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Abstract

Prominent theories suggest that disruptions in amygdala reactivity and connectivity when
processing emotional cues are key to the etiology of youth antisocial behavior (AB) and that these
associations may be dependent on co-occurring levels of callous-unemotional (CU) traits. We
examined the associations among AB, CU traits, and amygdala reactivity and functional
connectivity while viewing emotional faces (fearful, angry, sad, happy) in 165 adolescents (46%
male; 73.3% African American) from a representative, predominantly low-income community
sample. AB was associated with increased amygdala activation in response to all emotions and
was associated with greater amygdala reactivity to emotion only at low levels of CU traits. AB and
CuU traits were also associated with distinct patterns of amygdala connectivity. These findings
demonstrate that AB-related deficits in amygdala functioning may extend across all emotions and
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highlight the need for further research on amygdala connectivity during emotion processing in
relation to AB and CU traits within community populations.
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Youth antisocial behavior (AB), including violence, aggression, and rule breaking, is a
significant public health concern because of its negative impact on individuals, families, and
society (Rivenbark et al., 2018). To better inform intervention efforts, researchers have
focused on identifying specific behavioral impairments that may lead to AB, such as
increased impulsivity and reward sensitivity, as well as difficulty with socioemotional
processing, fear conditioning, and emotion regulation. Given this behavioral research,
researchers have increasingly sought to identify the biological correlates of these
impairments, with a recent focus on the neural substrates of these deficits (Blair, Leibenluft,
& Pine, 2014; Hyde, Shaw, & Hariri, 2013).

The Amygdala and Emotion Processing in AB

The amygdala is involved in socioemotional processes key to the development of AB,
including emotion processing, threat response, and fear conditioning (LeDoux, 2000). The
amygdala is activated by emational faces, particularly fearful and angry facial expressions
(Adolphs, 2010), which can serve as important cues in stimulus-reinforcement learning
processes that are thought to underlie the development of morality and prosocial behavior
(Blair, 2017). Thus, studies of youth AB have focused on the role of amygdala activation in
response to fearful or angry facial expressions. However, findings have been mixed, given
that youth AB has been associated with both amygdala hyperactivation (e.g., Dotterer, Hyde,
Swartz, Hariri, & Williamson, 2017; Herpertz et al., 2008; Sebastian et al., 2012; Sebastian
etal., 2014; Viding et al., 2012) and amygdala hypoactivation in response to these cues
(Ewbank et al., 2018; Jones, Laurens, Herba, Barker, & Viding, 2009; e.g., Lozier,
Cardinale, VanMeter, & Marsh, 2014; Marsh et al., 2008; Passamonti et al., 2010).

AB With Co-Occurring Callous-Unemotional Traits

Notably, recent theories suggest that children and adolescents with AB show different
patterns of amygdala functioning dependent on the presence of callous-unemotional (CU)
traits (Blair, 2017; Hyde et al., 2013; Viding & McCrory, 2018). CU traits, including low
empathy and remorselessness, are developmental precursors to some affective features of
adult psychopathy and identify a subgroup of children and adolescents with severe and
persistent AB (Frick, Ray, Thornton, & Kahn, 2014). These dual pathways have been
supported in clinical samples (e.g., Jones et al., 2009; Marsh et al., 2008; Viding et al., 2012)
such that CU traits moderate the association with AB and amygdala reactivity. AB with co-
occurring CU traits is related to amygdala hypoactivation in response to fearful faces
(potentially reflecting distress, or uncertain threat; Davis, Walker, Miles, & Grillon, 2010),
whereas AB without co-occurring CU traits is related to amygdala hyperactivation in
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response to angry faces (potentially reflecting certain threat). This dual-pathway model has
become key to neural-focused theories of AB to explain why children and adolescents with
AB and CU traits appear to exhibit low empathic concern and more proactive aggression and
why children and adolescents with AB display heightened threat sensitivity, emotion
dysregulation, and reactive aggression (Blair, 2017; Hyde et al., 2013; Viding & McCrory,
2018). Although this model and findings are compelling, several larger studies of
community samples have not been able to replicate these findings (e.g., Dotterer et al., 2017;
for a clinical example, see Passamonti et al., 2010). Thus, it is unclear whether associations
are present dimensionally across the range of AB and CU traits or are found only at the most
severe levels of AB and CU traits, which highlights the need for dimensional studies of AB
and CU traits (e.g., Hyde, Byrd, Votruba-Drzal, Hariri, & Manuck, 2014; Hyde et al., 2016).

Emotion-Processing Impairments in AB and CU Traits

Although the dual-pathway model posits that altered neural and behavioral sensitivity is
specific to facial expression of fear and/or anger, few studies have confirmed the specificity
of this association or have tested whether AB and CU traits are related to a more general
neural deficit in processing interpersonal emotions. This gap in the literature is particularly
striking given that the amygdala is sensitive to a range of emotions, including other negative
emotions (sadness) and positive emotions (happiness; Adolphs, 2010). Indeed, a meta-
analysis reported broad emotional-processing impairments associated with CU traits,
including deficits in recognizing sadness and happiness (Dawel, O’Kearney, McKone, &
Palermo, 2012). However, fewer neuroimaging studies have tested whether youth AB or CU
traits are related to differences in amygdala reactivity to other emotions beyond fear and
anger (e.g., happiness and sadness). In one exception, Passamonti et al. (2010) found that
boys with early-onset conduct disorder demonstrated reduced amygdala reactivity to sad
faces compared with control participants (CU traits were unrelated to amygdala reactivity to
sad faces). In a sample of female adolescents with and without conduct disorder, Fairchild et
al. (2014) found no differences in amygdala reactivity to sad faces among the participants,
which suggests potential gender differences in these associations. Finally, beyond these two
studies examining sad facial expressions, no studies of youth AB have examined amygdala
reactivity to positive emotions (i.e., happy faces), a striking gap in the literature given
research suggesting that AB is also associated with impaired processing of positive emotions
(e.g., Tamamiya & Hiraki, 2013). Thus, studies are needed to test whether youth AB is
characterized by a specific impairment in the neural processing of fear and anger or altered
amygdala functioning when processing emotions broadly (e.g., sadness or happiness).
Moreover, given that few past studies have examined neural reactivity to sad emotions, it is
important to examine whether any differences in reactivity are specific to AB as opposed to
CU traits and whether these associations differ by gender.

