Social Cognitive and Affective Neuroscience, 2022, 17, 634-644

DOLI: https://doi.org/10.1093/scan/nsab128
Advance Access Publication Date: 1 December 2021

Original Manuscript

Increased amygdala and decreased frontolimbic
resting-state functional connectivity in children with
aggressive behavior

Denis G. Sukhodolsky,®* Karim Ibrahim,®? Carla B. Kalvin,' Rebecca P. Jordan,' Jeffrey Eilbott,"? and Michelle Hampson®>%>

1Child Study Center, Yale School of Medicine, New Haven, CT 06520, USA

2SurveyBott Consulting, Guilford, CT 06437, USA

3Department of Radiology and Biomedical Imaging, Yale School of Medicine, New Haven, CT 06520, USA

“Department of Psychiatry, Yale School of Medicine, New Haven, CT 06520, USA

°Department of Biomedical Engineering, Yale University, New Haven, CT 06520, USA

Correspondence should be addressed to Denis G. Sukhodolsky, Child Study Center, Yale School of Medicine, 230 South Frontage Road, New Haven, CT 06520, USA.
E-mail: denis.sukhodolsky@yale.edu.

Abstract

Childhood maladaptive aggression is associated with disrupted functional connectivity within amygdala-prefrontal circuitry. In this
study, neural correlates of childhood aggression were probed using the intrinsic connectivity distribution, a voxel-wise metric of global
resting-state brain connectivity. This sample included 38 children with aggressive behavior (26 boys, 12 girls) ages 8-16 years and 21
healthy controls (14 boys, 6 girls) matched for age and IQ. Functional MRI data were acquired during resting state, and differential
patterns of intrinsic functional connectivity were tested in a priori regions of interest implicated in the pathophysiology of aggressive
behavior. Next, correlational analyses tested for associations between functional connectivity and severity of aggression measured
by the Reactive-Proactive Aggression Questionnaire in children with aggression. Children with aggressive behavior showed increased
global connectivity in the bilateral amygdala relative to controls. Greater severity of aggressive behavior was associated with decreasing
global connectivity in the dorsal anterior cingulate and ventromedial prefrontal cortex. Follow-up seed analysis revealed that aggres-
sion was also positively correlated with left amygdala connectivity with the dorsal anterior cingulate, ventromedial and dorsolateral
prefrontal cortical regions. These results highlight the potential role of connectivity of the amygdala and medial prefrontal and anterior
cingulate cortices in modulating the severity of aggressive behavior in treatment-seeking children.
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Introduction of treatment-seeking children using resting-state functional

connectivity.

On a neural-systems level, aggressive behavior is associ-
ated with structural and functional perturbations in frontolimbic
circuitry, most notably in the amygdala and regions of the ven-
tral prefrontal cortex (PFC) and the anterior cingulate cortex
(ACC) (Blair, 2016; Bertsch et al., 2020). Theoretical models of
aggression suggest disruptions in limbic and striatal circuitry in
response to emotional stimuli and reinforcement-based decision-

Maladaptive aggression, defined by behaviors performed in
response to frustration or provocation that can result in harm
to self or others, is one of the most frequent reasons for refer-
ral to child mental health services (Connor et al., 2019). In the
current diagnostic classification, aggressive behavior is associ-
ated with disruptive behavior disorders, including conduct disor-
der (CD) and oppositional defiant disorder (ODD), and disruptive
mood dysregulation disorder (DMDD), of which anger or irri-

tability are core symptoms (American Psychiatric Association, making, respectively (Blair et al., 2018), coupled with disruptions

2013). In clinical samples, however, most childhood psychi-
atric disorders can confer elevated risk for aggressive behavior
(Jensen et al., 2007), underscoring the relevance of using a dimen-
sional approach to understand underlying brain mechanisms of
aggression across diagnostic categories. Here, we investigated
the neural correlates of aggression in a transdiagnostic sample

in ‘top-down’ prefrontal regulatory circuitry (Alegria et al., 2016),
and dysconnectivity between these systems (Blair, 2016). Sup-
porting the notion that frontoparietal abnormalities are linked
to aberrant functioning of the cognitive control network, struc-
tural MRI studies have shown reduced gray matter volumes in
the ventral PFC (Rogers and De Brito, 2016), as well as reduced
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cortical thickness and/or gray matter volume in the ventral
PFC/orbitofrontal cortex and the supramarginal gyrus/inferior
parietal cortex (Smaragdi et al,, 2017; Ibrahim et al., 2021), in
children with disruptive behavior disorders relative to unaffected
controls. In turn, reduced cortical thickness of the ventral PFC and
orbitofrontal and anterior cingulate cortices was associated with
continuous measures of aggressive behavior (Ducharme et al,,
2011; Ameis et al., 2014).

