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Abstract

The frequent co-occurrence of antisocial behavior and other disinhibited phenotypes reflects a highly heritable
externalizing spectrum. We examined the molecular genetic basis of this spectrum by testing polygenic associations
with psychopathology symptoms, impulsive traits, and cognitive functions in two samples of primarily military
veterans (7 = 537, n = 194). We also investigated whether polygenic risk for externalizing moderated the effects of
trauma on these phenotypes. As hypothesized, polygenic risk positively predicted externalizing psychopathology and
negatively predicted performance on inhibitory control tasks. Gene-by-environment effects were also evident, with
trauma exposure predicting greater impulsivity and less working memory capacity, but only at high levels of genetic
liability. As expected, polygenic risk was not associated with internalizing psychopathology or episodic memory
performance. This is the first independent replication of the polygenic score as a measure of genetic predispositions for
externalizing and provides preliminary evidence that executive dysfunction is a heritable vulnerability for externalizing
psychopathology.
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Research has consistently demonstrated that a common
dimension, termed the externalizing spectrum, underlies
the co-occurrence of antisocial behavior, substance and
alcohol use disorders, (lack of) constraint, novelty seek-
ing, and childhood disruptive disorders (Kendler, Prescott,
Myers, & Neale, 2003; Krueger et al., 2002). Extensive
research implicates a propensity for behavioral disinhibi-
tion, or the tendency to act recklessly and impulsively, as
the defining feature of this spectrum (Iacono, Carlson,
Taylor, Elkins, & McGue, 1999; Kendler et al., 2003). For
example, disinhibition manifesting as poor impulse con-
trol and a failure to inhibit socially undesirable behaviors

are well-established risk factors for early conduct prob-
lems and engagement in adult antisocial behavior (e.g.,
Babinski, Hartsough, & Lambert, 1999; Luengo, Carrillo-
De-La-Pena, Otero, & Romero, 1994), both of which are
core components of the externalizing spectrum. Although
not all antisocial behavior is characterized by this type of
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disinhibited profile (.e., psychopathic fearless-domi-
nance and callous-unemotional traits; Blonigen, Hicks,
Krueger, Patrick, & Iacono, 2005; Frick & White, 2008),
externalizing is a consistently strong predictor of chronic
and severe antisocial trajectories and related problem
behaviors (Krueger et al., 2002). Thus, it represents a
potent etiological pathway for a range of harmful behav-
iors stemming from problems with disinhibition, includ-
ing criminal behavior, reactive aggression, risk taking,
and drug problems.

A number of studies indicate that the externalizing
spectrum is highly heritable and represents a predomi-
nately genetic vulnerability that manifests as distinctive
phenotypes (e.g., as drug abuse or antisocial behavior;
Krueger et al., 2002). This evidence comes from a num-
ber of twin studies, which estimate that genetic effects
account for 70% to 80% of the comorbidity among the
externalizing spectrum (Krueger & Markon, 2006; Wolf
et al., 2010). Efforts to isolate specific genetic mecha-
nisms that predispose to externalizing have yielded sev-
eral promising candidates (e.g., Caspi et al., 2002; Dick,
2007; Kendler et al., 2012; Logue, Solovieff et al., 2013;
Sadeh, Javdani, & Verona, 2013). Replication failures in
genetic association studies have been common (Duncan
& Keller, 2011; Vassos, Collier, & Fazel, 2014), however,
and it is becoming increasingly apparent that it is highly
unlikely a single common variant will explain genetic
liability for externalizing given its phenotypic complexity.
Polygenic modeling of genetic susceptibility is more the-
oretically consistent with the etiology of complex pheno-
types, like the broad externalizing spectrum, because this
approach measures the additive effects of many thou-
sands of common genetic variants across the genome.

Recently, Salvatore and colleagues (2015) conducted
the first polygenic association study of externalizing psy-
chopathology using a polygenic risk score derived in a
sample of 1,249 adults with a history of alcohol depen-
dence. The authors found that the polygenic score
accounted for approximately 6% of the variance in exter-
nalizing psychopathology and 2% to 7% of the variance
in other disinhibited phenotypes (e.g., impulsivity, sensa-
tion seeking) among adolescents and young adults.
Gene-by-environment effects were also evident such that
polygenic influences on externalizing were stronger in
cases of low parental monitoring and high peer sub-
stance use. These data provide insight into how additive
genetic risk for externalizing unfolds across development
and how it interacts with environmental conditions to
increase risk for externalizing. However, given the nov-
elty of these data, the replicability, generalizability, and
specificity of the observed polygenic effects for external-
izing still need to be established. In particular, the ability
of the risk score to predict externalizing psychopathol-
ogy in an independent sample of adults has yet to be

tested. Furthermore, based on behavioral genetics
research showing that there are shared genetic effects
between externalizing and internalizing (e.g., Wolf et al.,
2010), it is necessary to examine the specificity of the risk
score for explaining externalizing psychopathology in
particular, which was not examined in the original study.