Amygdala Connectivity During Emotion Processing

Emotion processing relies on the functioning of and communication among multiple regions
within the brain (Menon, 2011). Thus, impairments in amygdala functional connectivity may
also contribute to socioemotional deficits in AB among children and adolescents. The
amygdala is considered to be a hub region and is highly connected to numerous networks.
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For example, the amygdala functions as part of the salience network (SN), which adjusts
arousal and attention on the basis of external cues and internal states and serves as a
switching mechanism between itself other networks (Seeley et al., 2007). Recent theories
have suggested that differences in connectivity between the amygdala and the SN and the
default mode network (DMN) impede the processing of complex sensory information in a
way that may lead to severe AB (Hamilton, Hiatt Racer, & Newman, 2015; Menon, 2011).
That is, network functioning may affect emotion-based learning processes, including the
processing of emotional cues, crucial to the development of prosocial behavior (Blair, 2017).
Impaired connectivity within the SN and DMN has been linked to AB and CU traits in
resting-state connectivity studies of children and adolescents and to psychopathic traits in
adults (e.g., Aghajani et al., 2017; Broulidakis et al., 2016; Motzkin, Newman, Kiehl, &
Koenigs, 2011; Philippi et al., 2015; Pu et al., 2017; Thijssen & Kiehl, 2017) and during
socioemotional tasks in adults (e.g., Decety, Chen, Harenski, & Kiehl, 2013; Waller et al.,
2018). Moreover, the few existing studies relating AB to task-based connectivity in children
and adolescents have found impaired connectivity between the amygdala and key nodes of
the SN (i.e., anterior insula [Al], anterior cingulate cortex [ACC]) and the DMN (i.e.,
ventromedial prefrontal cortex [vmPFC], posterior cingulate cortex [PCC], precuneus; e.g.,
Aghajani et al., 2018; Cardinale et al., 2018; Ewbank et al., 2018; Finger et al., 2012;
Hwang et al., 2016; Marsh et al., 2008; Marsh et al., 2011).

Although findings from these initial studies provide support for the notion that disrupted
network communication may be key to understanding youth AB, all but one of the previous
studies were conducted in clinical samples of children and adolescents or forensic samples
of adults (Aghajani et al., 2018; Cardinale et al., 2018; Ewbank et al., 2018; Finger et al.,
2012; Hwang et al., 2016; Marsh et al., 2008; Marsh et al., 2011). Thus, it is unclear whether
results generalize dimensionally to AB and CU traits in children and adolescents in the
community. In addition, studies have varied substantially in task characteristics and
connectivity analyses. For example, three studies examined connectivity across the entire
task irrespective of task effects (Finger et al., 2012; Marsh & Blair, 2008; Marsh et al.,
2011). With this method, it is unclear whether impaired connectivity is explicitly related to
the specific requirements of the task or reflects differences in intrinsic connectivity.
Generalized psychophysiological interactions (gPPI) is one approach to directly assess
whether connectivity is disrupted during emotion processing within youth AB by examining
how correlated activity among the amygdala and other brain regions is modulated by task
characteristics (O’Reilly, Woolrich, Behrens, Smith, & Johansen-Berg, 2012). Examining
how task characteristics influence patterns of amygdala connectivity is particularly
important given previous research in typically developing adolescents demonstrating that
amygdala connectivity differs according to emotion type (Diano et al., 2017). Taken
together, research is needed to determine whether AB is dimensionally associated with
network-wide differences in amygdala activation and connectivity during basic emotion
processing and whether these associations are modulated by the type of emotion that is
being processed.
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Current Study

In the current study, we examined associations between AB and CU traits and amygdala
activation and connectivity during socioemotional processing within a relatively large,
mixed-gender sample of adolescents drawn from a population-based sample of births in
large U.S. cities. Associations were examined between neural reactivity and connectivity
dimensionally across a wide range of AB and CU traits, including normative and clinical
levels of AB. Furthermore, by using a mixed-gender sample with large representation of
low-income and African American adolescents, the current study addresses gaps in the
current literature, which has been informed primarily from studies of boys of European
ancestry (or clinical samples that may confound race and clinical status). Moreover, we
examined amygdala reactivity to traditional emotional cues implicated in AB (angry and
fearful faces) as well as reactivity to other emotions (sadness, happiness) to test the
specificity of potential neural-reactivity differences to emotion. We also extend previous
research by examining both amygdala reactivity and connectivity to regions with the SN and
DMN within the same study.

Our primary aim was to determine whether AB was associated with individual differences in
amygdala activation and functional connectivity during socioemotional processing. Guided
by existing neural theories of youth AB (Blair, 2013; Viding & McCrory, 2018), we
hypothesized that AB would be uniquely associated with increased amygdala activation in
response to angry faces and that CU traits would be uniquely associated with reduced
amygdala activation in response to fearful faces (with no association between AB and CU
traits to amygdala reactivity to sad or happy faces). In addition, we conducted exploratory
analyses examining associations among AB, CU traits, and amygdala connectivity to the SN
and DMN while viewing emotional reactivity relative to neutral faces given recent network
theories that suggest disrupted connectivity between the SN and DMN may underlie AB and
CU traits (Hamilton et al., 2015). Finally, we explored gender and race as potential
moderators given that prior research in this area has focused on boys of European descent
(e.g., Jones et al., 2009; Marsh et al., 2008; Viding et al., 2012).

Method

Participants

The study sample was drawn from 237 adolescents from Detroit, Toledo, or Chicago who
were part of the Study of Adolescent Neural Development (SAND; Goetschius et al., 2019;
Hein et al., 2018), a substudy of the Fragile Families and Child Wellbeing Study (FFCWS;
Reichman, Teitler, Garfinkel, & McLanahan, 2001), which contains multiple measures of
context, psychopathology, brain function, and biology. The FFCWS is a longitudinal cohort
of 4,898 (52.4% boys) children born in 20 large U.S. cities from 1998 to 2000 (Reichman et
al., 2001) that was oversampled for nonmarital births (~3:1). This sample contains
substantial representation of African American children and adolescents as well as
adolescents from families living in low-income contexts. Families living in Detroit, Toledo,
and Chicago were invited to take part in additional data collection at the University of
Michigan as part of the SAND study when the focal child was 15 years old (see the
Supplemental Material available online). The complete list of measures and data for this
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project is publicly available from the National Institute of Mental Health data archive
(https://nda.nih.gov/). The University of Michigan Medical School Institutional Review
Board approved this study (UM IRBMED: HUMO00074392). All adolescent participants
provided written informed assent, and their primary caregivers provided written consent for
both themselves and their adolescent children after the study was explained and questions
were answered. Within the SAND study, the MRI component introduced sources of data loss
(see Table S1 in the Supplemental Material), which resulted in 167 adolescents with
available and high-quality functional MRI (fMRI) data. Two participants were excluded
because of missing data on behavioral variables of interest (i.e., AB and CU traits). Of the
165 adolescents who were included in the present analyses, 53.9% were female; 76.4% were
Black/African American and 12.1% were White/European American; and 46.7% of families
reported annual income below $25,000. Participants included in the current sample did not
significantly differ in demographics and behavioral variables of interest from participants
without neuroimaging data or participants with neuroimaging data excluded after quality
checks (see Table S2 in the Supplemental Material).

