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Models of differential susceptibility hypothesize that neural function may be a marker of differential
susceptibility to context, but no studies have tested this hypothesis. Using a sample of 310 young men
from low-income urban neighborhoods, this study investigated amygdala reactivity to facial expressions
as a moderator of the relations between socioeconomic resources and later antisocial behavior (AB) and
income. For individuals with high amygdala reactivity, greater socioeconomic resources at age 20
predicted less AB and greater income at age 22. For young men with low amygdala reactivity, however,
socioeconomic resources at age 20 did not predict later outcomes. Amygdala reactivity to fearful facial
expressions, key to the etiology of AB, moderated links between resources and AB. In contrast, amygdala
reactivity more generally to multiple facial expressions moderated the effects of resources on later
income attainment. Both interactions met rigorous quantitative criteria for patterns of differential
susceptibility rather than diathesis stress or vantage sensitivity. Moreover, these associations remained
significant after inclusion of socioeconomic resources during earlier developmental periods. These results
suggest that greater amygdala reactivity to facial expressions is a marker of greater susceptibility to

context, for better or for worse, during the transition to adulthood.
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The U.S. Census Bureau estimates that 21.1% or 15.5 million
children under age 18 live in poverty (DeNavas-Walt & Proctor,
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2015). A wealth of literature indicates that child poverty and
poverty-related adversities predict worse physical and mental
health outcomes, poorer well-being, and persistent poverty sta-
tus across the life span (Bradley & Corwyn, 2002; Duncan,
Ziol-Guest, & Kalil, 2010). Poverty is associated with a cluster
of concurrent and later disadvantages, including poor employ-
ment opportunities, neighborhood dangerousness, and housing
crowding and instability (Bradley & Corwyn, 2002). One of the
most insidious effects of poverty and its related sequela is its
intergenerational stability: poverty is often perpetuated across
childhood into adulthood and across generations (Kendig, Mat-
tingly, & Bianchi, 2014).

However, there is substantial variability in how individuals
respond to socioeconomic adversity, such that some individuals
exhibit poor socioemotional and vocational outcomes, while others
function well at home and work (Alexander, Entwisle, & Olson,
2014; Masten, 2001). One potential developmental window during
which trajectories of socioeconomic risk may be malleable is
during the transition to adulthood (i.e., late teens through early
20s), when youth experience changes in romantic and social rela-
tionships, increased privileges and responsibilities associated with
reaching legal age, and potential independence from caregivers
(Arnett, 2000). During this key period, youth may secure new
resources or, conversely, engage in behaviors which may under-
mine their future economic prospects. For many youth, the tran-
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sition to adulthood is when their family of origin’s socioeconomic
resources can translate into their adult socioeconomic resources,
for better or worse. Moreover, even for youth growing up in
poverty, there is substantial variability in terms of the amount of
socioeconomic resources they, or their family, may possess, lead-
ing to divergent outcomes even within relatively disadvantaged
contexts. As evidence for this period being critical in socioeco-
nomic trajectories, Obradovi¢, Burt, and Masten (2006) measured
indicators of socioemotional health from childhood to adulthood
and found the greatest change in outcomes, such as interpersonal
and work/educational competence, during emerging adulthood
(i.e., ages 17-23 years), highlighting the notion that this develop-
mental transition affords both risks and opportunities for psycho-
social outcomes (Schulenberg, Sameroff, & Cicchetti, 2004).
Emerging adulthood may be even more critical for youth growing
up in low-income, urban environments, where there are fewer
opportunities for prosocial economic growth (Alexander et al.,
2014).

As youth transition to adulthood in high-risk contexts, two
salient indicators of how youth are functioning include engag-
ing in (or desisting from) antisocial behavior (AB) and emerg-
ing income attainment. Without economic security, low-income
young adults aged 18-24 are more likely to endorse substance
use and mental health problems, be unemployed (and/or unen-
rolled in school), and to report crowded living arrangements
than their more financially solvent peers (Federal Interagency
Forum on Child and Family Statistics, 2014). For youth living
in low-income contexts, AB including aggression, violence, and
rule-breaking (Loeber & Hay, 1997) indicates a poor transition.
ABs, particularly more serious criminality, peak in early adult-
hood and predict a range of poor outcomes including substance
use and depression (Odgers et al., 2008). Risk factors associated
with poverty, including neighborhood violence, crowded and
unstable housing, and unemployment have each been shown to
predict the emergence and continuity of AB into adulthood,
making AB an unfortunately common outcome for low-income,
urban youth, particularly males (Pratt & Cullen, 2005). By
contrast, finding steady income may be a marker of a successful
transition to adulthood (Alexander et al., 2014; Arnett, 2000)
and an important step toward preventing the perpetuation of
intergenerational poverty (Kendig et al., 2014). Thus, while
continued AB indicates difficulty with the transition to adult-
hood and the possibility of ensnaring young adults via incar-
ceration (Moffitt, 1993), income attainment is a marker of a
successful transition to adulthood in low-income contexts.

Differential Susceptibility to Context

Though socioeconomic adversity puts youth at risk for poor
outcomes, there is tremendous individual variability in these out-
comes (Alexander et al., 2014; Masten, 2001), due to attributes of
both the context (e.g., presence of some protective factors within
a risky context) and/or the individual (e.g., sensitivity to protective
factors). One useful model for studying individual variation in
response to adversity is differential susceptibility (Belsky &
Pluess, 2009) or biological sensitivity to context (Ellis & Boyce,
2008). These models posit that individuals vary in the extent to
which they respond to environmental influence, for better or for
worse. For more “plastic” individuals, negative environments yield

maladaptive outcomes (i.e., diathesis-stress; Monroe & Simons,
1991) and positive environments predict adaptive outcomes (i.e.,
vantage sensitivity; Pluess & Belsky, 2013). Conversely, more
“fixed” individuals exhibit less variation in behavior across all
environments (Belsky & Pluess, 2009; Ellis & Boyce, 2008).

Emerging literature in this area has focused on identifying
individual and potentially biologically based markers of differen-
tial susceptibility to context, including temperament, physiological
measures of arousal, and genetic variation (Belsky & Pluess, 2009;
Boyce, 2016). For example, studies have identified that young
children with high negative reactivity and emotional distress (i.e.,
difficult temperaments) are more susceptible to behavior problems
when exposed to harsh parenting (Bradley & Corwyn, 2008), but
also show greater attachment security in response to increases in
maternal sensitivity (Klein Velderman, Bakermans-Kranenburg,
Juffer, & van IJzendoorn, 2006). Similarly, children described as
more stress reactive (e.g., lower respiratory sinus arrhythmia sup-
pression, greater cortisol reactivity during stress challenge) have
also been shown to be more sensitive to the effects of family
adversity and family income on behavioral problems, school en-
gagement, and executive function skills (Obradovi¢, Bush, Stamp-
erdahl, Adler, & Boyce, 2010; Obradovi¢, Portilla, & Ballard,
2015). Additionally, short allele carriers of the serotonin trans-
porter gene (SLC6A4) are at heightened risk for psychopathology
in adverse contexts (Karg, Burmeister, Shedden, & Sen, 2011), but
have also been shown to exert the greatest positive affect in
supportive contexts (Hankin et al., 2011).

