been highlighted in a number of reviews and
editorials on the fetal origins of mental health
(Thapar and Rutter 2009; O’Donnell and
Meaney 2017).

Postnatal Exposures

It is also possible to use the IVF design to study
intergenerational transmission in a similar
vein to a classic adoption study. The IVF design
has been used to assess the intergenerational
transmission of symptoms of anxiety, depres-
sion, and antisocial behavior in families (Harold
et al. 2011; Lewis et al. 2011) and the role of
gene–environment correlation with stressful
life events and family processes (Harold et al.
2011; Rice et al. 2013). For example, Lewis and
colleagues (2011) reported that the familial
transmission of depression and anxiety symp-
toms was partly due to environmental processes
independent of inherited effects. This finding is
similar tomany studies that have used the classic
adoption-after-birth design to examine the
transmission of depression in families (e.g.,
Tully et al. 2008).

The IVF design has also been used to test
whether associations with prenatal risks such as
maternal smoking are moderated by the postna-
tal later-life environment. For example, Gaysina
and colleagues (2013) examined the relationship
between maternally reported number of ciga-
rettes smoked during pregnancy and offspring
conduct problems. These authors also included
an adoption-at-birth sample and observational
cohort data. Consistent with what had been
published previously in the same sample (Rice
et al. 2009), in the analysis of the IVF unrelated
mother–child pairs, no association betweenma-
ternal smoking and offspring conduct problems
was found and the correlation coefficient was
zero for this group (r= 0.00, P= 0.98). Gaysina
and colleagues additionally examined whether
parenting practices (after birth) might influence
the pattern of results observed—they did not.
Thus, those results did not support the hypoth-
esis that there is a causal effect of maternal
smoking during pregnancy on offspring con-
duct problems. Nevertheless, it is worth noting
that the findings reported by Gaysina et al.
(2013) have been interpreted by others as being
consistent with a causal effect (Slotkin 2013;
Dolan et al. 2016) despite not reporting results
consistent with such an interpretation, which
has been highlighted elsewhere (Thapar and
Rutter 2015; Rice et al. 2018). It seems likely
this is due to confusion in assumptions that
data from adoption-after-birth studies enable
causal inferences for prenatal exposures—they
do not (see below). This highlights the need
for systematic review and clear reporting.

Limitations

The major strength of the IVF design is its abil-
ity to unambiguously separate the prenatal en-
vironment frommaternal genes shared with the
child by the inclusion of conception groups
where a woman experiences the pregnancy for
a child towhom she does not pass on her genetic
material. This makes the IVF design a powerful
approach to disentangling prenatal and mater-
nally provided genetic effects. The main limita-
tion concerns the extent to which findings are
generalizable insofar as whether individuals
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conceiving via IVF are similar to those that con-
ceive naturally. In terms of parental and child
psychopathology and the family environment,
the evidence shows strong similarities (Golom-
bok and MacCallum 2003; Shelton et al. 2009;
Golombok 2017). However, rates of perinatal
complications are elevated in those conceiving
via IVF and perhaps unsurprisingly the rates of
exposure for some prenatal risks such as mater-
nal smoking during pregnancy are low. A fur-
ther limitation is that sample sizes are low in the
informative groups (i.e., in unrelated mother–
child pairs).

ADOPTION DESIGNS

Adoption designs involve comparing the simi-
larity between children adopted after birth with
their biological and rearing parents. Adoption-
after-birth studies can be used to examine the
role of the postnatal rearing environment on
children’s development (separately from genes
shared between child and the parent who brings
the child up). Where information on birth par-
ents is available, this design is also valuable for
examining the influence of evocative inherited
child effects on the rearing environment (Ge
et al. 1996; Rutter et al. 2001). As described
above, adoption-after-birth studies are not in-
formative for separating the effects of the prena-
tal environment from those shared between
mother and child. This is because in the classic
adoption design where the genetic mother expe-
riences the pregnancy but the child is adopted
after birth, there is no separation of the prenatal
environment from the (biological) mother pro-
vided genetic effects as the biological mother
provides genes and the prenatal environment
to her offspring, but not the postnatal rearing
(Table 1). Thus, the comparison between pre-
natal exposure and offspring outcome in the
genetic mother whose child is then adopted is
essentially the same as it would be in a standard
observational design. As far as prenatal expo-
sures are concerned, classic adoption designs
can be used to examine whether the postnatal
rearing environment has any moderating effect
on the relationship between a prenatal exposure
and an offspring outcome (Rice et al. 2007; Gay-

sina et al. 2013). It is important to note that
mothers whose children are adopted away are
different from mothers whose children are not,
and this is likely to create differences in the pre-
natal environments of children who are adopted
compared to children who are not. For instance,
mothers whose children are adopted after birth
typically show higher rates of smoking, alcohol,
and drug use during pregnancy and higher rates
of psychopathology than mothers whose chil-
dren live with them after birth (Gaysina et al.
2013). As we have argued elsewhere, this may
create a situation where the degree of familial
confounding for prenatal risk exposures may
be higher in adoption-after-birth studies than
in population-based samples (Rice et al. 2018).

CONCLUSION

We have described several family-based geneti-
cally informed designs that have increasingly
been used to strengthen causal inference and
emphasized that the ones that are useful for as-
sessing prenatal and after-birth exposures are
not the same. Many studies that have used these
informative designs have also tested associations
using conventional approaches in the whole
population. They have shown that including
measured confounders in statistical analyses
does not adequately capture genetic and shared
environmental confounding, which further
highlights the value of genetically informative
approaches. Causality cannot be firmly conclud-
ed from findings from any of these designs.
However, each of the genetically informed de-
signs that we have considered (as well as those in
the literature) has a different pattern of assump-
tions, strengths, and limitations. Thus, as men-
tioned earlier, consistent findings across differ-
ent designs strengthens causal inference. For
example, as we describe in a recent review
(Rice et al. 2018), the vast majority of the pub-
lished genetically informed studies of maternal
smoking in pregnancy and offspring ADHD
and conduct problems are consistent with asso-
ciations being driven by shared familial and ge-
netic confounding. The findings, when taken
together, do not support the premise that smok-
ing in pregnancy has a strong causal effect on
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offspring ADHD or conduct problems and con-
trast with findings for offspring birth weight.
Instead, there is a need for independent replica-
tion and studies to elucidate potential mecha-
nisms for different exposures where evidence
suggests potentially causal effects on offspring
health and behavior.

Until relatively recently, many of the designs
discussed in this paper have been used to infer
genetic contributions to medical disorders and
traits. In the advent of large-scale molecular ge-
netic studies, such designs may seem obsolete.
However, these designs together with additional
methods described in other papers, provide an
invaluable approach for assessing causality and
identifying environmental exposures that are
appropriate targets for intervention.
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