Amygdala-reactivity paradigm.—Participants completed an event-related emotional-
faces task during fMRI acquisition (Hein et al., 2018). In this task, participants were asked
to identify the gender of the actor by pressing their thumb for male or their index finger for
female on a button box. Faces from the NimStim set (Tottenham et al., 2009) were used and
were counterbalanced for gender and race (European American and African American).
There were 100 pseudo-randomized trials comprising 20 trials of each of the following type
of emotional faces: fearful, happy, sad, neutral, and angry. Each trial consisted of a fixation
cross (500 ms), followed by a face (250 ms), then a black screen (1,500 ms) during which
participants responded to the face, and finally a second black screen (jittered intertrial
interval: 2's, 4 s, or 6 s). The task is particularly well suited for studying basic, automatic
emotion processing because the quick presentation time of the face stimuli does not provide
opportunity for participants to saccade away from the stimuli. Accuracy and response times
were recorded.

BOLD fMRI acquisition parameters.—The fMRI data were collected using a 3T MRI
scanner (Discovery MR750; GE Healthcare, Chicago, IL) with an eight-channel head coil.
We collected functional T2*-weighted blood-oxygen-level-dependent (BOLD) images with
a gradient echo spiral sequence (repetition time = 2,000 ms, echo time = 30 ms, contiguous
3-mm axial slices, flip angle = 90°, field of view = 22 cm, voxel size = 3.44 mm x 3.44 mm
x 3 mm) aligned with the anterior commissure—posterior commissure (AC-PC) plane.

Preprocessing and quality-control procedures.—Anatomical images were
homogeneity corrected using SPM (Version 12; https://www.fil.ion.ucl.ac.uk/spm/), then
skull-stripped using the Brain Extraction Tool in FSL (Version 5.0.7; Jenkinson, Pechaud, &
Smith, 2005; Smith, 2002). The following preprocessing steps were applied to the functional
imaging data: removal of large temporal spikes in k-space data (> 2 SD), field-map
correction and image reconstruction using custom code in MATLAB (Version 9.3; The
MathWorks, Natick, MA), and slice-timing correction using SPM. In addition, the remainder
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of preprocessing was done in SPM and included gray-matter segmenting anatomical images,
realigning segmented anatomical and functional images to the AC—PC plane, coregistering
anatomical and functional images, spatially normalizing functional images into Montreal
Neurological Institute (MNI) space, and smoothing functional images with a Gaussian filter
set to 8 mm (full width at half maximum). After preprocessing, Artifact Detection Tools
(ART) software (Release art-2015-10; http://www.nitrc.org/projects/artifact_detect)
identified motion outliers (> 2 mm movement or 3.5° rotation). Outliers were censored from
individual participant models using a single regressor for each outlier volume. Given the
susceptibility of the amygdala to signal loss, only those participants with a minimum of 70%
coverage in the right and left amygdala, as defined by the amygdala region of interest (ROI)
in the Automated Anatomical Labeling (AAL) atlas regions of interest (ROls; Maldjian,
Laurienti, & Burdette, 2004), were included in group-level analyses. To ensure that
participants were engaged in the task, only those participants with accuracy of 75% or
greater were included in group analyses (Table S1 in the Supplemental Material). Condition
effects were modeled at the individual level; incorrect trials were modeled as a separate
condition and excluded from subsequent analyses.

Group-level analyses: activation.—The general linear model of SPM was used for
first- and second-level analyses. Linear contrasts employing canonical hemodynamic
response functions were used to estimate condition-specific (i.e., fearful > neutral) BOLD
activation for each individual and scan. These individual contrast images (i.e., weighted sum
of the beta images) were then used in second-level random effects models that account for
both scan-to-scan and participant-to-participant variability to determine mean expression-
specific reactivity using one-sample ftests. The main goal of this study was to examine
amygdala reactivity to emotional faces relative to neutral facial expressions, consistent with
previous research that has primarily used conditions involving neutral or calm faces as the
contrast to other emotions (e.g., Jones et al., 2009; Sebastian et al., 2014; Viding et al., 2012;
White et al., 2012). Thus, we present results for the contrasts of fearful > neutral (i.e.,
activity during fearful blocks minus activity during neutral blocks), angry > neutral, sad >
neutral, and happy > neutral.

Given that our focus was on amygdala reactivity to emotional facial expressions, we created
an ROI mask of the AAL bilateral amygdala using the WFU PickAtlas Tool (Version 1.04;
https://www.nitrc.org/projects/wfu_pickatlas/). We conducted all amygdala analyses using a
small volume correction via the 3DClustSim program (December 2015; https://
afni.nimh.nih.gov/pub/dist/doc/htmldoc/programs/3dClustSim_sphx.html), which uses a
Monte Carlo simulation to provide thresholds that will achieve a family-wise error
correction for multiple comparisons of p < .05 within each ROI (Cox, Chen, Glen, Reynolds,
& Taylor, 2017). We used the latest version of 3DClustSim and the recommended method
for estimating and using noise smoothness values in 3dFWHMXx (https://
afni.nimh.nih.gov/pub/dist/doc/htmldoc/programs/3dFWHMXx_sphx.html), the -acfoption
(spatial AutoCorrelation Function estimated by calculating moments of differences out to a
larger radius than before; Cox et al., 2017). The -acfoption computes the spatial
autocorrelation of the data as a function of radius (https://afni.nimh.nih.gov/pub/dist/doc/
program_help/3dClustSim.html). We used a voxel-wise threshold of p< .01 at an a of .05,
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which resulted in a cluster threshold of 25 contiguous voxels for small-volume correction in
the amygdala ROI. We focus on reporting results of the most stringent models (associations
among amygdala reactivity and AB or CU traits controlling for covariates and the overlap of
AB and CU traits; 3dClustSim uncorrected p [pync] < .01, a <.05). The pattern of results
was similar in models that did not control for the overlap of AB and CU traits (i.e., no
evidence of suppression; results available on request). Given the number of separate analyses
we conducted and the more exploratory nature of sad and happy facial expression contrasts
(sad > neutral; sad < neutral; happy > neutral; happy < neutral), we also examined and report
whether findings specific to these contrasts remained significant at a stricter threshold,
accounting for the four models (pync < .01; a <.05 /4 = .0125; k=55 contiguous voxels for
small volume correction in the amygdala ROI).