Amygdala Reactivity as a Marker of
Differential Susceptibility

Findings linking early temperament, stress reactivity, and ge-
netic variability in serotonin signaling to differential susceptibility
have led researchers to suggest that neural reactivity, particularly
in the amygdala, may be an important marker of differential
susceptibility to context (Belsky & Pluess, 2009; Schriber &
Guyer, 2016). The amygdala is a neural region critical for emotion
processing, salience detection, and fear learning (LeDoux, 2000).
Amygdala reactivity has been studied extensively in response to
emotional faces (LeDoux, 2000; Whalen et al., 2001), and
amygdala reactivity to these ecologically valid affective stimuli in
adulthood has been found to be stable across a year (Manuck,
Brown, Forbes, & Hariri, 2007). In adult samples, greater
amygdala reactivity to emotional facial expressions (particularly
fearful facial expressions) has been linked to several phenotypes
associated with differential susceptibility, including negative emo-
tionality (Etkin et al., 2004), stress reactivity (Henckens et al.,
2016), and genetic variation within the serotonin transporter (Mu-
nafo, Brown, & Hariri, 2008). The amygdala also plays a crucial
role in the stress response (LeDoux, 2000) and underlying central
nervous system sensitivity, systems hypothesized to form core
endophenotypes for biological markers of differential susceptibil-
ity to context (Belsky & Pluess, 2009; Boyce, 2016). Moreover,
greater amygdala reactivity to affective faces (Canli et al., 2001),
particularly to fearful faces, predicts both maladaptive (e.g., ex-
ternalizing problems; Hyde, Shaw, & Hariri, 2013) and adaptive
(e.g., altruism; Marsh et al., 2014) outcomes. It may be that these
differential associations between relatively high amygdala reactiv-
ity to fearful facial expressions and both positive and negative
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outcomes emerge as a function of exposure to different environ-
mental contexts. That is, greater neural sensitivity to others’ dis-
tress may be associated with positive outcomes (e.g., social com-
petence) in promotive environments, but lead to hostile attributions
and poorer outcomes (e.g., AB) in less supportive environments
(Dodge, 2006).

This evidence suggests that amygdala reactivity to fearful facial
expressions is a likely marker of differential susceptibility to context,
particularly when examining AB as the outcome (Blair, 2013; Hyde
et al., 2013). However, the amygdala is sensitive to multiple types of
emotional faces (Fitzgerald, Angstadt, Jelsone, Nathan, & Phan,
2006) and is thought to play a broad role in salience detection (Davis
& Whalen, 2001). Santos, Mier, Kirsch, and Meyer-Lindenberg
(2011) showed that participants detected target faces faster than non-
targets independent of affective valence, and that the degree of
amygdala activation was similar when participants viewed emotional-
threatening, emotional-nonthreatening, and nonemotional target faces
(see also Fitzgerald et al., 2006). As securing employment and steady
income requires attention to multiple interpersonal cues across con-
texts (Liu, Peng, & Wong, 2014), it may be that a measure of general
amygdala reactivity (i.e., to all faces) is a marker of differential
susceptibility to context when examining broader outcomes such as
income attainment.

Quantitative Concerns in Testing Models of
Differential Susceptibility

Although research has identified multiple potential markers of
differential susceptibility to context, many of these studies have two
major limitations. The first is that, until recently, there were few
guidelines and statistical approaches to confirm whether the pat-
tern of findings fit a model of diathesis-stress (i.e., that some youth
evince worse outcomes in poor environments), vantage sensitivity
(i.e., that some youth show positive outcomes in promotive con-
texts), or differential susceptibility (i.e., that some youth do well in
good environments, but poorly in bad environments). Widaman et
al. (2012) and Roisman et al. (2012) have each offered conceptual
and statistical requirements for determining the type of interaction
found in studies testing differential susceptibility to context.
Within these models, studies can examine several attributes of the
interaction to assess the presence of differential susceptibility
versus vantage sensitivity or diathesis-stress, such as calculating
the crossover point of an interaction and its confidence interval
with respect to the observed data to determine if the interaction is
disordinal (i.e., indicative of differential susceptibility) or ordinal
(i.e., indicative of diathesis-stress or vantage sensitivity; see Figure
1). Thus, these rigorous approaches are critical in testing models of
differential susceptibility to context.

A second quantitative concern for evaluating these models is
the reliance on measures of the environment and outcomes with
restricted ranges. For example, a study of differential suscep-
tibility that uses family adversity as the environmental indicator
and behavioral problems as the outcome (i.e., a common sce-
nario in existing studies of differential susceptibility to context;
e.g., Obradovi¢ et al., 2010) would need to assume that the
absence of adversity confers a “positive” environment and the
absence of behavioral problems indicates “adaptive” or “resil-
ient” functioning. One way to address this problem is to create
a dimensional index of context such that one end of the scale
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reflects relatively supportive environments and the other risky
or adverse contexts. Another is to focus on multiple outcomes
that are truly dimensional, reflecting positive and negative
functioning (e.g., income).

The Current Study

To address these gaps in the literature, we explored whether
amygdala reactivity to facial expressions moderated the rela-
tions between a dimensional index of socioeconomic resources
in young adulthood (age 20) and indicators of successful or
unsuccessful transition to adulthood (i.e., AB and income at-
tainment) two years later. We focused on the transition to
adulthood as a developmental period during which change
might be possible, even within a relatively impoverished sam-
ple. Moreover, to confirm that these effects were specific to this
developmental window and not the result of stable trajectories
of early risk exposure (Duncan et al., 2010), we examined
whether amygdala reactivity to facial expressions moderated
the relation between socioeconomic resources at other key
developmental periods (i.e., early childhood and early adoles-
cence, in separate models) and successful transition to adult-
hood. We were particularly interested in evaluating whether the
pattern of findings for each model was consistent with a model
of differential susceptibility, diathesis-stress, or vantage sensi-
tivity, using quantitative recommendations by Widaman et al.
(2012) and Roisman et al. (2012).

To evaluate these hypotheses in youth facing adversity, we used
a well-characterized sample of young men followed since infancy
who were at elevated risk for poor outcomes, including AB, based
on their gender, their low family income, and living in an urban
community (Shaw, Gilliom, Ingoldsby, & Nagin, 2003). Although
the young men in this sample grew up in disadvantaged contexts,
variation in socioeconomic resources increased for a minority of
the sample during childhood and adolescence, allowing us to
examine the interaction of promotive factors and individual mark-
ers of differential susceptibility to context. As prior research sug-
gests that greater amygdala reactivity is related to other markers of
differential susceptibility (e.g., high neuroticism, high stress reac-
tivity), we hypothesized that youth with relatively high amygdala
reactivity to facial expressions would be more “plastic”” or “sus-
ceptible” to the behavioral and economic consequences of indi-
vidual differences in socioeconomic resources. Conversely, we
hypothesized that youth with relatively low amygdala reactivity
would not demonstrate similar sensitivity to socioeconomic re-
sources. However, because low amygdala reactivity, particularly to
fearful facial expressions, is associated with more AB in this
sample (Hyde et al., 2016) and elsewhere (for a review, see Hyde
et al., 2013), we hypothesized that young men with low amygdala
reactivity to fearful facial expressions (albeit less sensitive to
contextual adversity) would have the worst outcomes overall (i.e.,
higher AB, lower income). Though exploratory, we hypothesized
that amygdala reactivity to fearful facial expressions would be
most important as a marker of differential susceptibility to context
when examining AB as an outcome, and that amygdala reactivity
to all faces might be most important when examining income
attainment as an outcome.
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Type 1 error correction: Significant
interaction terms should survive correction
for multiple testing

Nonlinearity: Must demonstrate the absence
of nonlinear terms X? and ZX?

