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Abstract

This study tested whether multiple domains of social adversity, including neighborhood opportunity/deprivation and life
stress, moderate genetic (4), common environmental (C), and unique environmental (E) influences on externalizing behav-
iors in 760 same-sex twin pairs (332 monozygotic; 428 dizygotic) ages 10—11 from the ABCD Study. Proportion of C
influences on externalizing behavior increased at higher neighborhood adversity (lower overall opportunity). 4 decreased
and C and FE increased at lower levels of educational opportunity. 4 increased at lower health-environment and social-
economic opportunity levels. For life stress, 4 decreased and E increased with number of experienced events. Results for
educational opportunity and stressful life experiences suggest a bioecological gene-environment interaction pattern such
that environmental influences predominate at higher levels of adversity, whereas limited access to healthcare, housing, and
employment stability may potentiate genetic liability for externalizing behavior via a diathesis-stress mechanism. More

detailed operationalization of social adversity in gene-environment interaction studies is needed.
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Externalizing behavior in childhood, including proactive
aggression, reactive aggression, and irritability/anger dys-
regulation, has been linked to negative health sequelae, such
as increased risk for a myriad of mental health problems
(Loth et al. 2014; Bornstein et al. 2013; Molina et al. 2018),
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and disruption in life opportunities, such as educational and
occupational achievement during adulthood (Fairchild et al.
2019; Dardani et al. 2021; Ramos-Olazagasti et al. 2018;
Jangmo et al. 2021; Lewis et al. 2017). Twin studies suggest
that externalizing behavior is moderately to highly heritable
(~35-65%), with some additive influence attributable to
both common and unique environmental factors; gene-by-
environment interaction (GXE) effects related to exogenous
environmental exposures are also etiologically important
(Hatoum et al. 2018; Barr and Dick 2019; Pearson et al.
2022; Burt 2022). GXE as presently operationalized refers to
a statistical (not biological) dependence of genetic expres-
sion on environmental factors and/or the statistical depen-
dence of environmental effects on genetic characteristics
(Dick 2011).

Experiences of social adversity may escalate long-term
risk for negative outcomes among youth at risk for exter-
nalizing behavior. Social adversity includes factors such as
neighborhood disadvantage (e.g., poverty; lack of access to
health and educational resources) and life stressors (e.g.,
parental incarceration, injury, and/or death; witnessing
or experiencing violence) (Gartland et al. 2019). Several
neighborhood-level facets of social adversity have been
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associated with externalizing behavior, including structural
neighborhood factors (e.g., agricultural land use; alco-
hol outlet density), environmental toxicants (Pearson et
al. 2022), limited exposure to greenspace (Sakhvidi et al.
2022), economic stress, neighborhood poverty (Burt 2022;
Wickham et al. 2017; Devenish et al. 2017; Maxwell et al.
2022), and school classroom quality (Hoglund et al. 2015;
Abry et al. 2017). Youth living in marginalized communities
and/or low-resource neighborhoods are disproportionately
exposed to negative and stressful life events (Reiss 2013;
Reiss et al. 2019; Choi et al. 2021), which are also associ-
ated with externalizing behavior (March-Llanes et al. 2017,
Womack et al. 2022; McNeilly et al. 2021; Turney 2022).

While the phenotypic associations between adversity
and externalizing behavior are well-characterized, there
are competing conceptualizations of how GxXE effects may
operate and, in turn, inconsistent findings regarding how
facets of social adversity relate to the etiology of external-
izing behavior (Burt 2015, 2022). Part of this inconsistency
may stem from differences in how proximal versus distal
aspects of social adversity (e.g., stressful life events versus
neighborhood disadvantage) moderate genetic influences on
externalizing behaviors (Holz et al. 2018). Specifically, it
has been posited that more proximal factors (e.g., experi-
enced stressors) moderate genetic influences on externaliz-
ing behavior via a diathesis-stress process, while more distal
factors (e.g., neighborhood deprivation) moderate genetic
influences on externalizing behavior via a bioecological
“social push” process (Holz et al. 2018).