Group-level analyses: connectivity.—To examine amygdala connectivity with regions
within the SN and default DMN during the emotional-faces-matching paradigm, we defined
the right and left amygdala (i.e., ROl masks of the AAL left and right amygdala using WFU
PickAtlas) as the seed regions. We examined the following target regions previously
characterized as key nodes of the SN (AAL definitions): bilateral ACC and bilateral Al. In
addition, we examined the following target regions previously characterized as key nodes of
the DMN (AAL definitions): vmPFC (an ROl mask comprising BA 10, BA 14, and BA 25;
Marsh et al., 2008; Motzkin, Philippi, Wolf, Baskaya, & Koenigs, 2015), bilateral PCC, and
bilateral precuneus (Menon, 2011; Seeley et al., 2007). Psychophysiological interaction
(PPI) analyses from the gPPI toolbox (McLaren, Ries, Xu, & Johnson, 2012) in SPM were
used to assess functional connectivity. Two general linear models at the individual level were
constructed (i.e., right and left amygdala seeds). Using the gPPI toolbox, the time series of
the left or right amygdala seed was entered as the physiological variable in the design
matrix, the onset times for conditions in our task were entered as psychological variables
(i.e., fearful, angry, sad, happy, and neutral faces), and all product terms among the
amygdala seed and conditions were entered as the interaction terms. Because we were
interested in whether functional coupling of the left or right amygdala and our ROls from
the SN and DMN varied as a function of condition, we specified four primary contrasts at
the individual level: fearful-faces interaction term > neutral interaction, angry-faces
interaction term > neutral interaction, sad-faces interaction term > neutral interaction, and
happy-faces interaction term > neutral interaction.

Group-level models were constructed to examine contrasts across all participants. In our
analysis, a significant interaction of emotional face (i.e., fearful, angry, sad, happy) > neutral
face at the group level would suggest that activity between the left or right amygdala and the
target ROI was more strongly positively correlated while participants were looking at
emotional facial expressions than at neutral facial expressions. As with the activation
analyses, we conducted all ROl analyses using a small volume correction via the
3DClustSim program (voxel-wise threshold gync < .01, a < .05; cluster thresholds range =
69-167 contiguous voxels based on the target ROl mask and amygdala seed; Cox et al.,
2017). We focus reporting results of the most stringent models (associations between
amygdala connectivity and AB or CU traits controlling for covariates and the overlap of AB
and CU Traits; 3dClustSim pync < .01, a < .05). The pattern of results was similar in models

Clin Psychol Sci. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dotterer et al.

Page 9

that did not control for the overlap of AB and CU traits (results available on request). Given
that connectivity analyses were exploratory without specific hypotheses, we also examined
and report whether findings remained significant at a stricter threshold, accounting for the
eight models (pync < .01; a < .05/ 8 =.00625; cluster thresholds range = 120-376
contiguous voxels based on the target ROl mask and amygdala seed).

Behavioral measures

The SAND is an archival study designed to flexibly test multiple scientific questions having
to do with poverty effects on the brain and brain—psychopathology associations. We selected
the measures used in this report by identifying all existing measures of AB and CU traits.
We used all existing measures of CU traits. We selected measures of various forms of AB
(i.e., both aggression and rule breaking). We submitted measures of AB and CU traits to
confirmatory factor analyses (CFAs; i.e., two CFAs: AB and CU traits). Because of the poor
model fit of the AB CFA, we removed one measure of AB on the basis of modification
indices. After this step, the model fit of the AB factor was good, and all other measures
significantly loaded on the factor. We decided on two final factors before examining
associations with brain activity (i.e., these measures were selected theoretically and via
factor analysis and were not chosen or trimmed on the basis of associations with brain
activity).

Antisocial behavior—We assessed AB at age 15 using a multi-informant, multimethod
approach combining multiple indicators from multiple different measures: (a) parent-
reported rule breaking and (b) aggression from the Child Behavior Checklist (Achenbach,
1991), (c) total score (excluding substance use items) of the youth-reported Self-Report of
Delinquency (Elliott, Huizinga, & Ageton, 1985), and (d) combined lifetime symptom count
(i.e., past and present subclinical and clinical threshold symptoms) of the fifth edition of the
Diagnostic and Statistical Manual of Mental Disorders (DSM-5) conduct disorder and
oppositional defiant disorder (American Psychiatric Association, 2013) on the basis of
clinician-ratings assessed via a modified version of the Kiddie Schedule for Affective
Disorders and Schizophrenia (K-SADS; Kaufman et al., 1997). “Present” symptom counts
included symptoms that the participant endorsed in the 6 months immediately preceding the
study visit. “Past” symptom counts included symptoms that the participant endorsed as
occurring any time before the 6 months immediately preceding the study visit. To combine
these four measures into a multi-informant, multimethod score for AB, we used CFA in
Mplus (Version 7.3; Muthén & Muthén, 2014) with maximum likelihood estimation with
robust standard errors (to account for skew and zero-inflation; see the Supplemental
Material). Although we focused on dimensional measures of AB in this study, participants
reported a range of AB from normative to clinical; several participants met diagnostic
criteria for conduct disorder (past diagnosis: 7= 13, 7.9%; current diagnosis: n=5, 3%) and
oppositional defiant disorder (past diagnosis: /7= 10, 6.1%; current diagnosis: 7= 6, 3.6%).

CU traits.—We also assessed CU traits at age 15 using a multimethod, multi-informant
approach combining three different measures: total scores for (a) parent-reported and (b)
youth-reported Inventory of Callous-Unemotional Traits (Frick, Bodin, & Barry, 2000) and
(c) clinician ratings of total lifetime symptom counts (i.e., past and present subclinical and

Clin Psychol Sci. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dotterer et al.

