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Abstract

The Developmental Origin of Health and Disease (DOHaD) hypothesis is a broad theoretical
framework that emphasizes how early risk factors have a causal influence on psychopathology.
Researchers have raised concerns about the causal interpretation of statistical associations between
early risk factors and later psychopathology because most existing studies have been unable to
rule out the possibility of environmental and genetic confounding. In this paper we illustrate how
family-based quasi-experimental designs can test the DOHaD hypothesis by ruling out alternative
hypotheses. We review the logic underlying sibling-comparison, co-twin control, offspring of
siblings/twins, adoption, and in vitro fertilization designs. We then present results from studies
using these designs focused on broad indices of fetal development (low birth weight and
gestational age) and a particular teratogen, smoking during pregnancy. The results provide mixed
support for the DOHaD hypothesis for psychopathology, illustrating the critical need to use design
features that rule out unmeasured confounding.

The Developmental Origin of Health and Disease (DOHaD) hypothesis originated in
research that linked indices of fetal development (e.g., low birth weight) to adult health,
particularly cardiovascular disease (Barker, 1998). Ongoing research has identified key
mediating mechanisms through which early risk factors influence subsequent medical
problems, including epigenetic factors (Gluckman, Hanson, Cooper, & Thornburg, 2008).
The DOHaD hypothesis now provides a broad framework for exploring associations
between early risk factors and later psychopathology (Bale et al., 2010), which is the focus
of the current review. The DOHaD hypothesis suggests that early life influences can
causally impact later functioning because the insult is experienced during a sensitive
developmental period (Barker, 1998). It is important to stress that the DOHaD hypothesis is
a causal hypothesis, which emphasizes how early risk factors have a causal effect—
independent of confounding factors—on later outcomes.

“Correspondence regarding this article should be sent to: Brian D’Onofrio, Department of Psychological and Brain Sciences, Indiana
University, 1101 East 10th St., Bloomington, IN 47405, Phone: 812-856-0843, Fax: 812-856-4544, bmdonofr@indiana.edu.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

D’Onofrio et al.

Page 2

Despite the popularity and influence of the DOHaD hypothesis, researchers have expressed
skepticism regarding the interpretation of statistical associations between early risk factors
and later psychopathology because of the inability of most studies to rule out alternative
hypotheses for the associations (e.g., Thapar & Rutter, 2009). Quantitative genetic studies
have found that correlations between environmental and genetic factors are pervasive (Jaffee
& Price, 2012), which brings about the possibility that genetic confounds may account for
the statistical associations between putative environmental risk factors and developmental
outcomes (Rutter, Pickles, Murray, & Eaves, 2001). As a consequence, research that tests
causal theories must rule out the plausible alternative hypothesis that genetic confounding
accounts for the statistical associations. Similarly, researchers must also rigorously examine
the possibility that environmental confounds account for both the exposures and the
outcomes.

Although drawing strong causal inferences requires identifying and systematically ruling out
plausible competing alternative hypotheses (Shadish, Cook, & Campbell, 2002), relatively
few of the existing studies of pregnancy-related and perinatal risk factors have used rigorous
research designs to test competing hypotheses. Testing the DOHaD hypothesis is
particularly difficult because researchers cannot randomly assign individuals to these
exposures, and there are concerns about the generalizability of the results from animal
studies of pregnancy-related factors (e.g., Mitchell & Taggert, 2009). Unless research
addresses the alternative hypotheses of genetic and environmental confounding, the findings
related to early risk factors may not be useful for guiding subsequent translational research.

We propose that the use of several family-based quasi-experimental designs enables
researchers to rigorously test competing, theory-driven hypotheses and help identify the
mechanisms through which early risk factors are associated with psychopathology. Quasi-
experimental approaches rely on design features to rule out confounding factors rather than
relying solely on controlling measured covariates in analyses (Shadish et al., 2002). Leading
researchers in numerous fields (review in D’Onofrio, Lahey, Turkheimer, & Lichtenstein,
2013), have all stressed the critical need to use such design to test competing hypotheses. In
the current manuscript we briefly review the logic underlying several family-based quasi-
experimental designs. We then provide the results from some existing studies of broad
indices of pregnancy risk factors and a specific teratogen.