An important next step in validating the externalizing
polygenic risk score is to identify intermediate mecha-
nisms that are positioned between genetic variation and
the phenotype, such as heritable cognitive or neurobio-
logical vulnerabilities. Isolating such mechanisms would
greatly advance etiological models of externalizing by
pointing to specific causal pathways that link genes to
the development of psychopathology. Despite the prom-
ise this approach holds, very little research to date has
examined the mechanisms by which genetic liability con-
fers risk for externalizing, and no data are currently pub-
lished in relation to the externalizing polygenic risk
score. One mechanism by which genes may confer sus-
ceptibility for the development of externalizing is through
executive functions, which are highly heritable cognitive
processes (estimates over .75; Miyake & Friedman, 2012)
that are found to be impaired in disinhibited and exter-
nalizing individuals (Finn et al., 2009; Iacono, Malone, &
McGue, 2008; Nigg, 2000). Thus, dysfunction in these
processes may represent an inherited vulnerability for the
development of externalizing. Consistent with this
hypothesis, Young and colleagues (2009) found that
externalizing in early and late adolescence predicted
poorer performance on tasks of response inhibition (i.e.,
antisaccade task, stop-signal task, Stroop task) at age 17
in twin pairs. This association was almost entirely genetic
in nature (heritability estimate = .61), suggesting a shared
biological vulnerability for executive dysfunction was an
inherited liability for the development of externalizing
psychopathology. Similarly, Finn and colleagues have
shown that worse performance on tasks of working
memory (e.g., auditory consonant trigram test) and short-
term memory (e.g., digit span test) are associated with
externalizing problems in adolescents and adults (Bogg
& Finn, 2010; Finn et al., 2009). Based on these and simi-
lar findings, deficits in inhibitory control and working
memory capacity are cognitive processes by which genes
may confer risk for externalizing, making them promising
candidates as intermediate mechanisms.

Finally, a large body of research indicates that expo-
sure to certain environmental conditions interacts with
genetic predispositions to confer risk for externalizing.
One of the most widely studied and strongly linked envi-
ronmental risk factors for externalizing psychopathology
is exposure to traumatic events (e.g., Douglas et al., 2010;
Luntz & Widom, 1994; Miller, Greif, & Smith, 2003; Wilson,
Stover, & Berkowitz, 2009), making it an important envi-
ronmental moderator to consider in models of polygenic
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risk. For example, a number of studies have found that
the prevalence of externalizing psychopathology is sig-
nificantly higher in samples saturated by trauma, includ-
ing criminal-justice-involved persons and military
veterans (Elbogen et al., 2014; Wolff et al., 2011; Wolff &
Shi, 2012; Wright, Foran, Wood, Eckford, & McGurk,
2012). The prevalence of trauma exposure is estimated to
be 18 to 27 times higher among inmates than the general
population (e.g., Crisanti & Frueh, 2011), underscoring
the importance of environmental adversity for antisocial
behavior and other externalizing outcomes. Furthermore,
moderation effects are frequently observed in genetic
studies such that the risk traumatic experiences confer
for externalizing psychopathology is greater at higher
levels of genetic liability. For example, using a behavioral
genetics design, genetic risk for the latent externalizing
spectrum was consistently found to be higher in the con-
text of six different types of environmental adversity
(e.g., antisocial peers, stressful life events) in a study of
1,315 twin pairs age 17 (Hicks, South, DiRago, Iacono, &
McGue, 2009). Given that trauma is a risk factor common
to disorders on the externalizing spectrum (Greenwald,
2002; Miller, Fogler, Wolf, Kaloupek, & Keane, 2008; Mills,
Teesson, Ross, & Peters, 2006; Widom, 1989), understand-
ing if and how a genetic predisposition for externalizing
is modulated by exposure to trauma is critical for devel-
oping comprehensive etiological models of these harm-
ful behaviors.

The goals of the present study were to further validate
the externalizing polygenic risk score by examining its
associations with psychopathology symptoms, impulsive
traits, and cognitive functions. First, we sought to repli-
cate the findings of Salvatore et al. (2015) in a sample of
trauma-exposed adults and extend them by examining
associations between the polygenic risk score and differ-
ent forms of psychopathology. We hypothesized that the
risk score would relate to externalizing psychopathology
and impulsive traits, but not internalizing psychopathol-
ogy. The second aim was to investigate polygenic risk
associations with tasks of executive functioning as poten-
tial intermediate mechanisms linking genes to external-
izing psychopathology. Based on research showing that
externalizing is associated with executive dysfunction but
necessarily cognitive functioning more broadly (Finn
et al., 2009; Young et al., 2009), we hypothesized that the
risk score would predict poorer performance on tasks of
inhibitory control and working memory capacity, but not
episodic memory. The final aim was to examine the inter-
active effects of trauma exposure and polygenic risk. In
light of previous gene-by-environment effects (e.g., Hicks
et al., 2009; Salvatore et al., 2015), we expected that a
history of traumatic events would confer greater risk for
externalizing psychopathology and executive dysfunc-
tion at higher levels of polygenic risk.

Method

Sample and procedures

Sample 1. The first sample consisted of 554 White, non-
Hispanic (as determined through genotyping; see DNA
genotyping in the Measures section) military veterans
and their cohabitating intimate partners (veterans = 388,
partners = 166) who enrolled in one of two VA studies
with overlapping methodologies, allowing for the sam-
ples to be merged (see Logue, Baldwin et al., 2013). Mili-
tary veterans who screened positive for posttraumatic
stress disorder (PTSD) were enrolled in the first study,
and trauma-exposed military veterans and their intimate
partners were enrolled in the second study. A total of 17
participants were excluded from analyses because they
had problems completing the protocol or withdrew
before completing it. The final sample consisted of 537
participants (60% male) and ranged in age from 21 to 75
(M =518, SD = 11.2). Of participants, 46% were either
unemployed or receiving disability payments, and the
remainder were employed full- or part-time (33%), retired
(18%), or students (3%), or did not provide employment
information (<1%). There was a range of educational
attainment in the sample: 22% high school diploma,
GED, or below, 45% some college or vocational degree,
14% bachelor’s degree, 18% graduate work or degree,
and <1% did not provide education information.