The diathesis-stress model of psychopathology (Mon-
roe and Simons 1991) posits that genetic liability related to
externalizing behavior can be potentiated by experience of
environmental stressors among youth. Consistent with this,
several studies have shown that genetic influences on exter-
nalizing behavior are enhanced at higher levels of adversity,
particularly higher levels of life stress (Fairchild et al. 2019;
Samek and Hicks 2014; Hicks et al. 2009). For example, one
biometric analysis of twin data found that genetic influences
on externalizing behavior were stronger among 17-year-
old twins who experienced more stressful life events, while
shared environmental influences were stronger among those
who experienced fewer stressful life events (Hicks et al.
2009). Similar patterns have also been observed in can-
didate gene-by-environment interaction studies, wherein
higher levels of life stress were associated with externaliz-
ing behavior among youth carrying the 7-repeat allele of the
dopamine D4 receptor (DRD4) gene (Zandstra et al. 2018),
and childhood maltreatment was associated with genetic
risk for antisocial behavior among youth carrying the low-
activity allele of the MAOA gene (Assary et al. 2018; Caspi
et al. 2002). However, it should be noted that candidate
gene studies such as these often fail to replicate (Border et

@ Springer

al. 2019; Farrell et al. 2015). While there is some evidence
for polygenic score by proximal environment interactions
on externalizing behavior outcomes that support a diathe-
sis-stress model, this approach typically does not explain
substantial variance beyond main effects of genes and envi-
ronment (Plomin et al. 2022).

Conversely, the bioecological model posits that envi-
ronmental influences become more potent in the context of
greater social adversity (Raine 2002) or the converse, that
when adversity is low and social environments are “good-
enough,” then individual differences are more likely to be
related to genetic variation. There has been support for this
theory in the context of GXE effects of neighborhood dis-
advantage and related contextual factors (Burt 2022; Burt
et al. 2019). A twin study among 4- to 5-year-olds found
that genetic influences on externalizing behaviors were
less robust at lower levels of socioeconomic status (SES)
(Cheung et al. 2014). Similarly, a study of 16- to 17-year-old
twins similarly found that heritability of antisocial behav-
ior was higher among youth residing in more advantaged
neighborhoods, while shared environmental influences
were stronger among youth residing in more disadvantaged
neighborhoods (Tuvblad et al. 2006). Longitudinal findings
from the Add Health study showed that heritability of exter-
nalizing behavior was higher among youth who experienced
fewer adverse childhood events, as indexed by an aggregate
measure of individual-level stressors and neighborhood dis-
advantage (Wright and Schwartz 2021). Such patterns have
also been replicated in several studies of 6- to 10-year-old
and 3- to 17-year-old twin samples (Burt 2022; Burt et al.
2016, 2020).

There is substantial nuance in the presentation of GXE
effects on externalizing behavior. A study in twin pairs aged
6 to 15 years from the Australian Twin-Study of the National
Assessment Program- Literacy and Numeracy did not find
any evidence for GxE effects on externalizing behavior
(Gould et al. 2018). Other studies have found differential
support for the diathesis-stress versus bioecological patterns
of effect across development, with the former appearing in
adolescence and the latter appearing in childhood (Burt and
Klump 2014), and yet others have found different GXE pat-
terns across disparate facets of externalizing behavior (e.g.,
ADHD versus callous-unemotional traits; aggression versus
rule-breaking) (Burt 2022; Burt et al. 2016; Carroll et al.
2022). Taken together, results are inconsistent in terms of the
presence of GXE effects and the circumstances under which
genes versus environment may exert the most influence.

Also complicating this picture is that the construct of
social adversity in GXE studies is often narrowly- or under-
defined. While we know that both proximal and distal
aspects of social adversity operate as social determinants
of health across the lifespan (Viner et al. 2012), these
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constructs are multidimensional and there are increasing
calls for attention to be paid to the nuance of educational,
economic, and health-related aspects of social adversity.
Such lack of specificity in how adversity, including neigh-
borhood disadvantage and life stress, is defined may con-
tribute to inconsistencies in the GxE literature if different
facets of adversity display different patterns of GXE effects.
For example, recent conceptualizations of neighborhood-
level influences on youth development have highlighted the
importance of several specific domains, including those of
educational, health and environmental, and social and eco-
nomic opportunity (Pearson et al. 2022; Acevedo-Garcia et
al. 2014). Because neighborhood opportunity and life stress
are multidimensional constructs reflecting overall resources
available within a given community and subjectively
valanced experiences, it is important to identify how the
critical elements within a larger, more comprehensive con-
struct of adversity may differentially moderate genetic and
environmental influences on youth externalizing behaviors.