Results

Page 10

clinical threshold symptoms) using the Michigan Addendum to the K-SADS, which consists
of items that are meant to overlap with the recently developed DSAM-5 “limited prosocial
emotions” specifier (American Psychiatric Association, 2013) derived from the Clinical
Assessment of Prosocial Emotions (Frick, 2016) and embedded into the K-SADS interview
(Kaufman et al., 1997). “Present” symptom counts included symptoms that the participant
endorsed in the 6 months immediately preceding the study visit. “Past” symptom counts
included symptoms that the participant endorsed as occurring any time before the 6 months
immediately preceding the study visit. We created a sum score of present and past symptom
counts to create the lifetime symptom count. We created a latent construct of CU traits
specifying scales from these measures to load onto a CU traits factor using CFA with full
information maximum likelihood estimation with robust standard errors (MLR) in Mplus;
see the Supplemental Material). MLR is able to accommodate variables with significant
skew (as expected in measures of AB) and can provide unbiased estimates without violation
of assumptions under these conditions (Muthén & Muthén, 2017; Yuan & Bentler, 2000).
Although we focused on dimensional measures of CU traits, a small percentage of
participants did meet diagnostic criteria for the “with limited prosocial emotion” specifier
(past diagnosis: 7= 4, 2.4%; current diagnosis: 7= 4, 2.4%).

Covariates and moderators.—To rule out any impact of demographic factors on the
associations among neural correlates and AB and CU traits, we also accounted for the
effects of the following covariates, all assessed at age 15: (a) self-reported gender, (b) self-
reported race (two dichotomous codes: African American vs. Other; European American vs.
Other), (c) parent-reported family monthly income, and (d) self-reported pubertal
development assessed using the Pubertal Development Scale (Petersen, Crockett, Richards,
& Boxer, 1988); total scores of the scale range from 1 to 4 (note that youth reports were
missing for four participants, and we used parent-reported scores in these cases). In addition,
we examined gender and race as moderators.

For all analyses, we focus on reporting results of the most stringent models (associations
controlling for covariates and the overlap of AB and CU traits; 3dClust Sim pync < .01, a
< .05); however, the pattern of findings was similar for less stringent models.

Are AB and CU traits associated with amygdala reactivity to emotional faces?

Across all types of emotional faces (i.e., fearful > neutral, angry > neutral, sad > neutral, and
happy > neutral), we found a strikingly similar pattern of findings in which AB was
positively correlated with right and left amygdala activation, controlling for CU traits and
other demographic factors (Table 1), which indicates a more generalized difference in
amygdala reactivity to emotion. When we used a more stringent threshold (gync < .01, a

< .0125) for exploratory analyses of sad and happy contrasts, the positive association
between AB and amygdala activation in response to sad > neutral faces remained significant,
but the association with happy > neutral faces did not. In contrast to associations with AB,
CU traits were not associated with amygdala reactivity to any of the emotional facial
expressions.
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Given that our results were not consistent with dominant theories in the literature (i.e., CU
traits were not related to amygdala reactivity to any emotional facial expression), we also
examined whether CU traits moderated associations between AB and amygdala activation in
response to emotional faces (Viding et al., 2012) using a continuous interaction term,
controlling for the main effects of AB and CU traits (see Table S5 in the Supplemental
Material). That is, because most clinical studies have examined children and adolescents
with high levels of AB and CU traits (e.g., Jones et al., 2009; Marsh et al., 2008; Sebastian
etal., 2014; Viding et al., 2012; White et al., 2012), we hypothesized that associations
between CU traits and amygdala reactivity to fearful facial expressions might emerge only at
higher levels of AB.

In testing this interaction, we found that there were significant interactions between AB and
CuU traits in relation to bilateral amygdala activation for three of the contrasts (i.e., angry
faces > neutral faces, sad faces > neutral faces, happy faces > neutral faces; see the
Supplemental Material). Consistent with the main effect models, AB was associated with
increased activation in response to angry, sad, and happy faces compared with neutral faces.
However, the associations between AB and increased amygdala activation in response to
angry, sad, and happy faces compared with neutral faces were present only at mean or low
levels of CU traits (Fig. 1; also see Table S6 in the Supplemental Material). All but one of
the associations (i.e., angry > neutral) remained when correcting for multiple comparisons
across facial emotion type (Bonferroni; p < .0125). CU traits were not a significant
moderator of associations between AB and amygdala reactivity to fearful facial expressions.

In addition, we examined whether gender and race further moderated these findings and
found that gender but not race moderated these associations (see Table S7 in the
Supplemental Material). Specifically, for boys, as in the whole sample, AB was associated to
greater amygdala reactivity to angry and sad faces at low or mean levels of CU traits. In
contrast, the association was reversed in girls such that AB was related to increased
amygdala reactivity to fearful, angry, and sad faces only at high levels of CU traits (see
Table S8 in the Supplemental Material). That is, the results in the entire sample were due
mostly to the same pattern in boys, whereas for girls, the pattern was the opposite. For the
most part, these associations survived Bonferroni correction for multiple comparisons across
analyses (see the Supplemental Material).

Are AB and CU traits associated with amygdala connectivity while viewing emotional

faces?

The overall patterns of connectivity are summarized in Table 2. We found that AB was
generally associated with weaker positive amygdala connectivity to regions within the SN
(i.e., insula, ACC) while viewing fearful, sad, and happy faces but stronger positive
amygdala connectivity to the ACC while viewing angry faces (Fig. 2). Moreover, while
viewing fearful and sad faces, AB was associated with stronger positive amygdala
connectivity to the PCC and precuneus (within the DMN). In contrast, while viewing happy
faces, AB was associated with weaker positive amygdala connectivity to the PCC and
precuneus (within the DMN). Moreover, AB was associated with weaker positive amygdala—
vmPFC connectivity across all emotional faces (see Table S9 in the Supplemental Material).
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At a more stringent threshold (gnc < .01, a < .0125), AB was still associated with stronger
positive amygdala connectivity to the precuneus while viewing both fearful and sad faces as
well as weaker positive amygdala connectivity to the vmPFC and insula while viewing sad
and happy faces.

In contrast, CU traits were associated with stronger positive connectivity to the insula
(within the SN) while viewing happy and fearful faces and stronger positive connectivity to
the vmPFC (within the DMN) viewing fearful and sad faces (see Table S10 in the
Supplemental Material). Note that none of these results related to CU traits survived a more
stringent threshold (oync < .01, a <.0125).