Model fit: Model fit must increase
significantly when an interaction term is
added to the model

Locate C and its 95% CI: A strong disordinal
interaction will yield a C and its entire CI
within the range of observed values of X

the range of observed values = 0-5

YES. 78% of the cases fall above C (i.e.,
1.36 resources) and 22% fall below C

YES. Adjusted p-value was set at .01, and
interaction term p-value=.003

YES. Neither (resources)? or (resources X
amygdala reactivity)* were significant in a
nonlinear model predicting income

YES. We compared the y? value of an
unrestricted model to that where the
interaction term was set to equal zero and
found Ay?(1) =5.365, p=.02

YES. C=1.36, 95% CI=(.51,2.22)
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the range of observed values = 0-5

YES. 78% of the cases fall above C (i.e.,
1.22 resources) and 22% fall below C

YES. Adjusted p-value was set at .01, and
interaction term p-value=.007

YES. Neither (resources)? or (resources X
amygdala reactivity)* were significant in a
nonlinear model predicting AB

YES. We compared the 2 value of an
unrestricted model to that where the
interaction term was set to equal zero and
found Ay?(1) =273.327, p<.001

YES. C=1.22, 95% CI=(1.00,1.44)

Figure 1. (a) Graphical depiction of the criteria indicative of differential susceptibility to context. (b) Criteria
for differential susceptibility to context applied to predicted income (with amygdala reactivity all facial
expressions as the moderator) and antisocial behavior (with amygdala reactivity to fearful facial expressions as
the moderator) at age 22 in the current sample. C = crossover point. See the online article for the color version

of this figure.

Method 1992, 310 low-income boys and their families were recruited from
the Allegheny County, Pennsylvania, Women, Infant, and Chil-
dren Nutritional Supplement Clinics when boys were between 6
and 17 months old. At the time of recruitment, 53% of the target
children in the sample were European American, 36% were Afri-
can American, 5% were biracial, and 6% were of other races (e.g.,

Hispanic American or Asian American). Two thirds of mothers in

Participants

Participants were part of the Pitt Mother and Child Project, an
ongoing longitudinal study of child risk and resilience in low-
income families (Hyde et al., 2016; Shaw et al., 2003). In 1991 and
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the sample had 12 years of education or less. The mean per capita
income was $241 per month ($2,892/year), and the mean Holling-
shead socioeconomic status (SES) score was 24.5, indicative of a
low-SES sample. Thus, many boys in this study were considered at
elevated risk for antisocial outcomes because of their male gender
(Hyde et al., 2013), childhood SES, and urbanicity (Pratt & Cullen,
2005).

Target children and mothers were seen almost yearly from age 1.5
to 22 in the laboratory and/or home with assessments that included
questionnaires, a psychiatric interview, and at age 20, a functional
MRI (fMRI) scanning session. Retention rates were generally high at
each of the assessment time points, with data for these analyses
available on 306 of the initial 310 participants (89%) at 24 months,
272 participants (88%) at ages 10, 11, or 12; and 258 (83%) and 255
(82%) of the original participants with some data at ages 20 and 22,
respectively. Of the 186 men who consented and were able to partic-
ipate in the MRI at age 20, valid data were available for 167 men (see
Table 1 in the online supplemental materials for sources of data loss
related to fMRI). Participants with usable imaging data did not differ
from participants who dropped out at earlier ages on the Child
Behavior Checklist externalizing scores at ages 2, or 3.5, maternal
age, income, or educational attainment (ps > .1). Participants were
reimbursed for their time at each assessment. All procedures were
approved by the Institutional Review Board of the University of
Pittsburgh (most recent number MOD(09020252-06/PRO09020252;
“Substance Use in Young Men: Genes, Brain Function, and Early
Social Development”).

Measures

To create a dimensional index of promotive socioeconomic
resources in young adulthood (20 years), we created an index of
cumulative resources using methods commonly used in cumulative
risk research. Literature in developmental psychopathology shows
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that the accumulation of multiple risk factors exerts larger effects
on an outcome than any one risk factor alone (Sameroff, 2010).
Thus, we sought to capture variability in the amount of resources
(rather than the unique effects of each risk factor) by creating a
cumulative index of socioeconomic resources (e.g., income, edu-
cation, neighborhood safety) during young adulthood. Similar
measures were created during key developmental periods: early
(18—24 months) and middle childhood (10-12 years). Amygdala
reactivity to facial expressions was captured at age 20, and adult
outcomes including AB and income attainment were collected at
age 22.

Socioeconomic Resource Indices

All resource indicators were created by dichotomizing socio-
economic resources, similar to previous cumulative risk research,
where individuals received a score of 1 if present and a score of 0
if absent. For continuous measures that did not have clear cut-offs,
criteria were established so that approximately 25% of the sample
would meet criteria for each resource indicator, an approach that is
consistent with prior research on cumulative risk (Ackerman,
Izard, Schoff, Youngstrom, & Kogos, 1999; Sameroff, 2010;
Sameroff, Seifer, Baldwin, & Baldwin, 1993; Trentacosta et al.,
2008). Table 2 in the online supplemental materials includes
additional descriptive information about the quartile cut-offs for
the continuous socioeconomic resource indicators.

Table 1 presents the indicators that comprise the young adult-
hood resource index. We included indicators that have previously
been shown to predict socioemotional and economic outcomes
(i.e., AB, income attainment) including (a) housing stability (Cutts
et al., 2011; Fowler, Henry, & Marcal, 2015), (b) higher income
(i.e., >200% of the poverty line, for a single person; Kendig et al.,
2014; Sampson & Laub, 1994), (c) adequate living space (Evans &
Kantrowitz, 2002), (d) neighborhood safety (Fauth, Leventhal, &

Table 1
Economic Resource Indicators Across Childhood, Sources, and Percentage Meeting Criteria
Age group Indicator Criteria Source %
Young Adulthood Housing stability One move or less in the last 2 years Demographic interview 74.8
(N = 238) Income >200% of the poverty line, based on a single person Demographic interview 18
Adequate living space More rooms than people in the housing structure Demographic interview 81.0

Neighborhood safety
Employment opportunity

Bottom quartile on neighborhood danger subscale
Employed (part- or full-time) and top quartile on a

Neighborhood Questionnaire  25.8
Revised Work Characteristics  14.3

measure of workplace opportunity

Middle childhood
(N = 233)

Maternal marital stability

Housing stability
Family income

Mother married or living with partner at all time Demographic interview 47.4
points 10-12 years

No moves between 10 and 12 years Demographic interview 64.7

Greater than 200% the poverty line based on family =~ Demographic interview 435

size at any time point 18-42 months

Neighborhood cohesion
Neighborhood safety
Maternal education
Early childhood Maternal marital stability
(N = 283)
Maternal education

Maternal age at birth of target child
Family income

Top quartile on neighborhood cohesion subscale
Bottom quartile on neighborhood danger subscale

Me and My Neighborhood 27.8
Me and My Neighborhood 25.1

Greater than a high school degree Demographics interview 58.0

Mother married or living with partner at all time Demographic interview 48.8
points 18—42 months

Greater than a high school education—mean across Demographic interview 511
18-42 months

Older than 21 years old Demographic interview 45.5

Greater than 200% the poverty line based on family =~ Demographic interview 9.1
size at any time point 18-42 months

More rooms than people Demographic interview 79

Adequate living space
Neighborhood safety

Bottom quartile of neighborhood danger 24 months

Neighborhood questionnaire ~ 28.4
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Brooks-Gunn, 2004; Loeber & Hay, 1997), and (e) employment
opportunity (Skogstad, Torsheim, Einarsen, & Hauge, 2011). Em-
ployment opportunity was defined as being employed, part-time or
full-time, and scoring in the top quartile on the Work Character-
istics Questionnaire (Conger, 1988) which assesses quality of the
work environment (e.g., “This job provides good security”). Sim-
ilar indices were created for early and middle childhood (see Table
1) to include six developmentally appropriate indicators. The
young adulthood resources index ranged from O to 5 (M = 2.13,
SD = 98, N = 238), and both the early (M = 2.67, SD = 1.33,
N = 283) and middle childhood (M = 2.34, SD = 1.46, N = 233)
indices ranged from 0 to 6. All three resource indices were nor-
mally distributed. If individuals were missing data on any of the
individual indicators, they were identified as missing on the re-
source index at that age.