Clarifying GxE effects using clearly defined and dif-
ferentiated aspects of social adversity is salient given that
environments can be modified to some extent and can thus
be leveraged in family- and school-based interventions such
as Multisystemic Therapy (Henggeler et al. 1986) and the
Family Check-Up intervention (Dishion and Kavanagh
2003; Hentges et al. 2020). In that context, stratification by
genetic risk can help identify risk groups who may benefit
from prevention policy. Further, genotype may moderate
externalizing intervention efficacy within interventions that
leverage both family- and school-based components (e.g.,
Albert et al. 2015), which can aid the shift toward person-
alized prevention/intervention efforts. Better understanding
such dynamics under different contexts can help point to
optimal opportunities for intervention or treatment-match-
ing. This is also relevant for public and school policy, juve-
nile/criminal justice decision making, and issues of genetic
discrimination. For example, if aggression and other exter-
nalizing behaviors are erroneously viewed by policymak-
ers and criminal justice authorities as unmalleable due to
heritable influences, GXE studies can aid in informing and
clarifying the critical malleability of risk and outcome. This
can prevent poorly-conceived policies that inadvertently
exacerbate health disparities.

Present Study

The present study aimed to test whether multidimension-
ally measured neighborhood opportunity and stressful life
events moderate genetic and environmental influences on
externalizing behaviors within a twin sample derived from
the Adolescent Brain Cognitive Development (ABCD)

Study, a 10-year longitudinal study of child behavioral,
brain development, and health outcomes conducted across
21 research sites involving nearly 12,000 youth in the
United States (Jernigan et al., 2018). Four “Twin Hub” sites
in Minnesota, Colorado, Virginia, and Missouri conducted
targeted recruitment of complete, same-sex twin pairs with
a target of 200 pairs per site (Iacono et al. 2017). The advan-
tage of this data source is the wide representativeness of
the sample (although this was a volunteer study so some
volunteer biases can occur, as noted in the discussion).
Analyses focused on how GxE effects may differ across dif-
ferent domains related to neighborhood opportunity, includ-
ing education, health-environment, and social-economic, as
well as experiences of life stress as cumulative experiences
or experiences subjectively experienced as “bad.” For all
domains, we tested competing predictions from diathesis-
stress and bioecological models of psychopathology that
posit either increasing (diathesis-stress) or decreasing (bio-
ecological) genetic effects in the context of higher levels of
social adversity.

Methods
Participants & Procedure

Participants were drawn from the ABCD Study twin sam-
ple. The analytic sample was comprised of 760 complete
same-sex twin pairs from the ABCD Study (n=332 mono-
zygotic [MZ] pairs, n=428 dizygotic [DZ] pairs). Zygosity
was determined via saliva and blood samples. The sample
included 49% cisgender girls, was 82% white; 10% His-
panic/Latinx; and had a mean age of 10.12 years old at base-
line (SD=0.53; range=9-11; see Table 1). The data used
in the present study were collected prior to the onset of the
COVID-19 pandemic.

Informed Consent was obtained from participant parent/
guardians and youth provided informed assent. Comprehen-
sive interviews were conducted separately with youth and
their parents at baseline and at 1-year follow-up. Data col-
lection was approved by the IRB at UCSD (i.e., the ABCD
coordinating center). Detailed information about ABCD
Study protocol is available at https://abcdstudy.org. Addi-
tional IRB review was not required for these secondary
analyses of deidentified data, which did not meet criteria for
human subject research.
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Table 1 Demographics and descriptive statistics of study variables in individual twins

Characteristic Total MZ DZ
(N=1,520) (n=664) (n=856)
n (%) n (%) n (%)
Gender
Female 747 (49.14%) 318 (47.89%) 429 (50.12%)
Male 771 (50.72%) 345 (51.96%) 426 (49.77%)
Transgender or Genderqueer 2 (0.14%) 1 (0.15%) 1 (0.12%)
Race and Ethnicity
White 1,255 (82.30%) 562 (84.64%) 693 (80.49%)
Black 296 (19.47%) 118 (17.77%) 179 (20.79%)
Asian 47 (3.49%) 28 (4.22%) 19 (2.22%)
Pacific Islander/Native Hawaiian 7 (0.46%) 4 (0.60%) 3(0.35%)
American Indian/Alaska Native 0 (0.00%) 0 (0.00%) 0 (0.00%)
Other Race 47 (3.49%) 24 (3.61%) 23 2.69%)
Hispanic 149 (9.74%) 68 (10.24%) 81 (9.35%)
Mean (SD) Mean (SD) Mean (SD)
Age (Years)
Baseline 10.12 (0.53) 10.17 (0.56) 10.12 (0.53)
1-Year Follow-Up 11.17 (0.56) 11.19 (0.58) 11.15 (0.56)
Parent-Reported Youth Externalizing Behavior (Raw Score)
Baseline 3.45 (5.05) 3.21 (4.68) 3.64 (5.32)
1-Year Follow-Up 3.21 (4.77) 2.89 (4.25) 3.46 (5.12)
Parent-Reported Youth Externalizing Behavior (T-Score)
Baseline 43.61 (9.80) 43.23 (9.47) 43.91 (10.04)
1-Year Follow-Up 43.22 (9.41) 42.67 (8.89) 43.64 (9.77)