Review of Family-Based Quasi-Experimental Designs

Family-based quasi-experimental designs rely on variability among family members in
exposure to risk factors and later psychopathology (i.e., the designs do not compare
unrelated individuals, which is the standard approach for studying the DOHaD hypothesis in
humans). Extensive reviews of the strengths and limitations of each of the designs are
available elsewhere (D’Onofrio et al., 2013; Knopik, 2009; Rutter et al., 2001).

Sibling-Comparison Design

This design compares siblings who are differentially exposed to a risk factor, which
accounts for all genetic and environmental factors that make siblings similar. If an
association between an early risk factor and later psychopathology is observed, the results
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would be consistent with the DOHaD hypothesis. In contrast, if there is no within-family
association (i.e., differentially exposed siblings have the same levels of psychopathology),
the results would suggest that family-level confounds account for the association. Sibling
comparisons rely on a number of important assumptions and limitations, however. The
approach does not prove causation because genetic and environmental confounders that
influence only one sibling (i.e., individual-specific factors) could account for the statistical
association. There also are assumptions about the generalizability of the findings from
differentially exposed siblings (Frisell, Oberg, Kuja-Halkola, & Sjolander, 2012; Lahey &
D’Onofrio, 2010). In addition, the design assumes no carry-over effects, which occur when
the exposure of one sibling influences the outcome of another (Donovan & Susser, 2011;
Frisell et al., 2012; Lahey & D’Onofrio, 2010). Finally, the results of sibling-comparison
studies may be ambiguous if there is large measurement error (McGue, Osler, &
Christensen, 2010).

However, researchers can use different approaches to test many of these assumptions. For
instance, researchers can include measured covariates (e.g., birth order and within-family
covariates) in sibling-comparison analyses to help account for individual-specific
confounds. Sibling-comparison studies can also be combined with longitudinal assessments;
using temporal ordering can help rule out individual-specific genetic confounds when the
risk factor (e.g., parental age at childbearing) cannot be influenced by the offspring (Lahey
& D’Onofrio, 2010). And, researchers can test for carry-over effects by conducting
bidirectional case-crossover studies, which explore differentially exposed siblings across
birth order (i.e., the first-versus the second-born child is exposed: D’Onofrio et al., 2013).
Other family-based quasi-experimental designs can test additional assumptions of siblings-
comparisons.

Co-twin Control Design

The comparison of differentially exposed identical twins provides an approach that accounts
for all genetic confounding (identical twins share 100% of their DNA) and environmental
factors shared by siblings (McGue et al., 2010). As such, the approach allows researchers to
make stronger causal inferences by ruling out all genetic confounds. The design cannot
account for environmental confounds that influence only one twin and are correlated with
the exposure, however. There also are particular concerns about the generalizability of
findings from such studies. For example, the results from co-twin control studies of early
risk factors may not apply to singletons because of the pregnancy-related differences in the
births of multiples. Furthermore, the design cannot examine important pregnancy-related
risk factors that are shared by twins (e.g., gestational age), although we illustrate below how
researchers have used the design to examine low birth weight.

Offspring of Siblings/Twins Design

The comparison of differentially exposed offspring of siblings and twins accounts for
environmental factors shared by cousins. The degree to which the design accounts for
genetic factors depends on the type of cousins being compared; the offspring of half-siblings
(6.25%), offspring of full-siblings and fraternal twins (12.5%), and offspring of identical
twins (25%) account for different amounts of genetic confounding. The offspring of

Child Dev Perspect. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

D’Onofrio et al.

Page 4

identical twins represents a unique case; the offspring are genetically half-siblings, but
socially they are cousins. The offspring of siblings/twins design, therefore, provide tests of
the DOHaD hypothesis that are independent of the genetic and environmental factors that
make cousins similar. Cousin-comparisons account for fewer confounds than sibling-
comparisons and the co-twin control design. Cousin-comparisons, however, can be used to
examine early risk factors that are shared by twins (e.g., gestational age). Furthermore, the
offspring of siblings/twins can be used to test some of the assumptions in other designs. For
example, the comparison of first-born cousins can explore risk factors independent of
confounding by birth order, and the concern about carry-over effects is mitigated in cousin-
comparisons as compared to sibling-comparisons. As such, the offspring of siblings/twins
design provides additional designs that can shed light on early risk factors.