Antisocial Behavior

We created a composite measure of AB at age 22 that ranged
from relatively common and normative behaviors to severe AB
across multiple contexts and domains (i.e., workplace AB,
trait-like impulsivity and AB, general delinquency/crime) by
adding standardized total scores from the following three mea-
sures (a) the Self-Report of Delinquency Questionnaire (SRD;
Elliott, Huizinga, & Ageton, 1985), (b) the Workplace Devi-
ance Questionnaire (Bennett & Robinson, 2000), and (c) the
Antisocial facet/subscale of the Self-Report of Psychopathy—
Short Form (Neumann & Pardini, 2014). The SRD contains 53
items that assess the frequency with which an individual has
engaged in aggressive and delinquent behavior, alcohol and
drug use, and related offenses during the prior year, using a
3-point scale (0 = never, 1 = once/twice, 2 = more often;
range = 0 —43; a = .85; M = 9.83, SD = 7.09; Elliott et al.,
1985). The Workplace Deviance Questionnaire is a 25-item
scale that measures common AB in the workplace (e.g., “taken
property from work without permission,” “cursed someone at
work”). Participants rate the frequency of each behavior on a
7-point Likert scale (0 = never to 6 = daily; range = 0-80,
a=.89;M = 1197, SD = 15.34; Bennett & Robinson, 2000).
The Self-Report of Psychopathy—Short Form is a 28-item scale
that measures psychopathy along four dimensions including
Interpersonal, Affective, Lifestyle, and Antisocial. To measure
severe AB, we used the seven items that comprise the Antiso-
cial facet (e.g., “I was convicted of a serious crime,” “I have
assaulted a law enforcement official or social worker”). Partic-
ipants rate agreement with each of the statements along a
5-point Likert scale (0 = disagree strongly to 4 = agree
strongly; range = 0-21; o« = .77; M = 4.15, SD = 4.15;
Neumann & Pardini, 2014). Interscale correlations ranged from
r= .15t .47 (p < .01 to p < .001), and 250 participants had
valid data on all three measures of AB. To control for the
stability of AB, we added the total score of the SRD at age 20
to models in which age 22 AB was the outcome (the other two
measures of AB were not collected at age 20). There was one
participant with a value of AB +3 SD below the mean, but
results did not change when this potential outlier was excluded
from the models. Figure 1 in the online supplemental materials
depicts the psychometrics of the AB composite.

GARD, SHAW, FORBES, AND HYDE

Income Attainment

Income attainment was measured at age 22 using participant-
reported monthly income in dollars, and did not include income
from other household members (e.g., parents). Data was available
for 230 participants (M = 1,027.82, SD = 984.94, range =
0-6,666). While age 22 monthly income varied across partici-
pants, the youth in our sample were, on average, living just above
the poverty threshold (i.e., $11,170/year for a single person; U.S.
Department of Health and Human Services, 2012). Three partici-
pants reported monthly income +3 SD from the mean (>$3,982/
month), but results were the same when these potential outliers
were excluded from analyses. As both housing status (i.e., living
with family or independently) and school enrollment (i.e., in
school or not) could explain variation in income at age 22, we
controlled for these variables in models predicting age 22 income.
See the online supplemental materials (p. 1) for additional infor-
mation. Moreover, our results for models predicting income did
not change in direction or statistical significance when we ex-
cluded the 70 young men who were enrolled in school at age 22
(results available upon request).

Amygdala Reactivity to Facial Expressions

Amygdala reactivity paradigm. The experimental fMRI par-
adigm consisted of four blocks of a perceptual face processing task
interleaved with five blocks of a sensorimotor control (see Figure
2 in the online supplemental materials). During the face processing
task, subjects viewed a trio of faces and selected one of two faces
(bottom) identical to a target face (top). Each face processing block
consisted of six images, balanced for sex, all derived from a
standard set of pictures of facial affect (Ekman & Friesen, 1976).
Each of the four face processing blocks consisted of a different
emotional facial expression (i.e., anger, fear, surprise, neutral), and
participants were randomly assigned to one of four different orders
of block presentation. During the sensorimotor control blocks,
participants viewed a trio of simple geometric shapes (circles,
vertical and horizontal ellipses) and selected one of two shapes
(bottom) identical to a target shape (top). All blocks were preceded
by brief instructions (“match faces” or “match shapes”) lasting 2 s.
In the face processing blocks, each of the six face trios was
presented for 4 s with a variable interstimulus interval (ISI) of 2 to
6 s (M = 4 s) for a total block length of 48 s. A variable ISI was
used to minimize expectancy effects and resulting habituation, as
well as to maximize amygdala reactivity throughout the paradigm.
In the sensorimotor control blocks, each of the six shape trios was
presented for 4 s with a fixed ISI of 2 s (total block length = 36
s; total task time = 390 s).

Bold fMRI acquisition parameters. Each participant was
scanned with a research-dedicated Siemens 3-T Tim Trio (Siemens
AG, Erlangen, Germany). Blood oxygenation level-dependent
(BOLD) functional images were acquired with a gradient-echo
echoplanar imaging sequence (repetition time/echo time =
2,000/29 ms, field of view = 200 X 200), which covered 34
interleaved axial slices (3-mm slice thickness) aligned with the
AC-PC plane anterior commissure - posterior commissure plane
and encompassing the entire cerebrum and most of the cerebellum
to maximum coverage of limbic structures. All scanning parame-
ters were selected to optimize the quality of the BOLD signal
while maintaining a sufficient number of slices to acquire whole-
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brain data. Before collecting fMRI data for each participant, a
reference echoplanar imaging scan was acquired and visually
inspected for artifacts (e.g., ghosting) and good signal across the
entire volume of acquisition. Additionally, an autoshimming pro-
cedure was conducted before the acquisition of BOLD data in each
participant to minimize field inhomogeneities.

Image processing and analysis. Whole-brain image analysis
was completed using the general linear model of Statistical Para-
metric Mapping software version 8 (SPM 8; Wellcome Trust
Centre for Neuroimaging, 2009). Images for each participant were
gray matter segmented, realigned to the mean volume in the time
series, unwarped to correct for head motion, coregistered to high
resolution structural scans (magnetization-prepared rapid gradient-
echo sequence; echo time/repetition time = 3.29/2,200; flip an-
gle = 9°; field of view = 256 X 192 mm?; slice-thickness = 1
mm; matrix: 256 X 256; 192 continuous slices), spatially normal-
ized into a standard stereotactic space (Montreal Neurological
Institute template) using a 12-parameter affine model, and
smoothed to minimize noise and residual differences in gyral
anatomy with a Gaussian filter set at 6 mm full-width at half
maximum. Functional images had a voxel size of 2 mm. Voxel-
wise signal intensities were ratio-normalized to the whole-brain
global mean. After preprocessing, the Artifact Detection Tools
software package (Gabrielli Lab, McGovern Institute for Brain
Research, 2015) was used to detect global mean intensity and trans-
lation or rotational motion outliers (>4.5 SD from the mean global
brain activation, >2 mm movement or 2° translation in any direction)
within each participant’s data and to create a regressor accounting for
the possible confounding effects of volumes as outliers. Additionally,
because of the relatively extensive signal loss typically observed in
the amygdala, single-subject BOLD fMRI data were only included in
subsequent analyses if there was a minimum of 90% signal coverage
in the amygdala region of interest (defined as the bilateral amygdala
using the automated anatomical labeling atlas in the WFU PickAtlas
Tool, Version 1.04; Maldjian, Laurienti, Kraft & Burdette, 2003; see
also Hyde et al., 2016).