Socioeconomic Status (1-100 Score)

Overall Child Opportunity Index
Education Domain

70.03 (26.28)
62.91 (26.82)

Health and Environment Domain 69.39 (26.69)
Social and Economic Domain 70.66 (27.33)
Youth-Reported Life Stressors (Sum Score)

Cumulative Experienced Events 4.68 (3.02)
Events Reported as “Bad” 2.21(2.09)

71.12 (24.63)
63.72 (24.77)
71.83 (24.92)
71.72 (25.75)

4.86 (3.18)
2.28 (2.16)

69.19 (28.05)
62.29 (28.30)
67.50 (27.86)
69.84 (28.49)

4.55(2.88)
2.16 (2.04)

Note. Socioeconomic status measured at baseline; life stressors measured at 1-year follow up; MZ =monozygotic, DZ =dizygotic.

Measures
Neighborhood Opportunity

We aimed to capture the multidimensional nature of neigh-
borhood opportunity via the Child Opportunity Index (COI).
The COI represents an index of neighborhood environment
and is intended to capture neighborhood resources and con-
ditions that facilitate healthy child development (Acevedo-
Garcia et al. 2014). COI index scores were derived from
residential geocodes by the ABCD team based on primary
address information provided at baseline. Details on compu-
tational procedure and ethical considerations can be found
in Fan et al. (2021).

The present analyses used family-level COI scores for the
domains of: (1) education (e.g., school poverty rate, student
math and reading proficiency, high school graduation rate),
(2) health and environment (e.g., proximity to healthcare
facilities, retail health food environment index, proximity
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to parks and open spaces), (3) social and economic opportu-
nity (e.g., foreclosure rate, unemployment rate, public assis-
tance rate), and (4) an overall index based on the weighted
average of those three domains. Nationally-normed overall
and domain opportunity scores ranged from 1 to 100 (see
Table 1). Raw scores were z-transformed for analysis.

Life Stress

At the 1-year follow-up, youth were administered the Life
Events Scale (LES) (Hoffman et al. 2019; Grant et al. 2004;
Tiet et al. 1998), a 26-item self-report measure of stress-
ful events experienced in their lifetime (e.g., death of a
family member, witnessing a crime, negative change par-
ents’ financial situation). Youth indicated whether they had
experienced each stressor and, if so, whether it was a “bad”
experience. Composite child-level sum scores were created
for both total number of experienced events and number
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of experienced events that the youth indicated were “bad”
events.

Externalizing Behaviors

At both baseline and 1-year follow-up, parents were admin-
istered the Child Behavior Checklist (CBCL) (Karcher
and Barch 2021; Achenbach et al. 2011; Achenbach and
Rescorla 2014; Achenbach and Edelbrock 1991) about the
child’s behavior over the past 6 months. The CBCL is 112-
item dimensional assessment of youth mental health, with
externalizing and internalizing scales; for this study, we uti-
lized the externalizing scale (o.=0.89). Items were rated on a
0 (“not true”) to 2 (“very true”) scale and summed to create
a raw score total, which was z-transformed for analysis.

Summary of Data Availability

Geocoded neighborhood data (the COI) were available only
at baseline, as the data for 1-year follow-up period were still
in preparation at the time of the present analyses. The Life
Events Scale was only administered at 1-year follow up,
thus at a different time point than the COI measure, although
changes in address during that 1 year should be restricted to
a small minority. Externalizing behaviors were assessed at
both baseline and 1-year follow-up. Based on data availabil-
ity, models focused on COI were examined only at baseline
while models focused on stressful life events were exam-
ined only at 1-year follow-up. Children were age 10 and 11
at each time point, respectively. Given the narrow age range,
major age-related changes in the magnitude of genetic,
environmental, and/or GXE effects were not expected dur-
ing this period.