Sample 2. The second sample consisted of 199 White,
non-Hispanic (as determined through genotyping; see
DNA genotyping in the Measures section) service mem-
bers of Operations Enduring Freedom, Iraqi Freedom, and
New Dawn. Participants were consecutively enrolled in
the Translational Research Center for TBI and Stress Disor-
ders (TRACTS), a VA Rehabilitation Research & Develop-
ment Traumatic Brain Injury Center of Excellence at VA
Boston Healthcare System. Individuals with a history of
moderate or severe traumatic brain injury were excluded
(n = 5). The final sample consisted of 194 primarily male
(90%) veterans ages 19 to 58 (M = 31.6, SD = 8.3). The
majority of participants were employed full- or part-time
(n = 133, 69%), and education levels were as follows: 35%
high school diploma or GED, 55% some college or bach-
elor’s degree, and 10% graduate work or degree.
Approval for the studies was obtained from all relevant
Institutional Review Boards and regulatory committees.
After a complete description of study procedures, written
informed consent was obtained from participants.

Measures

Not all measures were available in both samples.
Externalizing psychopathology and impulsive personality
traits were available only in Sample 1, and cognitive task
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performance was available only in Sample 2. DNA geno-
typing and a measure of trauma exposure were available
in both samples.

Sample 1 only

Adult antisocial bebavior. Adult antisocial behavior
was assessed with two different measures. In the vet-
eran-only study, adult antisocial behavior was measured
using the International Personality Disorder Examination
(Loranger, 1999). In the intimate partner study, it was
assessed using the Structured Clinical Interview for DSM-
IV 11 (First, Spitzer, Gibbon, & Williams, 1995). To create
a single adult antisocial scale across the two measures,
the summary score from matching items on each mea-
sure were standardized and then combined (Miller, Wolf,
Logue, & Baldwin, 2013). Interrater reliability for these
measures was assessed in approximately 25% of the sam-
ple and was excellent (kappa = .89). The prevalence of
antisocial personality disorder was 6%.

Impulsive personality traits. A subset of participants
in Sample 1 (z = 151) completed the Multidimensional
Personality Questionnaire—Brief Form (MPQ-BF; Patrick,
Curtin, & Tellegen, 2002), a 155-item self-report personal-
ity inventory derived from the full-length 276-item MPQ
(Tellegen, 1982). Only polygenic associations with the
higher-order dimension of Constraint were examined,
because it is a broad measure of impulsivity (reversed).
The Constraint dimension is composed of the primary
trait scales of thrill-seeking or fearlessness (Harm Avoid-
ance scale reversed), poor impulse control (Control scale
reversed), and nonconformity to social norms (Tradition-
alism scale reversed).

Structured Clinical Interview for DSM-IV (SCID-
1V). Lifetime Axis I disorders were assessed with the
SCID-IV  (First, Spitzer, Gibbon, & Williams, 1994).
Dimensional scores for each diagnosis were created by
summing scores across symptoms within a module. Inter-
rater reliability was calculated for approximately 25% of
the sample and kappas ranged from .69 to .97 for individ-
ual diagnoses. The reliability kappas evidenced moderate
agreement for fear disorders (ranging from agoraphobia =
.69 to specific phobia = .73), substantial agreement for
distress disorders (ranging from dysthymia = .78 to major
depressive = .86), and substantial to almost perfect agree-
ment for externalizing disorders (ranging from cannabis
abuse/dependence = .77 to cocaine abuse/dependence =
.97). Prevalence rates for lifetime diagnosis were: 52%
depression, 16% panic disorder, 3% agoraphobia, 12%
specific phobia, 4% obsessive-compulsive disorder, 10%
generalized anxiety disorder, 51%/41% alcohol abuse/
dependence, 10%/9% cannabis abuse/dependence, and
4%/11% cocaine abuse/dependence.

Clinician Administered P1SD Scale (CAPS). The CAPS
(Blake et al., 1995) is a 30-item structured diagnostic
interview that assesses the frequency and severity of the
17 Diagnostic and Statistical Manual of Mental Disorders
PTSD symptoms, 5 associated features, and related func-
tional impairment. Dimensional lifetime severity scores
were calculated by summing the frequency and intensity
ratings (each range from 0 to 4) for each of the 17 items
(possible range = 0-136; Weathers, Ruscio, & Keane,
1999). Interrater reliability for the CAPS was calculated
for approximately 25% of the sample and was excellent
(kappa = .87). The prevalence of lifetime PTSD was 55%.