In task-based functional magnetic resonance imaging (fMRI)
studies that utilized emotion-processing paradigms, maladaptive
aggression in children was shown to be related to over-reactivity of
the amygdala (Herpertz et al., 2008; Passamonti et al., 2010; Viding
et al., 2012) and underactivity in prefrontal regions, particularly
the ventromedial and ventrolateral prefrontal cortices (vimPFC
and VIPFC, respectively) (Marsh et al., 2008; Decety et al., 2009). In
addition, frustration and irritability, two constructs closely linked
to aggression, have been associated with reduced dorsal ACC
(dACC) activity during emotion processing (Alegria et al., 2016).
The dACC plays a central role in performance monitoring and
serves as a hub where negative affect is linked with the execution
of goal-directed behavior (Etkin et al., 2011; Shenhav et al., 2016).
To this end, reduced dACC activation during frustration has been
interpreted as failed emotion regulation (Perlman et al., 2015), and
increased activation of the dACC has been interpreted as greater
effort needed to exercise cognitive control of frustration (Tseng
et al., 2019). However, studies utilizing competitive reaction-time
tasks that enable manipulation of characteristics of provocation
and aggressive responses reported positive relationships between
aggression and ventral PFC activity in response to high vs low
provocation when prestige or money is at stake (Repple et al,
2017; Buades-Rotger et al., 2021) or between aggression and dor-
sal anterior cingulate during reactivity to threat (Beyer et al.,
2015), indicating that the direction of brain-behavior association
may vary by context and phase of aggressive behavior response.
On balance, Beyer et al. reported a negative correlation between
medial orbitofrontal cortex reactivity to the angry facial expres-
sion of the opponent and the ensuing aggressive response during
a competitive reactive time task. In the same study, ACC activity
was positively associated with aggressive behavior on task trials
where the opponents displayed angry facial expressions. These
results underscore that the neural circuitry involved in encoding
provocation overlaps with the circuitry underlying the decision
to retaliate. Greater activation of prefrontal regions may reflect
both the cognitive effort required to control impulsive response
and the cognitive effort required for the calibration of appropriate
retaliatory response to provocation.

While a large body of neuroimaging research has utilized
task-based fMRI, including tasks of emotion processing and com-
petitive social interactions, relatively few studies have utilized
resting-state fMRI in children with disruptive behavior disorders.
While disruptions in cognitive control networks during socioe-
motional processing have been related to disruptive behavior
disorders, it is unknown whether such effects are reflecting
transitory (state-like) factors, such as anger in response to an
experimental task, or capturing stable (trait-like) variation in
the functional brain architecture. Resting-state fMRI may offer
advantages to investigate the latter. First, resting-state fMRI pro-
vides a measure of spontaneous fluctuations of neural signals
across the brain in functionally related regions that are corre-
lated with each other in the absence of external stimuli, revealing
the intrinsic functional network organization (a pattern of func-
tional connectivity during resting state) (Beckmann et al., 2005).
Second, while activation studies reveal transitory responses to
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stimulus provocation, resting-state measures of connectivity are
thought to reveal the intrinsic functional architecture, reflecting
stable aspects of functional brain organization shaped by long-
term experiences engaging these large-scale networks (Gratton
et al., 2018). Third, while task-based fMRI studies have elucidated
the key elements of the neural circuitry involved in aggression,
the investigation of intrinsic functional connectivity also holds
promise in identifying neural markers of psychopathology in
diverse clinical populations without requiring any task perfor-
mance. Resting-state fMRI can be performed in pediatric popu-
lations unable to cooperate during cognitive tasks and can also
circumvent concerns that fMRI tasks may vary when conducted
across laboratories and research groups.