Discussion

In the current study, we found that AB was associated with individual differences in both
amygdala functioning and amygdala connectivity in response to a range of emotions (i.e.,
fear, anger, sadness, and happiness) in a large, mixed-gender, community sample of under-
represented minority adolescents. AB was associated with increased bilateral amygdala
activation in response to each emotion. In contrast to our hypothesis and prior research (e.g.,
Jones et al., 2009; Marsh et al., 2008; Viding et al., 2012), CU traits were not associated
with amygdala activation. A set of exploratory analyses indicated that CU traits were instead
a significant moderator of associations between AB and amygdala reactivity such that AB
was related only to amygdala reactivity to angry, sad, and happy faces when CU traits were
low. Finally, AB was associated with stronger positive amygdala connectivity to regions of
the DMN (i.e., PCC, precuneus) when processing fearful and sad faces but weaker positive
amygdala connectivity to the ACC and insula (within the SN). Patterns of connectivity
differed, however, while viewing angry faces (i.e., stronger positive amygdala—ACC
connectivity) and happy faces (i.e., weaker positive amygdala connectivity to PCC,
precuneus, and insula). Across all emotions, AB was associated with weaker positive
connectivity vmPFC, whereas CU traits were associated with stronger positive amygdala—
insula connectivity (happy and fearful) and stronger positive amygdala—vmPFC connectivity
(fearful and sad).

These findings represent a challenge to existing theory in the field regarding the role of
amygdala reactivity in AB and CU traits because CU traits were not directly related to lower
amygdala reactivity, nor was AB related to lower amygdala reactivity at high levels of CU
traits. Moreover, in contrast to an emphasis in the field on the specificity of amygdala
dysfunction related to anger or fear, the positive association between AB and amygdala
reactivity was general to all types of emotion explored in this study (although the specific
association with happy > neutral did not survive a more stringent threshold for exploratory
multiple corrections). In addition, the findings support and build on existing network
theories of AB by demonstrating unique patterns of amygdala connectivity during emotion
process that differed for AB as opposed to CU traits. Specifically, AB was associated with
stronger positive connectivity to regions within the DMN but weaker positive amygdala
connectivity to the vmPFC and regions within the SN. Conversely, CU traits were associated
with stronger positive amygdala connectivity to the vmPFC and regions within the SN (e.g.,
insula). These findings are particularly important given the use of a relatively large, well-
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sampled cohort of adolescents with a substantial range of AB and CU traits (from normative
to clinical) and dimensional analyses.

Increased amygdala reactivity was related to AB for all emotional faces

As hypothesized and consistent with theory (Blair et al., 2014), AB was associated with
increased amygdala reactivity to angry faces. Moreover, AB was more broadly associated
with amygdala response to fearful, sad, and happy facial expressions. Although youth
studies have previously connected AB to greater amygdala reactivity to fearful faces during
basic emotion processing (e.g., Lozier et al., 2014) and sad faces (e.g., Passamonti et al.,
2010), no work has extended this effect to happy (although happy faces have been used as
stimuli in an empathy paradigm; Seara-Cardoso, Sebastian, Viding, & Roiser, 2016).
However, the association between AB and amygdala activation in response to happy faces
did not survive a stricter threshold, which highlights the need for replication of this finding.
Moreover, the results challenge the prevailing notion in the field (e.g., Blair et al., 2014) that
AB is related specifically to amygdala reactivity to anger or fear but may be broadly
associated with increased reactivity to others” emotions. Consistent with recent meta-
analyses examining recognition of emotion in others (Dawel et al., 2012), individual
differences in amygdala reactivity related to AB may be related nonspecifically to
processing others’ emotions.

AB was related to amygdala reactivity only at low levels of CU traits

Although the associations found between amygdala reactivity and AB support half of the
dual-pathway model (i.e., AB without co-occurring CU traits was associated with increased
reactivity), we did not identify any significant associations between CU traits and amygdala
reactivity during socioemotional processing. In a set of post hoc analyses, we found that CU
traits were a significant moderator of associations between AB and amygdala reactivity to
angry, sad, and happy faces, but again, not in the way expected by theory. AB was associated
with increased amygdala reactivity only at low or mean levels of CU traits; there was no
indication that AB was related to low amygdala reactivity at high levels of CU traits (or that
CU traits were associated with low amygdala reactivity at high levels of AB). Moreover,
region of significance analyses revealed that results were significant at most levels of CU
traits and that these associations were diminished only at severe levels of CU traits (see
Supplemental Results). However, given the exploratory nature of these analyses and lack of
research on broad emotion processing in relation to AB and CU traits, further research will
be needed to determine the robustness of these findings (however, for other community
studies failing to replicate amygdala reactivity associations with CU traits, see Dotterer et
al., 2017; Hyde et al., 2016; Szabo et al., 2017).

Note that the sample in the current study differs from most previous samples that have
supported associations between CU traits and reduced amygdala reactivity, which have been
clinical and predominantly European-origin male samples. We used exploratory analyses to
check whether race or gender may explain the extent to which our findings diverge from
those from clinical samples. These analyses indicated that race was not a factor and that the
group pattern was due primarily to the pattern seen in the boys. These results may not be
surprising given that much of the literature in youth studies has focused on samples of
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primarily boys. Our exploratory analyses revealed a different neuroetiologic pattern related
to AB and CU traits in girls. Note that only one other study explicitly tested gender
moderation in neural correlates of AB and CU traits (e.g., Dotterer et al., 2017), which
emphasizes the need for more research to clarify how the etiology of AB may differ between
girls and boys.

It is possible that associations between CU traits and reduced amygdala reactivity during
emotion processing emerge only at the most severe levels of CU traits found in clinical
samples. Although our sample did contain adolescents with diagnosable levels of AB and
CuU traits (i.e., 14 participants with conduct disorder and oppositional defiant disorder past or
present diagnosis; 5 participants with diagnosable “with limited prosocial emotions”
qualifier), we did not have enough participants to do a subgroup analysis and may have not
had enough participants with very severe AB and CU traits to replicate previous clinical
studies. Thus, lower levels of CU traits represented in community samples, even samples
enriched for individuals at higher risk for AB, could explain the null findings of the current
study and the few other existing studies in nonclinical samples (e.g., Dotterer et al., 2017;
Hyde et al., 2016; Szabd et al., 2017). At the same time, given the well-sampled and larger
nature of our sample and the presence of multiple nonreplications in community samples
(e.g., Dotterer et al., 2017; Hyde et al., 2016; Szabo et al., 2017), we must also consider
whether “well-established” findings based on clinical studies are as robust as we believe
them to be (e.g., Finger et al., 2012; Jones et al., 2009; Lozier et al., 2014; Marsh et al.,
2008; Sebastian et al., 2014; Viding et al., 2012; White et al., 2012).