BOLD fMRI data analysis. The general linear model in
SPM8 was used to estimate condition-specific (e.g., fearful
faces > shapes) BOLD activation for each individual scan. Indi-
vidual contrast images were then used in second-level random
effects models to determine mean expression-specific reactivity
using one-sample ¢ tests (i.e., main effects of the task). As our goal
was to examine amygdala reactivity to specific contrasts within an
anatomically defined region of interest, the following contrasts
were estimated and extracted from SPM8 to be used in regression
models: fearful facial expressions > shapes, to measure neural
reactivity to interpersonal distress (Whalen et al., 2001), and all
faces > shapes to capture general amygdala reactivity during
socioemotional processing. Several studies (e.g., Davis, Neta,
Kim, Moran, & Whalen, 2016; Marusak, Zundel, Brown, Rabinak,
& Thomason, 2017; Somerville, Kim, Johnstone, Alexander, &
Whalen, 2004) indicate that purely “neutral” faces may be inter-
preted as hostile by participants. Thus, many studies have begun to
use “calm” faces as the baseline condition, which combine neutral
faces morphed with happy expressions (Sebastian et al., 2014;
Viding et al., 2012). However, as our task did not have calm faces,
we used shapes as the baseline condition in our contrasts, which
helps to link our work to the numerous studies using this contrast
with this task (see Hyde et al., 2013; Munafo et al., 2008).
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Contrast-specific BOLD parameter estimates were extracted from
clusters in the left and right amygdala regions (defined using the
automated anatomical labeling bilateral amygdala mask used to
check for coverage) that showed activation to the contrast and
survived correction for multiple comparisons across the entire brain
using the Family-Wise Error correction in SPM8 (p < .05; see Table
3 in the online supplemental materials). As we did not have a priori
hypothesis about laterality, to decrease multiple comparisons, we
created a measure of mean amygdala activation across left and right
clusters for each condition using the extracted main effect estimates
(i.e., fearful faces > shapes and all faces > shapes) as has been done
in previous work (Swartz, Knodt, Radtke, & Hariri, 2015). Using
main effect estimates of left and right amygdala reactivity separately
showed no differences in laterality, supporting our approach of cre-
ating a measure of mean amygdala reactivity across both hemi-
spheres. There were two participants with values of amygdala reac-
tivity =3 SD around the mean, but results did not change when these
potential outliers were excluded from the models.

Analytic Plan

Four regression models were computed to examine whether
amygdala reactivity to all emotional facial expressions or fearful
facial expressions moderated the relations between socioeconomic
resources at age 20 and income attainment or AB at age 22. As
both main effect predictors (i.e., amygdala reactivity and socio-
economic resource) were on different scales, we standardized both
before creating the interaction terms (Aiken & West, 1991). Al-
though we report the point estimates from the standardized regres-
sions in the text, graphical presentations of significant interactions
use unstandardized point estimates to facilitate interpretation (i.e.,
to present the resource index on the observed scale from zero to
five). Next, to confirm that our results were specific to early
adulthood, we added resource indices in early and middle child-
hood, and their interaction terms with amygdala reactivity at age
20, to each of the regression models. As the resource indices
during early and middle childhood were highly correlated, r = .57,
p < .001, we added each resource index to the original regression
models separately to reduce multicollinearity of predictors. Fi-
nally, to stringently assess whether each of our four regression
models yielded patterns of diathesis-stress, vantage sensitivity, or
differential susceptibility to context, we followed recommenda-
tions by both Widaman et al. (2012) and Roisman et al. (2012; see
below). All models included participant race as a covariate.

All analyses were performed in Mplus (Version 7.2; Muthén &
Muthén, 1998-2011) using FIML estimation. Participants with
usable imaging data (n = 167) did not differ from other partici-
pants on the socioeconomic resources indices in early childhood,
middle childhood, or young adulthood (ps = .12—.48), or on any of
the measures of AB (ps = .43-.81). Participants with usable
imaging data (vs. without) reported higher income at age 22,
1(228) = —2.23, p < .05. We used FIML estimation to include all
participants with data at age 22 (n = 258) because this estimation
provides unbiased estimates, even in the context of substantial
missing data (McCartney, Burchinal, & Bub, 2006). Our results
were indistinguishable when income at age 22 was included as an
auxiliary variable that contributed to the covariance matrix of
available data (Graham, 2009). The results (i.e., main effects and
interactions) were also parallel using listwise deletion. Significant
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interaction terms were graphed using the online utility by Preacher,
Curran, and Bauer (2006) to determine regions of significance and
simple slopes. Further probing of significant interaction terms was
completed using SPSS (Version 23).

Both Widaman et al. (2012) and Roisman et al. (2012) indepen-
dently set forth a series of quantitative recommendations to eval-
uate patterns of differential susceptibility from diathesis-stress (see
Figure 1 for a graphical depiction). We followed both methods of
evaluating interaction patterns as a rigorous test of our hypothesis
that amygdala reactivity is a marker of differential susceptibility to
context. For each significant interaction, we (a) calculated the
crossover point (C) and the 95% confidence interval of C to
determine whether the interaction was ordinal (i.e., indicative of
diathesis-stress or vantage sensitivity) or disordinal (i.e., indicative
of differential susceptibility; Widaman et al., 2012). (b) We cal-
culated the ‘regions of significance on X test’ to assure that the
moderator (i.e., amygdala reactivity) predicted the outcome vari-
able (i.e., income or AB) at both the high and low ends of the
observed distribution of the predictor (i.e., socioeconomic re-
sources). (c¢) We calculated a proportion affected index by sorting
the dataset with respect to the environmental predictor (e.g., so-
cioeconomic resources) and identifying the proportion of cases
that fell above and below C; if 16% of the cases fall above or
below C, the model suggests differential susceptibility (Roisman et
al., 2012). (d) We applied a Type I Bonferroni error correction to
account for the number of statistical tests calculated (i.e., p < .05/4
tests = p < .01 adjusted), and (e) estimated an additional model
that included x(i.e., resources?) and ZX? (i.e., amygdala reactivity
X resources?) to account for possible nonlinearity of the predictors.
(f) We calculated the change in model fit when an interaction term
was introduced into the model, which we addressed by comparing
the x? value of an unrestricted model to a nested model where the
interaction term was fixed to zero.

Results

Zero-order correlations (see Table 2) indicated that, consistent
with past research and our hypotheses, greater socioeconomic

Table 2
Zero-Order Correlations and Descriptive Statistics

GARD, SHAW, FORBES, AND HYDE

resources at age 20 were associated with less AB and greater
income at age 22. Surprisingly, greater socioeconomic resources in
early childhood were associated with greater AB at age 22 and less
amygdala reactivity to fearful facial expressions at age 20, al-
though these associations would not meet statistical significance
after correcting for multiple comparisons. Amygdala reactivity to
all faces was positively correlated with amygdala reactivity to
fearful facial expressions and negatively correlated with income at
age 22. Surprisingly, amygdala reactivity at age 20 was not sig-
nificantly related to AB at age 22, and AB and income at age 22
were uncorrelated.