Analytic Plan

Analyses were conducted in R using the OpenMx (Neale et
al. 2016) and umx (Bates et al. 2019) packages in R (Team
2013). First, univariate biometric models were run to esti-
mate the proportion of variance in externalizing behaviors
attributable to additive genes (4), common environment
(0), and unique environment (£). Models were run for both
baseline and follow-up measures of externalizing behav-
iors. Next, a series of six two-group gene-by-environment
interaction models were run (Purcell 2002). These models
tested whether the magnitude of genetic or environmental
influence varied parametrically across levels of COI and life
events, which were each tested as moderators in separate
models.

Models using baseline data included (1) overall COI,
(2) education COI, (3) health and environment COI, and
(4) social and economic COI as separate moderators of

externalizing behaviors as reported at baseline. Linear
effects of the moderator, as well as linear and quadratic
means effects were tested. Twenty-two MZ pairs and 28
DZ pairs were missing data on the moderator; because
cases with missing data on the definition variable cannot
be included in the model, these pairs were excluded from
analyses. Models using follow-up data included (1) cumula-
tive life events and (2) life events experienced as “bad” as
separate moderators of externalizing behaviors as reported
at the 1-year follow-up. Fourteen MZ pairs and 16 DZ pairs
were missing data on the moderator and were excluded from
analysis. In all six models, age and sex were included as
covariates by creating residualized externalizing variables
for both the baseline and the 1-year follow-up measures.
Best-fit models were identified by first testing whether mod-
eration parameters could be dropped without decrement in
model fit. For moderation parameters that could be dropped,
we then tested whether the associated component parameter
could also be dropped; we did not attempt to drop the unique
environmental component parameter, as it is unlikely that
constructs were measured without error. Model comparison
was conducted with likelihood ratio tests (Bates et al. 2019).

Results
Descriptive Statistics

Sample characteristics and descriptive statistics of study
variables are presented in Table 1. Raw scores for the exter-
nalizing composite were 3.45 (observed range=0-42) and
3.21 (observed range =0-36) at baseline and 1-year follow
up, respectively; t-scores for the externalizing composite
were 43.61 (observed range=33-80) and 43.22 (observed
range =33-75), respectively. The sample had an average
overall nationally-normed COI index in the 70th percentile,
where higher percentiles reflect higher opportunity scores.
The education domain had the lowest average percentile in
the sample (approximately 63rd ) and the social and eco-
nomic domain had the highest (approximately 71st ). COI
subdomains were moderately correlated, with the weak-
est association between education and health-environment
domains (r=.51, p <.001) and stronger associations between
social-economic and education (r=.71, p<.001) and health-
environment domains (r=.76, p<.001). At the I-year
follow-up, youth endorsed experiencing approximately
5 events from the life events checklist, on average; youth
endorsed fewer “bad” events (approximately 2, on average).
The most frequently endorsed events were death of a fam-
ily member (50.26%), serious injury of a family member
(25.66%), and witnessing a crime or accident (15.72%).
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Fig. 1 Proportion of variance in
externalizing behavior attribut-
able to additive genetic, common
environmental, and unique envi-
ronmental influences at baseline
and the 1-year follow-up
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Estimates of genetic, common environmental, and unique
environmental influences on externalizing behavior derived
from the best-fit models at baseline and 1-year follow-up are
depicted in Fig. 1 (complete model comparison is detailed
Supplemental Table S1). In the freely estimated baseline
model, externalizing behaviors were 74% attributable to 4
and 26% attributable to E. The C parameter was estimated
at 0% and could be constrained to 0. Results were similar
for externalizing behavior at 1-year follow-up. In the freely
estimated model, externalizing behaviors were 74% attrib-
utable to 4, 3% attributable to C (ns), and 23% attributable
to E. The common environmental parameter could again be
constrained to 0, such that 77% of the variance in exter-
nalizing was attributable to 4 and the remaining 23% was
attributable to £ under the best-fit model.

Gene-by-Environment Interaction Models
Overall COI Score (Baseline)

Model comparison and associated fit statistics are available
in Supplemental Table S2. Despite no C influence emerg-
ing in the univariate model, the component and moderation
parameters could not be dropped from the GXE model with-
out decrement in model fit; this is not unprecedented (Hicks
etal. 2009). The 4 and E moderation and the means modera-
tion parameters could be dropped, as could linear and qua-
dratic effects of the mean. Parameter estimates are presented
in Table 2. 4 and E components were statistically significant
but were not moderated, meaning that the absolute (unstan-
dardized) variance did not significantly vary across levels of
overall COI. Proportional (standardized) results showed that
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the relative influence of C on externalizing behaviors was
substantially higher (approximately 43%) at extremely low
COI scores (see Fig. 2). Influence of C dropped to nearly
0% at the mean, explaining the absence of a main effect.
The pattern of proportional (standardized) effects showed a
relative decrease in A at lower levels of overall COI and a
more modest decrease in E at lower levels of overall COL.