AB was primarily associated with stronger positive amygdala connectivity with the default
mode network but weaker positive amygdala connectivity with the salience network

PCC and precuneus.—AB was associated with stronger positive connectivity between
the amygdala and two key regions of the DMN (i.e., PCC, precuneus) during distress
processing but weaker positive connectivity while viewing happy faces. Associations
between AB and amygdala—precuneus connectivity while viewing fearful and sad faces were
particularly robust and remained significant at a stringent threshold (pync < .01, a <.00625).
Previous studies of resting-state connectivity have also suggested that AB may be
characterized by disrupted connectivity within the DMN (Chen et al., 2015; e.g., Dalwani et
al., 2014; Pu et al., 2017; Zhou et al., 2016). The PCC and precuneus are strongly activated
during tasks that involve working memory and autobiographical memory retrieval (Buckner,
Andrews-Hanna, & Schacter, 2008) as well as emotion processing (e.g., Géttlich, Ye,
Rodriguez-Fornells, Minte, & Kramer, 2017; Maddock, Garrett, & Buonocore, 2003) and
empathy (Carrington & Bailey, 2009). These findings suggest that AB may be characterized
by individual differences in amygdala connectivity to regions within the DMN, which could
potentially affect social cognition and perspective-taking via atypical processing of both
positive (i.e., happy) and negative (i.e., sad, fearful) emotional cues.

vmPFC.—Note that across all emotions, AB was also associated with weaker connectivity
between the amygdala and the vmPFC (often characterized as a node in the DMN), a region
that is central to existing theories of AB and psychopathic traits (Blair, 2017). Associations
between AB and amygdala—vmPFC connectivity while viewing sad and happy faces were
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particularly robust and remained significant at a stringent threshold (pync < .01, a < .00625).
In contrast to the PCC and precuneus, the vmPFC is recruited in more complex mental
simulation, such as retrieving associative information to form mental representations that
would then guide decision-making (Andrews-Hanna, Smallwood, & Spreng, 2014). Within
existing theories of AB and CU traits, weaker amygdala—vmPFC connectivity is thought to
interfere with the transfer of important reinforcement expectancy information (e.g.,
emotional cues) from the amygdala to the vmPFC, a process that is critical to the
development of morality and prosocial behavior (Blair, 2017). In support of this notion,
reduced amygdala—vmPFC task-based connectivity has been previously associated with
youth AB during socioemotional tasks (e.g., Finger et al., 2012; Marsh et al., 2008; Marsh et
al., 2011). Note that in a recent study of young adults, impulsive and antisocial components
of psychopathy (“factor 2”") was specifically associated with reduced amygdala—vmPFC
connectivity while viewing fearful but not angry faces (Waller et al., 2018). Thus, both
studies suggested that weaker amygdala—vmPFC connectivity may be associated with AB
but to different emotional probes across development. However, because we did not have
strong a priori hypotheses, further research will be needed to replicate these findings.

Insula and ACC.—AB was associated with weaker positive amygdala connectivity to the
ACC and insula (within the SN) while viewing fearful and sad faces as well as weaker
positive amygdala—insula connectivity while viewing happy faces. However, AB was
associated with stronger positive amygdala connectivity to the ACC while viewing angry
faces. Associations between AB and amygdala—insula connectivity while viewing sad and
happy faces were particularly robust and remained significant at a stringent threshold (oync
<.01, a <.00625). The insula and ACC incorporate autonomic nervous signals with
conscious thought processing to represent one’s emotional state and the emotional valence
of external stimuli (Uddin, 2015). Previous research has similarly found reduced
connectivity between the amygdala and ACC and insula during harm processing in children
with conduct problems and CU traits (Yoder, Lahey, & Decety, 2016). However, the only
previous study that has examined amygdala connectivity to the ACC while viewing angry
faces instead found reduced amygdala—ACC connectivity. Note that this finding was specific
to adolescents with childhood-onset conduct disorder compared with participants with
adolescent-onset conduct disorder and control participants (Ewbank et al., 2018). Increased
communication specifically within the SN (i.e., between the amygdala and ACC) while
processing anger cues may indicate reduced switching and recruiting areas from other
networks that would facilitate normative emotion processing. Thus, stronger positive
amygdala—ACC connectivity could represent a neural pathway underlying increased
sensitivity to certain threat, particularly in adolescents with subclinical AB and without co-
occurring CU traits.

CU traits were associated with weaker positive amygdala—vmPFC connectivity and
stronger positive amygdala—insula connectivity

vmPFC.—Surprisingly, in contrast to our findings with AB and to previous studies of CU
traits in adolescents (Finger et al., 2012; Marsh & Blair, 2008; Marsh et al., 2011) and the
interpersonal and affective components of psychopathy in adults (Waller et al., 2018), we
found that CU traits were associated with stronger positive amygdala—vmPFC connectivity
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while viewing fearful and sad faces. It could be that weaker connectivity between the
amygdala and vmPFC to distress cues emerges only at extreme levels of CU traits.
Moreover, few of the previous studies in children and adolescents used gPPI and thus were
unable to distinguish whether reduced amygdala—vmPFC connectivity was specific to
viewing fearful or sad faces (Finger et al., 2012; Marsh & Blair, 2008; Marsh et al., 2011).
Note that a recent study by our group (Waller et al., 2018) on a sample of young adults did
not find significant associations among amygdala—vmPFC connectivity and affective-
interpersonal features of psychopathy (i.e., “factor 1”; grandiosity, callousness) but did find
that adolescent CU traits were associated with stronger positive amygdala—vmPFC
connectivity. However, it may be difficult to compare findings given that adolescent CU
traits and factor 1 psychopathy do not consist of the same features. Moreover, the findings in
the current study did not remain significant after correcting for a strict threshold (pyne < .01,
a <.0125), and thus we draw caution in interpretation.

Insula.—CuU traits were also associated with stronger positive amygdala—insula
connectivity with the insula while viewing fearful and happy faces, in contrast to the pattern
associated with AB (i.e., weaker connectivity). To our knowledge, this is the first study to
examine amygdala—insula connectivity while viewing happy facial expressions. Thus, future
research is needed on the neural correlates of positive emotion processing associated with
CuU traits to determine the replicability of these associations, particularly given that this
result was not robust enough to remain significant at a stricter statistical threshold.