Does Amygdala Reactivity Moderate the Link Between
Low Socioeconomic Resources and Subsequent
Antisocial Behavior?

Based on previous research linking low amygdala reactivity to
fearful facial expressions to concurrent AB in this sample (Hyde et
al., 2016), we first examined whether amygdala reactivity to fear-
ful facial expressions moderated the relation between socioeco-
nomic resources at age 20 and AB at age 22. Greater socioeco-
nomic resources and lower amygdala reactivity to fearful facial
expressions at age 20 each had main effects and predicted lower
AB two years later (see Table 3). Moreover, amygdala reactivity to
fearful facial expressions moderated the relation between socio-
economic resources and later AB. As shown in Figure 2, for
individuals with relatively low amygdala reactivity to fear, socio-
economic resources at age 20 did not predict self-reported AB two
years later, although these young men generally had the highest
levels of AB. For young men with relatively high amygdala
reactivity, however, there was a significant negative relation be-
tween socioeconomic resources at age 20 and AB at age 22. This
interaction term continued to be significant even after accounting
for early and middle childhood resource indices and their interac-
tions with amygdala reactivity at age 20 (Table 4 in the online
supplemental materials). Following recommendations by Wida-
man et al. (2012) and Roisman et al. (2012), we found evidence for
differential susceptibility to context (see Figure 1). Compared to

Measure 1 2 3 4 5 6 7
1. Early childhood resources —
2. Middle childhood resources ST —
N = 241
3. Young adulthood resources .10 187 —
N = 256 N = 250
4. Amygdala reactivity faces > shapes -11 —.197 -.10 —
N = 251 N =210 N = 251
5. Amygdala reactivity fear faces > shapes —147 -21" -.02 A4 —
N = 251 N =210 N = 251 N = 167
6. Income age 22 .10 .20 187 —-.15" -.02 —
N = 255 N = 240 N = 255 N = 242 N = 242
7. Antisocial behavior age 22 16" 11 15" -.05 -.02 .01 —
N = 255 N = 241 N = 255 N = 242 N = 242 N = 236
M (SD) 2.67(1.33)  2.63(1.34) 2.13(98) .00(.24) .00 (.51) $1,027.82 (984.95) .00 (1.93)
Min-Max 0-6 0-5 0-5 —.76-54  —1.68-1.30 $0-$6,666 —3.22-9.84

# Survives Bonferonni correction for multiple comparisons across all 21 correlations (p < .002).

Tp<.10. *p<.05 *p<.0l. p<.001.
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Table 3

Multiple Regression Analyses Predicting Income and Antisocial Behavior at Age 22

Main effect of

Main effect of amygdala

Neural socioeconomic resources reactivity Interaction
eura
Age 22 outcome contrast B (SE) B B (SE) B B (SE) B R?
Income All faces 1.70 (.67) 17" —4.52 (1.33) —.45" 6.62 (2.41) 33" 137
Fearful faces 1.85 (.65) 197 —.91(1.43) -.09 .69 (1.23) .09 .08"
Antisocial behavior All faces —.18 (.13) —.08 —.12(27) —.05 .38 (.64) .09 367
Fearful faces —.25(.13) —.127 .68 (.21) 327 —.45(.17) —.26"% 38

Note. N = 258. Socioeconomic resources and amygdala reactivity measured at age 20. Amygdala reactivity represents a mean of activity across right and
left amygdala regions of interest. All models include child race as a covariate. Models with antisocial behavior as the outcome also include antisocial
behavior at age 20 as a covariate and models predicting income additionally include schooling status (i.e., in school or not) and housing status (i.e., living
with family or independently) as covariates. Note that including income at age 20 as a covariate rather than as an indicator in the socioeconomic resource
index, did not change that the results of our models predicting income at age 22.

# Survives Bonferonni correction for multiple comparisons across all 4 regressions (p < .012).

Tp<.10. *p<.05 *p<.0l. Tp<.001.

individuals with relatively low amygdala reactivity to interper-
sonal fear, individuals with high amygdala reactivity to fearful
faces were more susceptible to the effects of socioeconomic re-
sources on later AB. Finally, we found that general amygdala
reactivity (i.e., to all faces) did not moderate the relation between
socioeconomic resources and later AB (see Table 3). Moreover,
though amygdala reactivity to angry faces has also been linked to
AB in some studies (see Hyde et al., 2013), post hoc analyses
further reiterated the importance of fear processing for AB in our
sample. Amygdala reactivity to angry faces (vs. shapes) did not
show a significant main effect or interaction with socioeconomic

(@) =
S - P
$1334.64/
-~
~
//
§ w | ***//
g -
H ¥
= -~
g i - $1183.14
3 o | $1121.64 e :
M
2 $1103.14 .~
//
o |
o
= Low Amygdala Reactivity (-1SD)
== High Amygdala Reactivity (+1SD)™*

T T T T T T
0 1 2 3 4 5

Number of Socioeconomic Resources Age 20

resources when predicting AB (Table 5 in the online supplemental
materials).

Does Amygdala Reactivity Moderate the Link Between
Socioeconomic Resources and Later Income?

We next examined whether amygdala reactivity to fearful facial
expressions or all faces moderated the relations between socioeco-
nomic resources at age 20 and income at age 22. Unlike in models
predicting AB, amygdala reactivity to fearful facial expressions
did not moderate the link between socioeconomic resources at age
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Figure 2. Shaded regions indicate the values of socioeconomic resources where the moderator (i.e., amygdala
reactivity) significantly predicts the outcome (i.e., self-reported income or antisocial behavior). (a) Amygdala
reactivity to all facial expressions moderates the relation between socioeconomic resources at age 20 and
self-reported income at age 22. Monthly income was divided by 100 to reduce the variance of this variable for
analytic purposes. While high amygdala reactivity is operationalized as >1 SD above the mean for graphical
purposes, the regions of significance for the moderator indicated that socioeconomic resources at age 20
predicted monthly income at age 22 only for individuals with high amygdala reactivity to all faces (calculated
as values greater than —.10 where the mean was 0). (b) Amygdala reactivity to fearful facial expressions
moderates the relation between socioeconomic resources at age 20 and antisocial behavior at age 22. While high
amygdala reactivity is operationalized as >1 SD above the mean for graphical purposes, the regions of
significance for the moderator indicated that socioeconomic resources at age 20 antisocial behavior at age 22
only for individuals with high amygdala reactivity to fearful facial expressions (calculated as values greater than
0, or the mean). N = 258. ™" p < .01. ™ p < .001. See the online article for the color version of this figure.
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20 and income at age 22 (see Table 3). By contrast, in a second
model, lower amygdala reactivity to all faces and greater socio-
economic resources each had main effects and predicted greater
income two years later (see Table 3). We found that the relation
between socioeconomic resources at age 20 and income at age 22
was moderated by amygdala reactivity to all faces. As shown in
Figure 2, for individuals with relatively low amygdala reactivity to
all faces, socioeconomic resources at age 20 did not predict later
income (i.e., the simple slope was not significant). For individuals
with relatively high amygdala reactivity, however, socioeconomic
resources at age 20 predicted income at age 22 (i.e., the simple
slope was significant), such that individuals with no resources at
age 20 reported less monthly income (i.e., $754.50) at age 22 than
individuals with five resources at age 20 (i.e., $872.90). Adding
measures of socioeconomic resources from early or middle child-
hood and their interaction terms with amygdala reactivity at age
20, did not change the pattern or the statistical significance of these
results, nor did these variables predict income at age 22 (Table 4
in the online supplemental materials). Consistent with recommen-
dations by Widaman et al. (2012) and Roisman et al. (2012), we
probed this interaction term to determine if the pattern of results
was consistent with a model of diathesis-stress, vantage sensitivity,
or differential susceptibility to context. Across all six criteria (e.g.,
correcting for multiple comparisons, assessing alternative models,
calculating the crossover point), these results indicated a pattern of
differential susceptibility to context (see Figure 1). Compared to
individuals with low amygdala reactivity to all faces, individuals
with relatively high amygdala reactivity were more susceptible to
the effects of socioeconomic resources on income attainment, for
better or for worse. To understand if amygdala reactivity to any
single face-type was most important in moderating the relation
between socioeconomic resources at age 20 and income at age 22,
we examined amygdala reactivity to each face-type in exploratory
analyses. These post hoc analyses revealed that amygdala reactiv-
ity to facial expressions of surprise (but not to angry or neutral
faces vs. shapes) moderated the relation between socioeconomic
resources at age 20 and income at age 22 in a vantage-sensitivity
pattern (Table 5 and Figure 3 in the online supplemental materi-
als), although this finding did not survive correction for multiple
comparisons.