Adoption-at-birth design

The adoption-at-birth design can be used to explore whether the statistical associations
between prenatal factors and later outcomes are confounded by postnatal environmental
factors. This is because the biological mothers provide genetic and prenatal environmental
factors, but not the postnatal environment to the children. Thus, the design cannot remove
effects of genetic confounding from prenatal environmental influences on children, such as
smoking during pregnancy (SDP) (Gaysina, Fergusson, Leve, & et al., 2013). By using a
sample of children adopted-at-birth and their genetically unrelated rearing parents the design
is, on the other hand, able to control for genetic confounding when examining the
association between postnatal environmental factors (e.g., parenting) and child outcomes
(Harold et al., 2013). This is because adoptive mothers provide postnatal environmental
factors, but not genetic or prenatal environmental factors to children.

In Vitro Fertilization Design

The in vitrofertilization (IVF) design, sometimes referred to as an adoption-at-conception
design, examines families that use reproductive technologies to conceive a child to rule out
genetic confounding when studying pregnancy-related risk factors. The largest IVF study to
date includes offspring who are genetically related to mothers (i.e., the mother’s own egg
was fertilized) and offspring who are not genetically related to their birth mothers (i.e., the
birth mother became pregnant through an embryo donation) (Thapar et al., 2007). The
strongest test of the DOHaD hypothesis in an IVF study is whether an early risk factor is
associated with offspring psychopathology in the subsample of offspring and mothers who
are not genetically related because the design rules out genetic factors passed down from the
mother to the offspring. Although the design provides a strong test of causal influences,
obtaining large samples of such families is difficult, and the findings from IVF studies may
not generalize to other populations because such families are a highly selected subgroup.

Quasi-Experimental Studies of Pregnancy-Related Risk factors

Broad Indices of Early Risk Factors

Previous human studies have found that low birth weight, an index of fetal development and
the physiological adaptations to the intrauterine environment (Barker, 1998), is correlated
with later psychological and cognitive problems. Differences in brain development

Child Dev Perspect. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

D’Onofrio et al.

Page 5

correlated with birth weight (Walhovd et al., 2012) may be driving these associations. Yet,
low birth weight is a complex trait that is influenced by environmental and genetic factors
that could account for the association with later outcomes. To address the possibility that the
association between low birth weight and later psychopathology may be due to confounding
environmental and genetic factors, researchers have used several family-based quasi-
experimental designs. For instance, co-twin control studies have found that low birth weight
is associated with Attention Deficit Hyperactivity Disorder (ADHD) (Hultman, Torrang,
Cnattingius, Larsson, & Lichtenstein, 2007) and autism (Losh, Esserman, Anckarsater,
Sullivan, & Lichtenstein, 2012) independent of all genetic and environmental factors shared
by twins. Furthermore, sibling- and cousin-comparisons have similarly found that low birth
weight is independently associated with ADHD and autism (Class, Rickert, Larsson,
Lichtenstein, & D’Onofrio, submitted), which provides additional support for the DOHaD
hypothesis that low birth weight and/or the environmental processes that influence it cause
these two neurodevelopmental disorders. Although more quasi-experimental research is
needed, the existing findings suggest that future research should explore the biological
mechanisms that specifically account for the associations between low birth weight and
psychopathology.