Strengths and limitations

The current study benefitted from several strengths, including multi-informant, multimethod
measures of both AB and CU traits and a large, diverse sample in terms of gender,
socioeconomic status, and race. Moreover, we used an fMRI paradigm that included a
variety of emotional faces, in contrast to previous studies that have solely focused on fearful
or angry facial expressions. Despite these strengths, there are limitations worth noting. First,
the current study was not preregistered and contains multiple hypothesis-driven and
exploratory analyses. Although we have provided information on which exploratory
analyses survived strict correction for multiple comparisons, many of these findings require
replication in a second sample. Second, our study was also cross-sectional in nature, and
thus the directionality of associations is unknown. Relatedly, AB often includes the use of
substances and exposure to other neurotoxicants, and thus neural correlates may be the cause
or consequence of AB; given that there was extremely low endorsement of substance use
within the sample (12-item substance-use subscale of the Self Report of Delinquency; range
=0-24, M=.90, SD = 1.8), higher rates of substance use in other samples may also
contribute to differential findings. Third, we used an implicit emotion-processing task that
was relatively simple in nature and did not include more nuanced emotions (i.e., disgust,
surprise). Previous work has suggested that associations between AB and CU or
psychopathic traits and amygdala functioning may differ as a function of task difficulty or
attentional load (Larson et al., 2013; White et al., 2012). Moreover, the presentation of
emotional stimuli in the current task was very brief (250 ms) compared with previous studies
(e.g., 2,000 ms, Marsh et al., 2008; 1,750 ms, Sebastian et al., 2014). Neural correlates of
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AB and CU traits may therefore differ for more automatic compared with prolonged
emotion processing.

In addition, our task constrained the ability for eye movements to change attention and
amygdala reactivity, which may also explain our divergent results (Han, Alders, Greening,
Neufeld, & Mitchell, 2012). Because of the use of multiple types of facial emotions, we had
fewer trials of each type of face than other studies (e.g., Marsh et al., 2008), which
potentially lowers our power to detect nuanced effects, including our ability to look at all
possible contrasts (e.g., fear > anger, which did not have main task effects). Moreover, recent
studies have found that task-related activation and connectivity may be unreliable as an
individual difference measure because of poor internal consistency (Infantolino, Luking,
Sauder, Curtin, & Hajcak, 2018). Indeed, research suggests that neural activation (i.e.,
habituation; Thompson & Spencer, 1966) and connectivity can vary over time (i.e., dynamic
connectivity, time-varying connectivity; Cohen, 2018). Thus, the current results as well as
previous findings using similar approaches are likely limited by poor internal consistency of
traditionally used fMRI paradigms. Future studies will benefit from using task designs that
better account for variation in activation and connectivity over time. Furthermore, in using
gPPI to examine connectivity, we were not able to examine directed connectivity (i.e., which
node predicts activation in the other node), a limitation of gPPI and potentially fMRI
generally. In addition, our connectivity analyses were exploratory, and we did not have a
priori hypotheses. Thus, the connectivity results should be regarded as tentative and in need
of replication. Finally, as previously noted, although we did have cases that met diagnosable
levels of AB (n=14) and CU traits (/7= 5), most of the sample did not and varied
dimensionally along the continuum seen in the community; thus, we did not have the power
to examine the question of whether previous results exist only in extreme clinical cases.

Conclusions

In sum, in the current study, we found that AB was associated with increased bilateral
amygdala activation in response to both negative and positive emotional faces, whereas CU
traits were not associated with amygdala activation during socioemational processing. In a
set of exploratory analyses, we found that AB was associated with increased reactivity to
angry, sad, and happy faces only at low or mean levels of co-occurring CU traits and that
this pattern differed for boys compared with girls. Finally, in a set of exploratory gPPI
analyses, we identified unique patterns of connectivity associated with AB for each emotion
type. In particular, AB was associated with stronger positive amygdala connectivity with the
precuneus; weaker positive connectivity of the insula during the processing of fearful, sad,
and happy faces; and weaker positive amygdala—vmPFC connectivity across all emotions,
with the strongest effects for happy and sad faces. Moreover, although CU traits were not
associated with activation, CU traits were associated with stronger positive amygdala—insula
connectivity while viewing happy and fearful faces and stronger positive amygdala—vmPFC
connectivity while viewing fearful and sad faces, although these results were less robust and
did not survive a more stringent threshold. Thus, examining patterns of connectivity
provided additional information, beyond activation, in understanding potential neural
mechanisms underlying emotion processing for children and adolescents with high levels of
CuU traits. Taken together, these findings emphasize the interactive nature of neural
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mechanisms of socioemotional processing and highlight the utility of network-level analyses
in examining neural correlates of AB and CU traits, particularly in community samples that
include a range of AB and CU traits.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
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Antisocial Behavior Factor Score

Relation of increased antisocial behavior (AB) to increased amygdala reactivity while
viewing sad facial expressions. In (a), the functional cluster for bilateral amygdala reactivity
to sad > neutral facial expressions. The voxel-wise threshold is set at p < .01, which resulted
in a cluster threshold of 25 contiguous voxels for small volume correction in the amygdala
region of interest (ROI). The color bar shows #values. Details about the significant clusters
are reported in Table 1. In (b), callous-unemotional traits (CU) moderate the association
between AB and right amygdala reactivity to sad > neutral facial expressions. Simple slopes
plotted at mean levels and +1 SD above and below the mean for CU traits, as recommended
by Aiken, West, and Reno (1991) and using an online computational tool (Preacher, Curran,
& Bauer, 2006). The stars next to the lines indicate significant slopes. At low and mean
levels of CU traits but not at high levels of CU traits, increased right amygdala reactivity to
sad > neutral facial expressions was significantly related to higher AB. The dashed line
indicates the level of AB at which the association is significant (AB factor score > 4.65;

0.6% of the sample).
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Fig. 2.
Association of group-level psychophysiological interactions (PPI) effects of left and right

amygdala connectivity with antisocial behavior when processing fearful and sad facial
expressions. In (a), group-level PPI effects of left and right amygdala connectivity are
associated with antisocial behavior while viewing fearful compared with neutral facial
expressions. /= 165. For group-level PPI effects of the amygdala, stronger positive
connectivity is shown in red and weaker positive connectivity is shown in blue. Details about
the significant clusters are reported in Table S9 in the Supplemental Material available
online. (b) Group-level PPI effects of left and right amygdala connectivity are associated
with antisocial behavior while viewing sad compared with neutral facial expressions.
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