Sample 2 only

Cognitive functions. We analyzed three domains
of cognitive functioning: inhibitory control, working
memory capacity, and episodic memory. Participants
completed the color-word interference test (i.e., Stroop)
from the Delis—Kaplan Executive Function System (Delis,
Kaplan, & Kramer, 2001) to measure inhibitory control.
The inhibition subtest measures the ability to inhibit an
automatic response (i.e., word reading) to generate a less
salient incongruent response (i.e., color naming), and
the inhibition/switching subtest measures the ability to
flexibly switch between these response sets. We used
the scaled scores from these subtests adjusted for per-
formance on the color-naming and word-reading com-
ponent tests by creating a difference score: for example,
inhibition — (color naming + word reading) / 2. To assess
working memory, participants completed the digit span
subtest of the Wechsler Adult Intelligence Scale—Fourth
Edition (Wechsler, 2008), which measures the ability to
hold and manipulate digits in working memory, and the
auditory consonant trigrams (ACT) task, which measures
divided attention and the ability to recall simple stimuli
following a distracting task (Brown, 1958). Performance
on these tasks was measured using the digit span total
scaled score and ACT total number of correct responses
z-score. Verbal episodic memory was assessed using
performance on the long delay free recall and long-
delay cued recall trials (z-scored) on the California Ver-
bal Learning Test-2nd edition (Delis, Kramer, Kaplan, &
Ober, 2000).

We extracted factor scores via the regression method
from a principal axis factor analysis with varimax rotation
conducted with the six indicators of cognitive function-
ing described earlier. Three factors with eigenvalues
greater than one accounted for a total of 78% of the cova-
riance. The episodic memory indicators loaded on the
first factor (36% of covariance, free recall = 0.96, cued
recall = 0.91), the inhibitory control indicators loaded on
the second factor (23% of covariance, inhibition = 0.70,
inhibition/switching = 0.56), and the working memory
indicators loaded on the third factor (18% of covariance,
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digit span = 0.58, ACT = 0.56). Data from 12 participants
were removed from the analyses with these measures
due to failure on the Green Medical Symptom Validity
Test (Green, 2003), a measure of motivation to perform at
optimal levels on the neuropsychological tasks.

Both samples

Traumatic Life Events Questionnaire (TLEQ). A count
variable was created by summing the number of differ-
ent lifetime traumatic events reported by participants on
the TLEQ (Kubany et al., 2000), a self-report question-
naire. The TLEQ assesses a broad array of types of trau-
matic events (e.g., accidents, combat or warfare, sudden
death of friend/loved one, life-threatening illness, assault,
unwanted sexual contact) and demonstrates excellent
convergent validity with interview-based measures of
trauma exposure (Kubany et al., 2000). We used number
of different types of trauma rather than total occurrences
of trauma to avoid excessive skewness in this measure
(Cronbach’s alphas = .78 for Sample 1 and .70 for Sample
2). Both samples were enriched for trauma exposure,
with the first sample endorsing 5.7 trauma types on aver-
age (8D = 3.9, min = 0, max = 18) and the second sample
endorsing 5.5 trauma types on average (SD = 2.9, min =
0, max = 15).

DNA genotyping. DNA was isolated from peripheral
blood samples on a Qiagen AutoPure instrument with
Qiagen reagents; concentrations were normalized using
the Quant-iT™ PicoGreen dsDNA fluorescent assay (Invi-
trogen). DNA quality and quantity were ascertained by
the TagMan® RNase P Detection assay (Applied Biosys-
tems Assay, Life Technologies, Carlsbad, CA) with fluo-
rescence detection on a 7900 Fast Real Time PCR System
(Applied Biosystems, Life Technologies, Carlsbad, CA)
according to the manufacturer’s protocol. DNA samples
were whole-genome amplified, fragmented, precipitated
and resuspended prior to hybridization on Illumina
HumanOmni2.5-8 beadchips for 20 hours at 48 °C accord-
ing to the manufacturer’s protocol (Illumina, San Diego,
CA). After hybridization, a single-base extension followed
by a multilayered staining process was performed. Bead-
chips were imaged using the Illumina iScan System and
analyzed with Illumina GenomeStudio v2011.1 software
containing Genotyping v1.9.4 module. A GenomeStudio
project was created with a custom genotyping cluster file,
and call rates were > 0.994 for all samples. Technical
replicates had genotyping reproducibility error rates <
0.0005 prior to SNP data cleaning.

SNP data cleaning and manipulation was performed
using PLINK (Purcell et al., 2007). X-chromosome geno-
types were concordant with self-reported sex in all cases.
IBD analysis was used to check for cryptic relatedness in
the sample. Concordance between self-reported and

genetically predicted ancestry was investigated using
principal components (PC) analysis as implemented in
EIGENSTRAT (Price et al., 2006), based on the genotypes
of 100,000 common SNPs.

Statistical analyses

Computation of polygenic risk score. To calculate
the polygenic scores used in Salvatore et al. (2015), we
obtained a list of reference alleles and effect sizes for
587,378 SNPs from the Collaborative Study on the Genet-
ics of Alcoholism (COGA) investigators. We confirmed
that this list had been pruned of SNPs with ambiguous
coding (i.e., A/T and G/C SNPs). Of the COGA SNPS,
480,856 were genotyped on the Illumina OMNI 2.5-8
array in our samples and available for risk-score calcula-
tions. Polygenic risk scores were calculated by PLINK1
using the —score option, which computes a linear func-
tion of the additively coded number of reference alleles
weighted by the log odds ratios (betas) from the COGA
sample. To limit the degree of multiple testing, we only
examined polygenic risk scores computed at three differ-
ent p value cutoffs: p < .30 threshold, which was most
significant in Salvatore et al. (2015), as well as p < .05 and
p < .50, which represent a low and high degree of poly-
genicity, respectively. These scores were used to estab-
lish the threshold that explained the most variance in the
externalizing phenotype.