Education COl Domain (Baseline)

Model comparison and associated fit statistics are avail-
able in Supplemental Table S3. Again, the component and
moderation parameters of C could not be dropped from
the GXE model without decrement in model fit, despite no
C influence emerging in the univariate model. The means
moderation parameters could be dropped from the model,
as could linear and quadratic effects of the mean. Parameter
estimates are presented in Table 2. The component effects
of 4 and E were statistically significant, as were the 4, C,
and E moderation parameters. Proportional (standardized)
results showed that the influence of 4 was approximately
60% at the mean, but 5% and approximately 78% at the
extreme low and high education COI scores, respectively
(Fig. 2). Conversely, the proportional influence of C was
substantially higher at extreme low scores (>60%), drop-
ping to nearly 0% at and above the mean. This may again
explain the absence of a significant main effect of C. The
moderation effect was less pronounced for E, as reflected in
its effect size, but was still statistically significant. The pat-
tern of effect suggested that the proportional influence of £
peaks at approximately 40% for individuals at 1 SD below
the mean, and then begins to decrease at higher education
COlI scores.
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Table 2 Unstandardized estimates from best-fit models of neighborhood opportunity and life events moderating genetic and environmental effects on externalizing behaviors

Life Events*

Childhood Opportunity Index (COI)

Overall

“Bad”

Cumulative

Social and Economic

Health and Environment

Education

SE Estimate SE Estimate SE Estimate SE Estimate SE Estimate SE

Estimate

Variance Component

0.04

0.71
0.00
0.37

0.04

0.64
0.00
0.24

0.03

0.83
0.00
0.53

0.03

0.82
0.00
0.53

0.05
0.10
0.02

0.72
-0.19

0.54

0.03
0.09
0.02

0.78

-0.11

0.53

fixed

fixed

fixed

fixed

0.03

0.03

0.02

0.02

Moderation Effects
A moderation

0.01

0.06
0.00
0.05

0.01

0.05
0.00
0.05

0.02
fixed

-0.08
0.00
0.00

0.03

-0.12
0.00
0.00

0.08
0.05
0.03

0.20
0.33

fixed

0.00
0.28
0.00

fixed

fixed

fixed

0.06
fixed

C moderation

fixed 0.01 0.01

fixed

-0.06

E moderation

Mean Effects

Mean

0.05

-0.21

0.06

-0.33

03
fixed

0.00
0.00
0.00

0.03
fixed

-0.01
0.00
0.00

0.03

0.00
0.00
0.00

0.03

0.00
0.00
0.00

fixed

fixed

Linear

fixed

fixed

fixed

fixed

Quadratic

0.01
0.01

0.06
0.04

0.01
0.01

0.05
0.02

Twin 1 beta

Twin 2 beta

Note. *Values on moderator permitted to differ across co-twins; bold font denotes significant parameter estimate, p <.05.

Health and Environment COl Domain (Baseline)

Model comparison and associated fit statistics are available
in Supplemental Table S4. Both the component and modera-
tion effects of C could be dropped from the model, as could
the £ and means moderation parameters and the linear and
quadratic effects of the mean. Parameter estimates are pre-
sented in Table 2. The 4 and £ components were statistically
significant, as was the 4 moderation parameter. Results
showed that the proportional (standardized) influence of 4
increased at lower health and environmental COI scores,
peaking at over 80% at extreme low scores and declining to
approximately 63% at 1 SD above the mean (Fig. 2). While
the absolute (unstandardized) variance contribution for £
did not significantly vary across levels of health and envi-
ronment COI score, the pattern of proportional (standard-
ized) effects showed a slight increase at higher health and
environment COI scores, as would be necessitated given the
pattern of 4 influence across levels of this domain.

Social and Economic COl Domain (Baseline)

Model comparison and associated fit statistics are available
in Supplemental Table S5. Results were similar to those for
the health and environment domains. Both the component
and moderation effects of C could be dropped from the
model, as could the £ and means moderation parameters and
the linear and quadratic effects of the mean. Parameter esti-
mates are presented in Table 2. The component effects of 4
and E were statistically significant, as was the 4 moderation
parameter. Results showed that the proportional (standard-
ized) influence of 4 increased at lower social and economic
opportunity COI scores, peaking at approximately 80% at
extreme low scores and declining to approximately 67% at
1 SD above the mean (Fig. 2). Again here, the pattern of
standardized effects showed a slight increase in proportion
of E influence at higher health and environment COI scores.