Prior resting-state studies suggest that disruptive behavior is
related to altered resting-state connectivity in the amygdala and
lateral and medial prefrontal cortices. In particular, increased
resting-state amygdala connectivity (Aghajani et al,, 2017; Zhu
et al., 2019) and reduced connectivity of the vmPFC regions (Roy
et al., 2018) have been implicated in maladaptive aggression. A
recent study of children with aggressive behavior reported aber-
rant resting-state functional connectivity in the amygdala and
cingulate cortex (Werhahn et al., 2020). Increased functional con-
nectivity was reported between the amygdala and vmPFC/rostral
anterior cingulate in children with attention-deficit hyperac-
tivity disorder (ADHD) complicated by high emotional liability
(Hulvershorn et al., 2014). Similarly, externalizing behavior prob-
lems in typically developing children without psychiatric disor-
ders were associated with increased amygdala connectivity with
the anterior cingulate and lateral orbitofrontal cortex (Thijssen
et al., 2021). Thus, the prevailing view is that disruption in fron-
tolimbic circuitry sets the stage for the onset of aggressive behav-
ior, particularly given the shared reciprocal connections between
the vmPFC and amygdala (Motzkin et al., 2015) and essential role
of this circuitry in emotion regulation (Etkin et al., 2015; Silvers
et al., 2017). Collectively, these results suggest that maladaptive
aggression could be reflected in the integrity of the amygdala-
ventral PFC circuitry. Thus, our resting-state analyses focused on
three a priori regions: amygdala, dACC and vmPFC (Alegria et al.,
2016; Noordermeer et al., 2016). Measures of global intrinsic con-
nectivity, reflecting the levels of functional connectivity between
each region and all other regions, have the potential to advance
the understanding of dysfunction in the neural architecture of
childhood aggression and help to identify practical biomarkers
for pediatric populations. To our knowledge, no resting-state
study has investigated global connectivity in children seeking
treatment for aggressive behavior using the intrinsic connectivity
distribution.

Here, we investigated whether functional connectivity at rest
is associated with the presence and severity of aggressive behav-
ior. A popular measure of global connectivity is degree centrality
(Buckner and Vincent, 2007; Bullmore and Sporns, 2009). How-
ever, this measure requires the selection of an arbitrary threshold,
and the choice of threshold can impact results. For this reason, we
opted to use an alternate measure of global connectivity known
as the intrinsic connectivity distribution, which was designed to
avoid the use of an arbitrary threshold (Scheinost et al., 2012). Our
study also included a well-characterized, transdiagnostic sample
of children with aggressive behavior in the age range from 8 to
16years. This age range was selected because aggressive behav-
ior tends to be stable during this age period (Nagin and Tremblay,
1999; Brame et al., 2001) and represents the most common reason
for referral to mental health services. Although the brain mech-
anisms of neurocognitive processes underlying aggression may
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vary over developmental periods (Vijayakumar et al., 2019), we
included a sample of children in the age range where children are
likely to seek clinical services for aggressive behavior (i.e. 8-16),
making our sample more representative of treatment-seeking
youth.

The first aim of this study was to examine differential pat-
terns of global connectivity between children with aggression and
healthy controls in the amygdala, dorsal anterior cingulate and
vmPFC. As described in our paper presenting the protocol for
this study that was published prior to data analysis (Sukhodolsky
et al., 2016), these three regions were selected as a priori regions
of interest (ROIs) based on socio-affective networks implicated in
aggression (Blair, 2016) and meta-analyses of {MRI studies of chil-
dren with aggressive behavior (Alegria et al., 2016; Noordermeer
et al., 2016). We also conducted a whole-brain analysis of global
connectivity in order to assess regions not included in our initial
hypotheses. We hypothesized that relative to typically developing
controls, treatment-seeking children with aggression would show
aberrant connectivity in the amygdala and prefrontal regions.
The second aim of the study was to test the association between
intrinsic connectivity and severity of aggression in the parent-
rated Reactive-Proactive Aggression Questionnaire (RPQ) (Raine
et al., 2006). These correlational analyses were conducted in the
group of children with aggressive behavior, first in the a priori
regions and then in the whole brain. While these correlational
analyses were exploratory, we predicted significant associations
between connectivity within ROIs and aggression severity in chil-
dren with aggressive behavior.