Polygenic association analyses. All analyses with the
polygenic risk score were adjusted for age, sex, and the
first three ancestry PCs (reflecting population substruc-
ture within this sample of all White, non-Hispanic
participants).

Sample 1 analysis: Polygenic associations with exter-
nalizing and internalizing latent variables, and impul-
sive personality trails. First, we performed confirmatory
factor analysis using Mplus 7.11 (Muthén & Muthén,
2013) to model the externalizing and internalizing latent
variables using lifetime symptom severity scores for each
diagnosis in Sample 1. The externalizing indicators con-
sisted of antisocial personality disorder symptom severity,
and alcohol, cannabis, and cocaine abuse/dependence
symptom severity. The residuals for cannabis and cocaine
abuse/dependence were allowed to correlate, because
they were based on items with virtually identical structure
and wording. We did not include impulsive personality
traits as an indicator of the externalizing latent variable,
because these data were only available for approxi-
mately 28% of participants. The indicators for internal-
izing consisted of lifetime PTSD, depression, dysthymia,
panic disorder, agoraphobia, specific phobia, obsessive-
compulsive disorder, and generalized anxiety disorder
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symptom severity. Second, we performed hierarchical
linear regression analyses with MPQ-BF Constraint as
the dependent variable, and the covariates (age, sex, and
ancestry PCs; Block 1), the polygenic risk score (Block
2), trauma exposure (Block 3), and the polygenic risk
score X trauma exposure interaction (Block 4) entered as
independent variables in blocks.

Sample 2 analysis: Polygenic associations with cog-
nitive functions. Given that we did not have the clini-
cal measures necessary to create a latent externalizing
dimension in Sample 2, we used the polygenic risk score
as a proxy for externalizing risk in this sample. We con-
ducted three hierarchical linear regression analyses, each
with a different cognitive function entered as the depen-
dent variable (inhibitory control, working memory capac-
ity, or episodic memory), with the covariates (age, sex,
ancestry PCs, an estimate of 1Q; Block 1), the polygenic
risk score (Block 2), trauma exposure (Block 3), and
the polygenic risk score x trauma exposure interaction
(Block 4) entered as independent variables in blocks.!
Given that the cognitive variables were created to repre-
sent distinct (and uncorrelated) cognitive functions, we
implemented a Bonferroni multiple-testing correction to
reduce the likelihood of Type I error. For these analyses,
p values less than .016 were interpreted as significant.

Results

Selecting a polygenic risk score
threshold

In Sample 1, we modeled the externalizing and internal-
izing latent variables using confirmatory factor analysis.
The model showed adequate fit (root mean square error
of approximation [RMSEA] = .06, standardized root mean
square residual [SRMR] = .04, comparative fix index
[CFI] = .90), and all of the diagnostic indicators loaded
significantly on their respective latent variables (ps <
.001). Next, we extracted the factor scores of the latent
variables to establish the p value threshold for the poly-
genic risk score that explained the most variance in the
externalizing psychopathology dimension. A significant
association between the polygenic risk score and exter-
nalizing was observed for the SNP set based on a thresh-
old of p < .50 (p = .033), but not for sets with thresholds
of p < .30 or p < .05 (ps > .85). The polygenic risk score
based on a threshold p < .50 explained 0.7% of the vari-
ance in the externalizing psychopathology dimension.
Because the externalizing and internalizing dimensions
were moderately correlated in this sample (r = .59, p <
.001), we also examined the unique variance associated
with externalizing by creating a residual externalizing
score with the variance shared with internalizing removed.

Using this factor residual score, the polygenic risk score
based on a threshold of p < .50 explained 1.2% of the
variance in externalizing (p = .009). Based on these find-
ings, we used the polygenic score derived from a p value
threshold of .50 in all subsequent analyses to maximize
the variance explained in the externalizing phenotype.

Externalizing and internalizing
psychopatbology

We used structural equation modeling to simultaneously
model the associations of the polygenic risk score with
the latent externalizing and internalizing psychopathol-
ogy variables, because the factor scores are not perfect
reflections of the latent traits, and we wanted to simulta-
neously test multivariate associations between the risk
score and the latent internalizing and externalizing
dimensions, as well as the associations among these vari-
ables.? Results of the structural equation model are
depicted in Figure 1. As hypothesized, and consistent
with the initial factor score results, the polygenic risk
score predicted greater externalizing psychopathology
severity (p = .034), but it was unrelated to the internaliz-
ing psychopathology latent variable (p > .57).

To assess the effects of environmental influences, life-
time trauma exposure and polygenic risk x trauma expo-
sure were added to the model as predictors of externalizing
psychopathology. Trauma exposure positively predicted
the externalizing latent variable (f = 0.24, p < .001), and
the polygenic score continued to predict the externalizing
dimension with trauma in the model ( = 0.11, p = .044).
The polygenic risk score did not interact with trauma
exposure to predict externalizing, however (p > .76).