Life Stress and Externalizing Behaviors (Follow-Up)

Youth-Reported Cumulative Events Model comparison and
associated fit statistics are available in Supplemental Table
S6. Both the component and moderation effects of C could
be dropped from the model. Parameter estimates are pre-
sented in Table 2. The component effects of 4 and E were
statistically significant, as were the 4 and £ moderation
parameters. Proportional (standardized) results showed that
A influence declined as number of experienced life events
increased, peaking at approximately 87% at 0 events and
declining to approximately 63% at over 20 events. Con-
versely, the influence of E increased as number of experi-
enced life events increased, starting at approximately 13%
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Fig. 2 Moderation effects for gene-
by-environment interaction models.
(Note: Figures reflect standard-
ized variance estimates across

the spectrum of neighborhood
opportunity levels and number of
life events experienced; for neigh-
borhood opportunity, higher levels
of adversity are reflected in lower
values; for life events, higher levels
of adversity are reflected in higher
values; Va=additive genetic vari-
ance; Vc=common environmental
variance; Ve =unique environmental
variance; *significant moderation
parameter)

at 0 events and increasing to approximately 37% at over 20

events (Fig. 2).

Youth-Reported “Bad” Events Model comparison and asso-
ciated fit statistics are available in Supplemental Table S7.
Results were similar to those from the cumulative events
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increased, peaking at approximately 78% at 0 “bad” events
and declining to approximately 67% at over 15 events. Con-
versely, the influence of E increased as number of experi-
enced life events increased, starting at approximately 22%
at 0 events and increasing to approximately 33% at over 15
events (Fig. 2).

Discussion

The present study aimed to evaluate how multiple differ-
ent domains related to social adversity, including multidi-
mensionally defined neighborhood opportunity and life
stress, moderate genetic influences on externalizing behav-
ior among twin pairs of youth participating in the ABCD
Study. When considering neighborhood opportunity as a
unitary construct, results identified proportionally increas-
ing environmental influence at higher levels of adversity,
consistent with the bioecological model, despite mean level
of externalizing behavior remaining consistent across COI
scores. However, these proportional GXE effects were not
uniform across COI and stress-related domains, with some
domains showing an opposite pattern and supporting a
diathesis-stress model. Overall, results highlight the impor-
tance of decomposing the construct of social adversity, and
particularly domains of neighborhood opportunity, to better
understand optimal environmental targets for intervention.
Findings related to educational COI indicated drastically
diminished proportional genetic influence on externaliz-
ing behaviors at extreme low levels (-2 SD) of educational
opportunity that increased rapidly as educational opportu-
nity scores increased. Proportionally decreasing genetic
effects at higher levels of adversity support a bioecological
GxE process (Raine 2002), which posits that genetic influ-
ences are relatively less important in the manifestation of
externalizing behavior at higher levels of environmental
adversity. One mechanism posited for this effect is social
spread (Burt et al. 2019), wherein youth observe externaliz-
ing behavior within their neighborhood environment, which
in turn enhances the likelihood of youth engaging in exter-
nalizing behaviors themselves via a shared environmental
(as opposed to genetic) mechanism. Youth in higher-oppor-
tunity neighborhoods may observe fewer such behaviors
among peers and family members, such that genetic influ-
ences proportionally predominate in these contexts. Given
that the developmental literature has phenotypically linked
factors such as negative school climate with youth expres-
sion of externalizing behavior (Reaves et al. 2018; Hendron
and Kearney 2016), findings here indicate that community-
based prevention programs targeting environmental factors
such as school climate, quality, resources, and educational

opportunities could help attenuate and mitigate development
of externalizing behavior among youth in lower-opportunity
neighborhoods, whose liability for externalizing behavior is
predominantly environmental.