Discussion

In a sample of urban men from impoverished families, we found
that amygdala reactivity during socioemotional processing was a
marker of differential susceptibility to socioeconomic resources
during the transition to adulthood. In line with our hypotheses,
amygdala reactivity to fearful facial expressions moderated the
relation between socioeconomic resources and later AB, while
general interpersonal amygdala reactivity (i.e., to all faces) mod-
erated the relation between socioeconomic resources in young
adulthood and income attainment two years later. Controlling for
multiple comparisons and socioeconomic resources earlier in de-
velopment, both models revealed that the extent to which socio-
economic resources predicted AB and income attainment two
years later were dependent on amygdala reactivity. In both cases,
young men with relatively high amygdala reactivity were more
sensitive, for better or for worse, to the effects of socioeconomic
resources at age 20 on later income attainment and AB at age 22

GARD, SHAW, FORBES, AND HYDE

(see Figure 2). In contrast, young men with relatively low
amygdala reactivity were less sensitive to these resources. Using
recommendations by both Widaman et al. (2012) and Roisman et
al. (2012), we found that both models met quantitative criteria for
strong patterns of differential susceptibility rather than diathesis-
stress or vantage sensitivity. That is, amygdala reactivity to facial
expressions set some individuals at greater risk for poor outcomes
in poor environments (i.e., diathesis-stress) and greater benefit for
good outcomes in good environments (i.e., vantage sensitivity).
Finally, we found evidence for developmental specificity in the
transition to adulthood, such that these relations remained when
controlling for resources during early and middle childhood and
their interactions with amygdala reactivity at age 20.

Amygdala Reactivity as a Marker of Differential
Susceptibility to Context

Across both models predicting AB and income attainment, we
found that relatively high amygdala reactivity to facial expressions
identified young men who were more sensitive to the predictive
effects of socioeconomic resources, for better or for worse. That
high amygdala reactivity was a marker of sensitivity or “plasticity”
to the environment is consistent with previous work and theory on
differential susceptibility to context. Greater amygdala reactivity
to emotional faces, particularly to facial expressions of fear, is
associated with greater negative emotionality (Etkin et al., 2004),
stress reactivity (Henckens et al., 2016), and genetic variants
associated with serotonin genes (Munafo et al., 2008), which
previously have been linked to differential susceptibility to con-
text. Thus, it may be that amygdala reactivity to interpersonal
emotion is an endophenotype or mechanism that might mediate
existing differential susceptibility findings.

The Role of Amygdala Reactivity in AB Emergence
and Persistence During Early Adulthood

Based on robust links between fear processing and AB (Hyde et
al., 2013), the specification of a fear probe in our AB models was
not surprising. Whereas socioeconomic resources at age 20 pre-
dicted later AB, consistent with a range of studies demonstrating
the role of resources in preventing AB (Loeber & Hay, 1997;
Shaw, Hyde, & Brennan, 2012), this link was strongest for young
men with high amygdala reactivity. By contrast, young men with
relatively low amygdala reactivity to fearful facial expressions
reported high AB across all levels of socioeconomic resources,
consistent with a large body of work linking more serious and
persistent AB (e.g., psychopathy, callous-unemotional traits) with
low amygdala reactivity to fear (Hyde et al., 2013). Importantly,
these results suggested differential susceptibility to context rather
than diathesis-stress or vantage sensitivity (Roisman et al., 2012;
Widaman et al., 2012; see Figure 1), and were robust to inclusion
of socioeconomic resources in early and middle childhood. Neural
sensitivity to distress in others may be linked to less AB in positive
environments because it may promote social skills and pro-social
behavior (e.g., see studies linking higher amygdala reactivity to
altruism; Marsh et al., 2014). In contrast, high neural sensitivity to
distress in others, when paired with an inconsistent and dangerous,
lower-resourced environment, may promote emotion dysregula-
tion and reactive forms of AB via hostile attribution biases (Dodge,
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2006; Hyde et al., 2013). Our results suggest that youth with
relatively greater amygdala reactivity to fearful facial expressions
may be more sensitive to socioeconomic resources during the
transition to adulthood, and may be well-suited for resource-based
prevention or intervention programs to reduce AB (e.g., cash
transfers; Ozer, Fernald, Manley, & Gertler, 2009). However, our
findings are several steps away from influencing prevention ef-
forts, clinical practice, or social policy and thus, currently should
be viewed as additions to a basic science “proof of concept.” The
measure of general amygdala reactivity includes neural reactivity
to all of the faces in our task (i.e., neutral, angry, fear, and
surprise), and youth with AB show typical recognition and reac-
tivity to angry and surprise facial expressions (Marsh & Blair,
2008). These nonsignificant results with the measure of general
amygdala reactivity (and amygdala reactivity to angry faces vs.
shapes; Table 5 in the online supplemental materials) converge
with the extant literature to highlight the relevance of fear pro-
cessing in AB.

The Role of Amygdala Reactivity in Emerging
Income Attainment

Consistent with extant research reporting the stability of socio-
economic standing across development (Duncan et al., 2010; Ken-
dig et al., 2014), we found, not surprisingly, that socioeconomic
resources at age 20 predicted income attainment at age 22. Inter-
estingly, however, given the expected strong correlation between
these two factors, this relation was specific to young men with
relatively high amygdala reactivity to all faces (contrasted with
shapes). That this interaction predicted later income even after
accounting for current socioeconomic resources, resources in ear-
lier developmental periods, and education enrollment and housing
status, make these findings all the more significant. As amygdala
reactivity during broad socioemotional processing is linked to
emotionality (Etkin et al., 2004) and prosociality (Marsh et al.,
2014), it could be that youth with greater amygdala reactivity to
multiple interpersonal emotions are higher on traits like neuroti-
cism and extraversion (Canli et al., 2001) and more sensitive to
interpersonal cues. In impoverished contexts, but with relatively
more socioeconomic resources at the transition to adulthood, these
youth may do well in interpersonal settings and secure consistent
and better-paying employment. In contrast, in environments char-
acterized by few socioeconomic resources, youth with greater
sensitivity to interpersonal cues may exhibit emotional dysregula-
tion in affectively laden or ambiguous interpersonal contexts that
undermines gainful employment and supportive interpersonal re-
lationships (Liu et al., 2014). However, these potential explana-
tions are speculative, as our initial research cannot address mech-
anisms underlying this pattern of differential susceptibility.
Whereas our post hoc analyses suggest that this effect may be
strongest in relation to ambiguous facial expressions of surprise,
based on the weak statistical findings and exploratory nature of the
analyses, future replication and exploration is needed to examine
the general versus specific effects of amygdala reactivity to faces
as a marker of differential susceptibility.