Impulsive personality traits

Next, we conducted linear regressions to examine poly-
genic associations with impulsivity in the subset of veter-
ans in Sample 1 with MPQ-BF data. The polygenic score
did not evidence a main effect with MPQ-BF Constraint
(p > .40). When lifetime trauma exposure was added to
the model, a significant polygenic risk score x trauma
exposure interaction effect was present (f = -1.3, p =
015, R* = 3.8%). To decompose this interaction, we
examined associations between lifetime trauma exposure
and Constraint at varying levels of polygenic risk. As
illustrated in Figure 2, the effect of trauma exposure on
impulsivity was greatest at high levels of polygenic risk.
To aid in the interpretation of this finding, we also exam-
ined the primary trait scales that contribute to the higher-
order dimension of Constraint. Results of these follow-up
analyses indicated that the Constraint effect was driven
primarily by the Harm Avoidance scale ( =-1.3, p =.012,
R? = 4.1%). Results for the Control (B = -0.7, p > .18,
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Fig. 1. Structural equation model of polygenic risk score predicting
externalizing and internalizing latent variables. AGOR = agoraphobia;
ALC = alcohol abuse/dependence; ASPD = antisocial personality disor-
der; CAN = cannabis abuse/dependence; COC = cocaine abuse/depen-
dence; DYS = dysthymia; GAD = generalized anxiety disorder; MDE
= major depressive episode; OCD = obsessive-compulsive disorder;
PANIC = panic disorder; PHOBIA = specific phobia; PTSD = posttrau-
matic stress disorder. Paths for age, sex, and ancestry principal compo-
nents were included in the model, but are not depicted. RMSEA = .00,
SRMR = .06, CFI = .80. Significant standardized parameter estimates are
depicted in bold (p < .05).

R = 1.2%) and Traditionalism (B = -0.2, p > .65, R* =
0.1%) primary scales were not significant, though the pat-
tern of associations was similar for the Control scale.

Cognitive functioning

Next, we performed linear regression analyses to exam-
ine executive dysfunction as a potential intermediate
phenotype of polygenic risk for externalizing using the
second sample. Results of these analyses are presented in
Table 1. We observed a main effect of polygenic risk on
inhibitory control, such that greater genetic susceptibility
for externalizing predicted poorer performance on these
tasks, with genetic effects accounting for 3.8% of the vari-
ance in the inhibitory control factor. This genetic effect
remained significant after the addition of lifetime trauma
exposure to the model, and the polygenic score did not
interact with trauma exposure. In contrast to inhibitory

control, the polygenic risk score did not show main
effects for working memory or episodic memory.
However, lifetime trauma exposure did interact with
polygenic risk to predict working memory performance.
We decomposed this interaction by examining the effects
of trauma exposure on working memory at low, moder-
ate, and high polygenic risk. As illustrated in Figure 3,
lifetime trauma exposure predicted increasingly poorer
working memory performance as polygenic susceptibil-
ity to externalizing increased.

Discussion

The purpose of this study was to validate the external-
izing polygenic risk score by examining its associations
with psychopathology symptoms, impulsive traits, and
cognitive functions. As expected, we replicated the
polygenic association with externalizing psychopathol-
ogy reported by Salvatore et al. (2015) in a sample of
adults with high levels of trauma exposure. We also
demonstrated that the polygenic risk score does not
predict internalizing symptoms. Greater polygenic risk
was associated with impaired performance on tasks of
executive functioning, specifically inhibitory control
(main effect), and working memory capacity (interac-
tion with trauma exposure), but not performance on a
task of episodic memory. Finally, cumulative lifetime
trauma exposure interacted with genetic predispositions
to confer risk for impulsive traits and working memory
dysfunction. These findings extend previous research
by linking polygenic risk for externalizing to deficits in
executive functioning—a possible cognitive mechanism
by which genes confer vulnerability for externalizing
psychopathology—and point to trauma exposure as an
important environmental moderator of polygenic risk
for externalizing.

The present findings converge with previous research
showing that an inherited liability for executive dysfunc-
tion is a core susceptibility for externalizing psychopa-
thology (e.g., Bogg & Finn, 2010; Young et al., 2009).
Intact inhibitory control and working memory capacity
are essential for maintaining self-control and regulating
impulsive urges (Nigg, 2000). Deficits in inhibitory con-
trol can disrupt one’s ability to control impulsive motor
responses and manage intense emotional reactions (e.g.,
Miyake & Friedman, 2004; Nigg, 2000). Similarly, impaired
working memory capacity can interfere with one’s ability
to keep long-term goals in mind when confronted with
salient short-term rewards or other motivationally rele-
vant stimuli (Barkley, 1997). Thus, in situations where
cognitive resources are taxed, reduced inhibitory control
and working memory capacity may lead to impulsive
decision making and reckless behavior, which are hall-
marks of the externalizing spectrum. It is interesting that
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Fig. 2. Correlations between impulsive personality traits on the Multidimensional Personality Question-
naire-Brief Form and lifetime trauma exposure as a function of polygenic risk score liability. Lifetime
trauma exposure predicted greater impulsive traits as polygenic risk load increased. Bars represent partial
correlations accounting for age, sex, and ancestry principal components. N = 151. Polygenic risk score:
low 7 = 50, moderate 7 = 50, high 7 = 51. *p < .05. *p < .01.

our findings suggest that trauma exposure interacts with
polygenic risk to predict decrements in working memory
capacity, a cognitive mechanism that may contribute to
elevated rates of externalizing problems (e.g., substance/
alcohol use, antisocial behavior) in trauma-exposed sam-
ples. In contrast, episodic memory problems are not

typically associated with externalizing psychopathology,
and we did not observe genetic effects for this cognitive
indicator. Our pattern of findings suggests that polygenic
predispositions for externalizing confer risk for executive
dysfunction, but not necessarily cognitive problems more
generally.