Methods
Participants

The sample included 38 children with aggressive behavior (12
females) and 20 typically developing healthy controls (HC group;
6 females) matched for age and IQ. All participants were 8 to
16years old. Table 1 shows demographic and clinical character-
istics. Children with aggressive behavior participated in a clinical
trial of behavior therapy for aggression (Sukhodolsky et al., 2016).
Here, we report resting-state fMRI and clinical characterization
data that were collected at baseline prior to initiating the treat-
ment. Children with aggressive behavior were recruited from the
outpatient child psychiatry clinic at the Yale University Child
Study Center and from outreach to local schools, pediatricians
and mental health providers.

Children with aggression were required to have a T-score of 65
or greater on the Aggressive Behavior Scale of the Child Behav-
ior Checklist (CBCL) (Achenbach and Rescorla, 2001), which is 1.5
standard deviation (s.d.) units above the mean of the standard-
ization sample of typically developing children stratified by age
and sex. Of note, the current study was developed in response
to the National Institute of Mental Health Research Domain Cri-
teria (RDoC) initiative to evaluate the neural underpinnings of
symptom profiles across diagnostic boundaries (Insel and Wang,
2010). Thus, co-occurring psychiatric disorders, such as ADHD
and anxiety, were allowed if the presence of co-occurring disor-
ders did not require immediate treatment. Untreated PTSD and
severe depression were exclusionary because these disorders may
present with pressing treatment needs. In addition to a high level
of aggression on the CBCL, all children met Diagnostic and Sta-
tistical Manual of Mental Disorders, Fifth Edition (DSM-5) criteria
for ODD, CD or DMDD based on a structured diagnostic assess-
ment (Kaufman et al., 2016). All subjects who met the criteria for
DMDD diagnosis also met the criteria for ODD, but only DMDD
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diagnosis was assigned following DSM-5 (American Psychiatric
Association, 2013). Participants were excluded if they: (i) had a
significant medical condition, such as a seizure disorder based on
medical history; (ii) were unable to meet MRI safety requirements,
such as the absence of metal medical implants and claustropho-
bia; or (iii) had a history of head trauma or loss of consciousness.
Exclusionary criteria for healthy control subjects were any his-
tory of anxiety, ADHD, disruptive behavior disorders or other
psychiatric, genetic or neurological disorders. Seventy children
were recruited and had fMRI data available for this analysis (48
with aggressive behavior and 22 controls). Twelve participants
were removed from the analyses due to excessive head motion
(10 children with aggressive behavior and 2 controls). There were
no differences in demographic characteristics and measures of
aggressive behavior between the 10 children in the aggressive
behavior group who were excluded from fMRI data analysis due
to head motion and the 38 children with aggressive behavior who
were retained in fMRI analysis.

Each participant’s parent provided informed consent according
to specifications by the institutional review board at the Yale Uni-
versity School of Medicine. Each child provided verbal and written
assent.

Clinical assessment

Children received a comprehensive diagnostic evaluation that
included the Schedule for Affective Disorders and Schizophrenia
for School-Age Children-Present and Lifetime Version (K-SADS-PL)
(Kaufman et al., 2016), a structured interview conducted with
the parent and child by an expert clinician to establish DSM-5
diagnoses of disruptive behavior disorders and co-occurring psy-
chopathology. Parents also completed the CBCL (Achenbach and
Rescorla, 2001). Full-scale IQ was evaluated with the Wechsler
Abbreviated Scale of Intelligence (Wechsler, 1997). Parents completed
demographics and medical history forms.

The Aggressive Behavior scale of the parent-rated CBCL, a well-
established measure of child psychopathology (Achenbach and
Rescorla, 2001), was used as the inclusion criterion of clinically
significant aggressive behavior (based on T-score >65). The scale
consists of 16 items that assess inappropriate anger outbursts and
verbal and physical aggression. HC participants were required to
have no current or history of psychiatric or neurological disorders,
as well as a CBCL-aggression T-score below 55. The Chronbach’s
alpha internal consistency of CBCL Aggressive Behavior scale in
the present sample was 0.94.

The RPQ (Raine et al., 2006) is a 23-item parent-report scale that
measures aggression on a 3-point Likert scale. Twelve items index
proactive aggression (e.g. ‘Had fights with others to show who
was on top’) and 11 items index reactive aggression (e.g. ‘Reacted
angrily when provoked by others’). The RPQ Aggression Total score
was used as a continuous measure of aggression in the analyses.
The Chronbach’s alpha of RPQ in the present sample was 0.88.