These findings also highlight the need to quantitatively assess
whether a pattern of results fits a model of diathesis-stress, vantage
sensitivity, or differential susceptibility to context. While “visual
inspection” of an interaction is a useful first step in this process
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(Roisman et al., 2012), a visual inspection of our results in Figure
2 would have suggested a pattern of vantage sensitivity. However,
using guidelines from two independent research groups (Roisman
et al., 2012; Widaman et al., 2012; e.g., proportion affected index:
at least 16% of the cases fell above and below the crossover point;
evidence for a disordinal interaction), we found a pattern of dif-
ferential susceptibility to context.

Implications for Models of Differential Susceptibility
to Context

More broadly, one of our main goals was to apply best practices
in testing of models of differential susceptibility to context. A
limitation of past research is the reliance on environmental vari-
ables and outcomes with restricted ranges (Belsky & Pluess,
2009). Thus, in addition to quantitatively evaluating our results to
reflect recent recommendations (Roisman et al., 2012; Widaman et
al., 2012), we created an index of socioeconomic resources that
was dimensional. That is, at either end of this scale, this index
represented relatively poor resources in an already disadvantaged
context or protective factors that could promote resilience. Simi-
larly, although much work in this sample has focused on the
development of AB (e.g., Hyde et al., 2016; Shaw et al., 2003,
2012), the lack of psychopathology itself has been debated as a
marker of “resilience” (Masten, 2001); that low AB may be a
positive outcome for young men in this sample may not be gen-
eralizable to other samples. Therefore, we examined both low
levels of AB and a potential dimensional outcome that has major
implications for future health, wealth, and happiness (i.e., income).
This approach is consistent with suggestions in the resilience
literature to measure competence across multiple domains to en-
sure a more thorough understanding of an individual’s level of
functioning (Masten, 2001). However, future work should consider
other markers of successful or unsuccessful transition to adulthood
(e.g., parenting, romantic relationships, educational attainment), as
well as other promotive contexts (e.g., schooling quality, social
support; Hyde, Gorka, Manuck, & Hariri, 2011). Using AB and
income attainment as two measures of youth functioning at the
transition to adulthood, we show that even among the most disad-
vantaged youth, both differential susceptibility factors and socio-
economic resources play a role in whether youth attain develop-
mental competencies.

It is yet unclear whether differential susceptibility factors oper-
ate in a domain-general or a domain-specific manner (Belsky &
Pluess, 2009; Ellis, Boyce, Belsky, Bakermans-Kranenburg, & van
[jzendoorn, 2011). Whereas original conceptualizations suggested
that heightened stress reactivity would function as a neurobiolog-
ical marker of susceptibility to broadly construed dimensional
environments and outcomes (Ellis & Boyce, 2008), empirical data
suggests that there are domain-specific properties of some suscep-
tibility factors. For example, Obradovic, Bush, and Boyce (2011)
found that high respiratory sinus arrhythmia moderated the asso-
ciation between marital conflict and youth externalizing, but not
internalizing, behaviors (see also Essex, Armstrong, Burk, Gold-
smith, & Boyce, 2011, for another example of domain-specificity).
Therefore, it may be that some markers of susceptibility are
domain-general (e.g., temperament) while others are domain spe-
cific (e.g., reward sensitivity). Our current results suggest quite a
bit of specificity (and in hypothesized directions) in that amygdala
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reactivity was a marker of differential susceptibility but in specific
ways. Amygdala reactivity to fearful faces moderated paths to AB,
whereas more general amygdala reactivity to all faces moderated
links to income attainment.

Limitations

Although the well-characterized sample, longitudinal design,
and sample size with neuroimaging data were strengths of this
study, some notable limitations warrant consideration in interpret-
ing the results. First, like many other studies examining amygdala
reactivity (e.g., Carré, Fisher, Manuck, & Hariri, 2012; Fisher et
al., 2009; Hariri et al., 2002; Swartz et al., 2015), our baseline
condition was shapes. Thus, amygdala reactivity to fearful facial
expressions may tap face processing or visual complexity more
broadly than reactivity to fear stimuli specifically. Note that we did
not use “neutral” faces as the baseline condition because studies
suggest that true neutral (vs. calm) faces robustly activate the
amygdala and may be perceived as threatening (Marusak et al.,
2017; Somerville et al., 2004). Additionally, our task did not
contain “calm” faces that may be the most ideal baseline condition
(Sebastian et al., 2014; Viding et al., 2012).

Second, while our measure of income attainment at age 22 was
specific to the youth’s income (and not that of other household
members), we were unable to distinguish legal from illegal in-
come. We did test a model that included AB at age 22 as a
covariate to attempt to parse any potential illegal income via AB;
the findings did not change. Third, we tried to confirm that
experiences during early adulthood were the most important pre-
dictors of age 22 outcomes by including similar indices of socio-
economic resources in early and middle childhood as covariates.
However, these earlier indices were not identical to our resource
index in early adulthood because some of the indicators at age 20
were not developmentally appropriate at earlier ages. Thus, we
may have underestimated the effects of experience at earlier de-
velopmental periods. Fourth, a further caveat to our findings was
the surprising positive zero-order correlation between socioeco-
nomic resources in early childhood and AB at age 22, as well as
the nonsignificant association between income and AB age 22.
These findings highlight the need for replication of our results in
other samples. Moreover, we found no prospective zero-order
relations between amygdala reactivity at age 20 and AB at age 22
despite previous work in this sample that reported cross-sectional
associations (Hyde et al., 2016). In regression models, however,
greater amygdala reactivity to fearful facial expressions predicted
greater AB at age 22 after controlling for self-reported delinquency
at age 20 (see Table 3), suggesting that our findings are specific to
changes in AB over time. However, we are cautious to interpret
main effects in the presence of an interaction, particularly given
that our measures of AB at ages 20 and 22 were not identical. It is
important for future research to examine whether amygdala reac-
tivity prospectively predicts AB after controlling for the stability
of AB using repeated measures, and if this prediction is in the same
direction as cross-sectional associations.

Finally, our results are based on a sample of young men in
impoverished contexts during a brief period of time (i.e., their
income at age 22 is only a snapshot of their socioeconomic
trajectory), which may be appropriate for an investigation of
vulnerability and resilience. However, to conclude that amygdala
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reactivity to interpersonal emotion is indeed a marker of differen-
tial sensitivity to context broadly, these results need to be repli-
cated in other samples (i.e., of mixed gender, varied socioeco-
nomic status, rural vs. urban samples) and across the life span. It
is also important to note that the families in our study were
recruited from Women, Infant, and Children Nutritional Supple-
ment Clinics, which requires initiation on the part of the parent to
receive aid, and thus our results may not translate to other boys in
low income families.

Despite these caveats, the current findings suggest that amygdala
reactivity during socioemotional processing is a marker of differential
susceptibility to socioeconomic resources. For youth with relatively
high, but not low, amygdala reactivity to facial expressions, socio-
economic context was a robust predictor of income and AB, consis-
tent with theories of differential susceptibility. These findings can
inform our understanding of differential susceptibility and why young
adults demonstrate divergent outcomes even when exposed to similar
contexts.
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