Table 1. Hierarchical Linear Regressions of Polygenic Risk Score and Lifetime Trauma Exposure Predicting Cognitive

Functioning
Inhibitory control Working memory Episodic memory
B/SE Pvalue R> (%) B/SE Pvalue R? (%) B/SE Pvalue R* (%)
Block 1 2.1 14.0 4.5
Age 0.05/0.01 52 0.06/0.01 37 -0.01/0.01 .90
Sex 0.05/0.20 .50 -0.14/0.17 .06 —-0.04/0.25 .59
Est. IQ -0.07/0.01 37 0.33/0.00 <.001 0.21/0.01 .007
PC1 0.07/0.87 .37 -0.04/0.75 .62 0.04/1.09 .60
PC2 -0.02/0.86 .84 -0.04/0.74 .62 0.02/1.08 .80
PC3 -0.09/0.88 27 0.08/0.75 .28 -0.04/1.10 .64
Block 2 3.8 0.7 0.0
Polygenic score ~ -0.20/0.53 .009 0.09/0.46 23 0.01/0.67 .92
Block 3 0.5 0.0 0.1
Trauma exposure —0.07/0.02 34 0.01/0.2 95 0.03/0.03 75
Block 4 0.9 5.1 0.0

0.59/0.19 19

Polygenic score x
trauma exposure

-1.38/0.16 .001

0.07/0.24 .88

Note: Est. IQ = estimated intelligence quotient from Wechsler Test of Adult Reading (Wechsler, 2001); PC = principal component; R* =
R* change for Blocks 2-4; trauma exposure = total types of different traumas over the life span. Bold text indicates significant effects.
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Fig. 3. Polygenic risk x lifetime trauma exposure predicts working memory perfor-
mance. To decompose the interaction, polygenic risk score was grouped into low,
moderate, and high categories reflecting tertiles. NV = 182. Polygenic risk score: low 7 =

60, moderate 7 = 59, high n = 063.

A fine-grained assessment of polygenic associations
with multiple domains of cognitive functioning and
across key developmental stages (e.g., childhood, adoles-
cence) would help to clarify the role genetic vulnerability
for executive dysfunction plays in the etiology of exter-
nalizing. We were unable to test mediation models (e.g.,
executive dysfunction mediating the effects of polygenic
risk on externalizing psychopathology) in this study,
because information about externalizing was not avail-
able in the sample with the cognitive performance indi-
cators. However, investigating executive dysfunction as a
mediator of relationships between the polygenic risk
score and externalizing phenotypes will be critical to
determine in future studies to validate these etiological
pathways. To functionally connect genes to externalizing
psychopathology, future research needs to examine other
core characteristics of externalizing, such as reward sen-
sitivity and affective reactivity, as potential heritable inter-
mediate phenotypes. Moreover, future research on the
neurobiological correlates of this risk score could pro-
vide valuable insight into the heritability of neural sus-
ceptibilities (e.g., reduced P3 amplitude, disrupted neural
circuits; Hicks, Krueger, lacono, McGue, & Patrick, 2004)
for externalizing outcomes. Armed with these data, it
would be possible to disentangle the contributions of
heritable versus acquired susceptibilities for the cognitive
dysfunction and affective dysregulation that characterizes
externalizing and parse heterogeneity in the etiology of

externalizing psychopathology based on different pat-
terns of cognitive and affective vulnerability (e.g., Baskin-
Sommers, Curtin, & Newman, 2015).

Examination of polygenic risk-by-trauma interactions
produced mixed results in our samples. Polygenic risk
did not interact with cumulative trauma exposure to pre-
dict the latent externalizing factor or inhibitory control
task performance, but it did moderate trauma associa-
tions with impulsive personality traits and working mem-
ory capacity. It is not clear why moderation was evident
for certain externalizing phenotypes and not others. One
possibility is that the genetic predispositions for external-
izing and inhibitory control deficits are present regardless
of environmental conditions, representing a core cogni-
tive vulnerability for externalizing, and the influence of
environmental risk factors, like multiple trauma expo-
sures, becomes more important at higher levels of genetic
liability for impulsivity and working memory capacity.
Another possibility is that our sample characteristics
influenced the likelihood of observing gene-by-environ-
ment interactions for trauma. On average, participants
reported high levels of trauma in both samples (e.g., ~5.5
types of traumatic events on average), which may have
restricted variance to the high end of the trauma expo-
sure continuum. Thus, moderation effects may appear
more consistently in samples with a broader range of
trauma exposure, including greater representation of
those with no trauma exposure. A third possibility is that
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genetic liability for behavioral disinhibition increases the
likelihood that an individual will be exposed to high-risk
environments where they will be exposed to traumatic
events (i.e., indicative of a gene-environment correla-
tion), which in turn potentiates externalizing psychopa-
thology. Such a model is consistent with research showing
that impulsivity leads to greater trauma and life stress
exposure prospectively (e.g., Sadeh, Miller, Wolf, &
Harkness, 2015). However, a relationship between the
polygenic risk score and lifetime trauma exposure was
not evident in our samples, suggesting that gene-environ-
ment correlation is unlikely.*