Parents completed the Inventory of Callous-Unemotional Traits
(ICU) (Frick, 2003), a 24-item questionnaire with excellent internal
consistency and construct validity. The ICU total score was used
as a continuous measure of callous-unemotional (CU) traits. The
Chronbach’s alpha of ICU in the present sample was 0.94.

MRI acquisition and processing

All participants were scanned on 3T Siemens Trio scanners
with a 32-channel head coil. Each session began with a local-
izing scan, followed by the collection of a high-resolution
anatomical image using an MPRAGE sequence: repetition time
(TR)=2530ms, echo time (TE)=3.31ms, TI=1100ms, f{lip



Table 1. Demographic and clinical characteristics of participants
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Aggressive behavior Healthy controls Test P-value

Age, mean (s.d.) 11.87 (2.49) 13.02 (2.06) tsg = 2.42 0.08
Sex, number (%) Chi?; =0.02 0.90

Boys 26 (68.4%) 14 (70.0%)

Girls 12 (31.6%) 6 (30.0%)
Race/ethnicity, number (%) Chi?; =4.19 0.52

White 23 (60.5%) 15 (75.0%)

Black 8 (21.1%) 5 (25.0%)

Hispanic 4 (10.5%) 0

Other 2 (5.2%) 0
Family characteristics

Two-parent family 21 (55.3%) 14 (70.0%) Chi?; =1.19 0.27
Full-scale IQ, mean (s.d.) 108.39 (12.45) 111.04 (10.92) tse = 0.89 0.37
CBCL-aggression T-score, mean (s.d.) 76.32 (7.91) 51.00 (2.96 tsg =13.76 <0.001
RPQ total score, mean (s.d.) 19.89 (7.40) 3.30(3.21) tsg =9.57 <0.001
ICU total score, mean (s.d.) 32.89 (10.39) 15.20 (6.62) tsg =6.61 <0.001
fMRI motion (FD), mean (s.d.) 0.12 (0.07) 0.11 (0.06) tsg =0.83 0.41
Diagnoses, number (%)

OoDD 28 (73.7%)

CD 4 (10.5%)

ADHD 30 (78.9%)

Any anxiety disorder 7 (18.4%)

Depression 4 (10.5%)

DMDD * 8 (21.1.4%)

Other ® 9 (23.72%)

Medication status, number (%)
No medication
Taking medication

13 (34.2%)
25 (65.8%)

Stimulants 10 (26.3%)
«-Agonists 5(13.2%)
Antipsychotics 3(7.9%)
Selective serotonin reuptake inhibitors (SSRIs) 2 (5.3%)
Mood stabilizers 1(2.6)

?Following DSM-5, ODD diagnosis was not assigned to children who met criteria for DMDD.
bOther diagnoses category included Enuresis (n=4), Obsessive Compulsive Disorder (n= 1) and Tic Disorder (n=4).

angle=7°, resolution=1x 1 x 1mm, and the collection of 34
4-mm-thick axial-oblique T1-weighted slices aligned with the
13th slice at the anterior commissure-posterior commissure line.
Functional data were collected at the same slice locations as
the T1-weighted anatomical data, using a T2*-sensitive gradient-
recalled single-shot echo-planar pulse sequence: TR =2000ms,
TE=25ms, flip angle=60°, field of view (FOV)=220mm,
matrix size=64°. Participants completed one resting-state run
(165 volumes, Smin 30s). During the resting run, participants
were instructed to rest with their eyes open while viewing a
crosshair. The first three volumes (6 s) were discarded to allow
the signal to reach a steady state.