Researchers have likewise found that short gestational age (i.e., preterm birth) is correlated
with later psychopathology, and neuroimaging studies suggest that alterations in brain
development mediate the association with later psychopathology (Whitaker et al., 2011). A
recent family-based quasi-experimental study has provided a more nuanced view of the
consequences of preterm birth, however (D’Onofrio et al., 2013). Figure 1 presents some of
the findings from a sibling-comparison study based on a large population-based sample. The
panels present the magnitude of associations (using a Hazard Ratio) between gestational age
and (a) autism, (b) psychotic or bipolar disorders, and (c) suicide attempts using three
analytical models. The Baseline Model presents the magnitude of the association in the
entire population. The Adjusted Model presents the association while controlling for
measured covariates (e.g., maternal and paternal age at childbearing, education, and
psychiatric problems). The Fixed-Effects model represents the association when comparing
with differing gestational ages (i.e., one sibling had a shorter gestational age than the other)
and controlling for the measured covariates.

Panel A shows that early gestational age was correlated with greater risk for autism, and the
association remained large when controlling for measured covariates and comparing
differentially exposed siblings. These results illustrate that the association is independent of
environmental and genetic factors shared by siblings and all of the measured covariates,
which is consistent with the DOHaD hypothesis. The results for psychotic and bipolar
disorders (Panel B) present a slightly different pattern. Early gestational age was correlated
with increased risk for these disorders in the entire population. The magnitude was
somewhat attenuated when the analyses controlled for the measured covariates. The
association was further attenuated, albeit still robust, when comparing differentially exposed
siblings. These results suggest that unmeasured confounds explain part, but not all, of the
association between gestational age and psychotic and bipolar disorders, providing partial
support for the DOHaD hypothesis. Finally, the results for suicide attempts (Panel C)
support a different conclusion. Although gestational age was associated with suicide
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attempts in the population and when controlling measured covariates, the association was
completely attenuated when comparing differentially-exposed siblings. These findings,
which were replicated in cousin-comparisons and bidirectional case-crossover analyses,
strongly suggest that early gestational age does not cause an increased risk for suicide
attempts, thus failing to support the DOHaD hypothesis for this outcome.

Quasi-Experimental Studies of Maternal Smoking during Pregnancy

The accepted view among researchers in the field was that maternal SDP causes later
psychopathology, including disruptive behaviors, ADHD, substance use problems, and
academic problems (e.g., Wakschlag, Pickett, Cook, Benowitz, & Leventhal, 2002).
However, Knopik (2009) first proposed that the consequences of SDP would depend on the
outcomes being explored, with the associations between SDP and later psychopathology
being due to familial confounding. As we recently reviewed elsewhere (D’Onofrio et al.,
2013), numerous sibling-comparison studies published in the past several years have all
found that familial confounding accounts for most, if not all, of the associations with
offspring conduct problems during childhood, disruptive behavior and criminality during
adolescence and young adulthood, ADHD, substance use problems, academic difficulties,
and lower academic achievement. Although the initial sibling-comparison studies generated
controversy because they mostly predicted extreme forms of psychopathology (Talati &
Weissman, 2010), more recent sibling-comparison studies, including those focused on more
normative outcomes [e.g., substance use during adolescence (D’Onofrio et al., 2012) and
measures of early temperament (Ellingson, Goodnight, Van Hulle, Waldman, & D’Onoftrio,
2014)], have consistently found that familial factors confound the associations with SDP.

Research with other quasi-experimental designs has provided converging evidence. IVF
(Rice et al., 2009; Thapar et al., 2009) and offspring of siblings/twins studies (D’Onofrio et
al., 2010; Kuja-Halkola et al., 2010) suggest that SDP does not cause psychopathology;
rather, genetic factors that vary between families account for the association between SDP
and offspring psychopathology. These findings are consistent with a recent adoption study
that suggests that postnatal genetic factors (e.g., the children’s genetic factors influencing
the adoptive parents behaviors) do not account for the association between SDP and
offspring conduct problems (Gaysina et al., 2013). Family-based quasi-experimental studies,
therefore, strongly suggest that most of the existing research on SDP and offspring
psychopathology using traditional comparisons of unrelated individuals have overstated the
causal influence (D’Onofrio et al., 2013; Jaffee, Strait, & Odgers, 2012; Knopik, 2009),
although there remains considerable debate in the field (Slotkin, 2013).