As with any study, there are limitations to consider
when interpreting the findings. First, although compara-
ble to other studies examining polygenic effects (e.g.,
Salvatore et al., 2015), the samples sizes in this study
were modest for a genetic association analysis.
Consequently, null findings need to be interpreted with
caution and replication in larger and more diverse sam-
ples is warranted. Second, the military veteran composi-
tion of the sample may limit the generalizability of the
findings, for example, to males with high levels of trauma
exposure. Despite this, military veterans represent a clini-
cally relevant sample in which to examine externalizing
phenotypes, given that antisocial behavior, violence, and
alcohol/substance dependence are present at higher
rates than the general population (Elbogen et al., 2010;
Elbogen et al., 2014; Miller, Vogt, Mozley, Kaloupek, &
Keane, 2006; National Institute on Drug Abuse, 2013).
They also provide a unique opportunity to examine the
impact of trauma exposure on genetic influences, as trau-
matic events are well represented. Third, analyses were
limited to individuals of White, non-Hispanic ancestry,
which limits the generalizability of the findings to this
population. Development of a polygenic risk score for
externalizing that can be applied to other ancestry groups
is an important direction for future research. Finally,
given that we did not have a measure of externalizing
psychopathology in Sample 2, we used the polygenic risk
score as a proxy for externalizing risk in this sample. This
methodological limitation prevented us from testing the
replicability of the polygenic associations with external-
izing psychopathology and from directly linking exter-
nalizing psychopathology with deficits in executive
functioning. Thus, the novel polygenic associations with
executive functions that we observed need to be repli-
cated and their relevance for explaining externalizing
psychopathology needs to be established in future
research.

By reducing the number of genetic parameters from
millions of possible SNPs in genome-wide association
studies to a single genome-wide polygenic risk score, this
state-of-the-art metric provides a powerful tool for iden-
tifying biological vulnerabilities for externalizing and

disentangling pathways to antisocial behavior. Mapping
the connections from polygenic risk to the manifestation
of problem behaviors across multiple levels of analysis
(e.g., epigenetic mechanisms, neural susceptibilities,
emotional intelligence, social skills), as a function of
environmental context (e.g., early adversity, peer con-
texts, violence exposure), and across developmental
periods would be incredibly valuable for delineating anti-
social and externalizing trajectories (e.g., Hyde, 2015;
Javdani, Sadeh, & Verona, 2011). This type of research is
imperative for moving the field beyond piecemeal char-
acterizations of risk for these etiologically complex out-
comes and toward a holistic picture of how risk and
resiliency processes interact across different types of fac-
tors over time. The polygenic risk score also provides a
unique opportunity to discover the neural mechanisms
by which the genome confers susceptibility for antisocial
behavior and externalizing psychopathology, which has
proven challenging in past research due to the staggering
number of potentially relevant genetic loci and neuroim-
aging parameters. Studying the neurobiology of genetic
risk for externalizing at multiple levels of neural analysis
(e.g., cortical thickness, functional and structural brain
networks, task-based functional activation) is much more
feasible using the polygenic risk score than genome-wide
association studies or even candidate gene studies. This
type of neurogenetic analysis would provide a rich char-
acterization of the neural bases of disinhibition-related
pathology and unprecedented insight into how heritable
neural mechanisms contribute to different pathways of
antisocial behavior. A study with this wide a range of
neural and genetic data would have been impossible 10
years ago, but the identification of polygenic risk scores
for complex diseases and efforts like the Human
Connectome Project (e.g., Chiang et al., 2009) have set
the stage for this type of groundbreaking work.
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Notes

1. An estimate of IQ derived from the Wechsler Test of Adult
Reading (Wechsler, 2001) was also included as a covariate in
analyses of cognitive functioning to ensure results were not
accounted for by individual differences in general intelligence.
2. We also conducted analyses with the factor scores (rather
than the latent psychopathology variables in SEM) and found
that the results do not change, with the exception that the

p value for the polygenic association with externalizing is
slightly stronger (f = 0.09, p = .009); it remained nonsignificant
for internalizing (B = -0.05, p = .13).

3. To examine whether the paths from polygenic risk to exter-
nalizing and internalizing can be equated, we set each path to 0
in separate models and examined changes in model fit. Setting
the path from polygenic risk to the latent externalizing dimen-
sion to 0 significantly degraded model fit (Wald test = 4.4, p =
.035), whereas setting the path from polygenic risk to the inter-
nalizing dimension to 0 did not degrade model fit (Wald test =
0.3, p = .58). However, the 95% confidence intervals for the
path parameter estimates overlapped, indicating that the path
parameters for externalizing and internalizing were not signifi-
cantly different.We examined whether excluding the diagnoses
with the lowest reliability estimates, specifically agoraphobia,
specific phobia, panic, and obsessive-compulsive disorder,
from the latent model changed the SEM findings. Removing
these indicators only slightly improved model fit (RMSEA = .07,
SRMR = .07, CFI = .82) and did not change the magnitude of
the polygenic effects on externalizing (f = 0.11, p = .035) or
internalizing ( = -0.02, p = .77).

4. We examined polygenic associations with lifetime trauma
exposure in both samples and did not find significant associa-
tions in either sample (s < |.12], ps > .09).
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