Results also found that genetic influences proportion-
ally decrease with more stressful life events experienced,
regardless of whether events were experienced by youth
as “bad.” While this does not align with results reported in
several studies conducted among older adolescents (age 17)
(Fairchild et al. 2019; Hicks et al. 2009; Samek and Hicks
2014), a pattern of dominant environmental influences in
the context of increased stressful life events such as the one
identified in the present results is not wholly unprecedented
(Button et al. 2005, 2008). For example, a study of 12—19
year old twins found that the proportional influence of genes
decreased at higher levels of adversity while the propor-
tional influence of unique environment increased. However,
it should be noted that this proportional shift was the result
of moderation of unique environmental variance (with abso-
lute values being higher at higher levels of adversity) rather
than differences in absolute genetic variance across levels
of adversity (which did not vary across level of adversity)
(Button et al. 2008). Such inconsistencies within the exist-
ing literature may be attributable to distinct patterns of
effect across developmental periods (Burt and Klump 2014;
Samek et al. 2017). As evidenced both in prior studies and
the present findings, GXE studies of life stress that include
a younger age group (< 17 years) tend to find support for a
bioecological process while studies that focus on older ado-
lescents tend to find support for a diathesis-stress process.

In contrast to the findings for educational opportunity
and life stress, effects for health-environment and social-
economic COI domains indicated that genetic liability for
externalizing behavior proportionally increased at higher
levels of social adversity (or, alternately, lower levels of
neighborhood-level opportunity). These findings align
with diathesis-stress models of psychopathology (Monroe
and Simons 1991). The specificity of results supporting
a diathesis-stress process to health and social-economic
domains suggests that a lack of access to healthcare, hous-
ing, and employment may potentiate genetic liability for
youth externalizing behavior. As such, public and health-
care policy addressing healthcare access, housing security,
and employment stability may be an optimal strategy for
mitigating genetic liability for externalizing behavior in the
context of limited resources.

Overall, findings offer strong support for the multidimen-
sionality of adversity, with different facets of opportunity
and stress differentially moderating genetic, common envi-
ronmental, and unique environmental influences on exter-
nalizing behaviors. Whereas limited educational opportunity
and stressful life events may enhance the likelihood of a
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bioecological “social push” towards externalizing behav-
ior, lack of access to healthcare, housing, and employment
opportunities may function via a diathesis-stress mechanism
wherein such facets of adversity potentiate latent genetic
risk for externalizing behavior. When only the overall COI
metric is considered, findings will be driven by whichever
effects are strongest in the particular sample being studied.
These conflicting patterns also indicate the inherently com-
plicated and multidimensional nature of these constructs
and indicate that composite metrics of SES may obscure
important nuance of relevant subdomains.

Limitations

While the current study takes a novel approach to disag-
gregating the impact of complicated interactions within the
multidimensional construct of adversity, findings should
be interpreted in light of the following limitations. First,
although the ABCD sample is a rich and unique dataset
derived from a contemporary and geographically diverse
sample, it is a volunteer sample and not a true epidemiologi-
cal sample; as such, it does not in practice reflect the demo-
graphics of the United States in terms of race, ethnicity, or
SES. Second, COI data were only available at baseline and
life stress data were only available at the 1-year follow up,
limiting our ability to test simultaneous effects of the mod-
erators or how effects change over time.

Additionally, the degree of externalizing behavior in the
sample was quite low overall, which may reflect a degree of
volunteer bias or may reflect lower overall rates in national
versus local samples. While the ABCD sample is an excep-
tional resource, additional studies in case-control samples
enriched for specific types of psychopathology and stud-
ies that include more nuanced and in-depth measures of
psychopathology are both needed. For example, the broad
operationalization of externalizing behaviors implemented
here combines items related to proactive aggression, reac-
tive aggression, and irritability/anger dysregulation, poten-
tially obscuring unique effects in each domain. There is
evidence that, even among related behaviors and conditions,
GxE effects can emerge in opposing patterns (i.e., one may
be more heritable in a favorable environment than in a risk
environment and vice versa) (Pennington et al. 2009). A
valuable next step will be to examine these GXE relation-
ships with more specific constructs.

Conclusion
Neighborhood-level opportunity in the educational, health

and environmental, and social and economic domains, as
well as life stress, are critical environmental facets of social

@ Springer

adversity that have a well-established link to externalizing
behavior in youth. Though commonly researched, social
adversity is often operationalized simply as a unidimen-
sional metric of neighborhood disadvantage (e.g., poverty).
The present study suggests that a more fine-grained assess-
ment of social adversity is warranted, and that magnitude
and source of its effects vary across facets of neighborhood-
level opportunity. Understanding the varied influence of the
environment and genetics on externalizing behavior is an
important step in identifying targets for intervention and the
optimal level at which to direct resources to maximize the
prevention and intervention efforts.
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