It is important to note, however, that recent quasi-experimental studies have replicated and
expanded the findings that SDP is associated with pregnancy-related problems (e.g., low
birth weight) and infant mortality (Johansson, Dickman, Kramer, & Cnattingius, 2009),
which is consistent with a strong causal hypothesis (Knopik, 2009). Reducing SDP,
therefore, remains an important public health concern, consistent with the DOHaD
hypothesis.
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Summary and Future Directions

We briefly reviewed several family-based quasi-experimental designs and how research
using these approaches has shed light on the DOHaD hypothesis as it relates to
psychopathology. There are certainly other quasi-experimental approaches (Rutter et al.,
2001), such as Mendelian randomization (Wiebe, Fang, Johnson, James, & Espy, 2014) and
natural experiments (e.g., across pregnancy; Class et al., 2014), as well as advances in the
use of statistical covariates (e.g., propensity scores; West et al., 2014), that can help provide
insight into causal mechanisms through which early risk factors influence later
psychopathology because the approaches have different assumptions and limitations than
those discussed here. We stress that the existing research using quasi-experimental designs
as a whole clearly illustrates that such approaches are absolutely critical for studying early
risk factors (Academy of Medical Sciences Working Group, 2007).

Most of the existing quasi-experimental studies on early risk factors have not used detailed
assessment of exposures that are available in smaller, intensive studies of pregnancy. As
such, future research will need collaborative efforts to combine advanced research designs
with detailed assessment of risk factors (D’Onofrio & Lahey, 2010). Because of the relative
difficulty in identifying twins and offspring of IVF, conducing sibling- and cousin-
comparison studies may best facilitate collaborations using family-based quasi-experimental
designs (Lahey & D’Onofrio, 2010). Furthermore, most quasi-experimental studies
reviewed here solely tested main effects. Yet, new statistical developments allow tests of
more complex developmental questions, such as mediation and moderation, within quasi-
experimental designs (Lahey, D’Onofrio, Van Hulle, & Rathouz, in press). In addition, we
stress the need for quasi-experimental research that simultaneously examines multiple early
risk factors. For instance, although SDP is associated with low birth weight in quasi-
experimental studies, the mechanisms through SDP and low birth weight influence later
developmental may be independent, as suggested by recent studies (e.g., Wiebe et al., 2014),
but more research is needed. And, quasi-experimental research should also explore
outcomes at multiple levels of analysis, including biomarkers (e.g., epigenetic factors), that
are thought to mediate the consequences of early risk factors (D’Onofrio & Lahey, 2010).

Although the DOHaD hypothesis has shed great light on the importance of early risk factors,
the results of the existing quasi-experimental research on pregnancy and perinatal risk
factors for later psychopathology is mixed. This illustrates the need for researchers to rule
out plausible alternative hypotheses (e.g., genetic and environmental confounding) before
drawing strong causal inferences. Using multiple quasi-experimental designs and other
advanced approaches to rule out confounding factors, therefore, is not merely an incremental
advance over traditional human research that only includes one child per family; rather,
these approaches are necessary for drawing conclusions about the causal and confounding
processes that account for the associations with many early risk factors (Academy of
Medical Sciences Working Group, 2007).
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Figure 1. Associations between Gestational Age and Three M easur es of Psychopathology Using
Different Research Designs

Note. The panels present the magnitude of the associations (in Hazard Ratios) between
gestational age (measured in weeks and centered at 40 weeks of gestation) and Autism
(Panel A), Psychotic or Bipolar Disorder (Panel B), and Suicide Attempt (Panel C). The
lines represent the best fitting quadratic models. The Baseline Model (the solid black line)
compares unrelated individuals in the entire population. The Adjusted Model (the dotted
black line) compares unrelated individuals in the population while also controlling for
measured covariates, such as maternal and paternal age at childbearing, highest level of
education, and psychiatric problems. The Fixed Effects Model (the dotted blue line, with the
95% confidence intervals represented in the shaded blue areas) presents the associations
when comparing differentially exposed siblings and controlling for the measured covariates.
The dotted blue line, therefore, presents the magnitude of the association that is independent
of genetic and environmental factors shared by siblings, as well as the measured covariates.
For more details about the results, see D’Onofrio et al., (2013).
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