Standard preprocessing and individual subject analyses were
conducted using the Biolmage Suite software package (http://bio
imagesuite.yale.edu/). Group-level analyses were conducted
in FMRIB Software Library (FSL) (Woolrich et al., 2009; Jenkinson
et al, 2012; Winkler et al, 2014). Functional imag-
ing data were also motion corrected using the SPM12 algorithm
(http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Participants
with average framewise displacement greater than 0.3 mm were
excluded (which is a commonly used motion criterion for pedi-
atric populations) (Greene et al., 2018; Vanderwal et al., 2021).
The time courses of several variables of no interest were removed
by regression. These included the six motion parameter time
courses, the average signal in the white matter, the average sig-
nal in the cerebrospinal fluid and up to third order polynomial

drift (polynomial fits were voxel specific and removed frequency
fluctuations below those of interest). The data were temporally
smoothed using a Gaussian filter with a cutoff frequency of
0.09Hz and masked to include only voxels in the gray matter.
Prior to the actual fMRI session, a mock scanner was used to accli-
mate participants to the scanning environment (see Supplement
for more details). During the mock scan, motion tracker software
(Polhemus FASTRAK head motion sensor) was used to provide
real-time movement feedback to participants and teach children
to minimize head motion.

Computation of global connectivity maps

The intrinsic connectivity distribution (Scheinost et al., 2012) was
computed in a voxel-wise manner for each subject. This com-
putation yields a threshold-free measure of global connectivity
for each voxel. The time course of each voxel is correlated with
the time course of every other voxel. For each voxel, a survival
function of the distribution of positive correlations to that voxel
is modeled with a stretched exponential with variance «. Alpha
represents the spread of the distribution of connections; there-
fore, a larger alpha is associated with a greater number of strong
connections for the seed voxel. Alpha is computed separately for
each voxel to yield a map of global connectivity patterns across
the brain.

To examine regionally specific differences in connectivity, the
map from each subject was normalized to have amean of O and an
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s.d. of 1. This normalization maintains the spatial pattern of con-
nectivity in a given subject while adjusting for global differences
in connectivity. This form of normalization has been shown to
reduce head motion-related confounds (Yan et al., 2013).

Transformation to common space

Maps from individual subjects were transformed to the coordi-
nate space of the Colin brain (Holmes et al., 1998) via a concate-
nation of three registrations: (i) a linear rigid transformation of
the functional data to the axial-oblique anatomical data collected
in the same scanning session, (ii) a linear rigid transformation of
the axial-oblique anatomical data to that subject’'s MPRAGE image
and (iii) a nonlinear registration of that subject’s MPRAGE image
(Papademetris et al., 2004) to the Colin brain. All registrations were
inspected visually to ensure accuracy.

Definition of ROIs

As specified in our publication describing the hypotheses for
this study (Sukhodolsky et al., 2016), there were three a priori
ROIs: the amygdala, dorsal anterior cingulate and vmPFC. The
cortical regions of interest ROIs were defined with respect to Brod-
mann areas from the Talairach atlas in MNI space, included in
Biolmage Suite (Lacadie et al., 2008). Amygdala ROIs were as
defined in Harvard-Oxford subcortical structural atlas included in
FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases) (Desikan et al.,
2006). The dorsal anterior cingulate region included all gray mat-
terin BA 24, 32 and 33 above z = 10. The vmPFC region included all
gray matter on the medial surface (-20 <x <20) in BA 10, 11,12,
13, 14, 25 and 32 below z=10. These three ROIs are shown in
Supplementary Figure S1in the supplement.

Computation of group difference maps

A voxel-wise t-test comparing global connectivity maps of the
aggressive behavior and HC groups was computed. Small volume
correction was used for the three a priori defined ROIs (amygdala,
dorsal anterior cingulate and vmPFC) and whole-brain correction
was also performed for exploratory purposes. All corrections for
multiple comparisons were performed using nonparametric clus-
ter correction as recommended by Eklund et al. (2016) in the FSL
randomise tool (Winkler et al., 2014) with 5000 permutations.

Dimensional analyses examining correlations of
global connectivity with aggression

Within the group of children with aggression, voxel-wise correla-
tions between RPQ total aggression score and global connectivity
maps were computed. These were corrected for multiple com-
parisons both at the whole-brain level and at a small volume
correction level for each of the three a priori ROIs using the FSL
randomise tool with 5000 permutations.

Follow-up amygdala-seed connectivity
correlations with aggression

The clusters in the bilateral amygdala that were significantly
different between groups were defined as ROIs for follow-up
seed connectivity analyses in the group of children with aggres-
sion. The two amygdala regions were transformed to individual
subject space and seed connectivity maps were computed in
Biolmage Suite for each subject. The resulting seed maps were

transformed to common space and correlations were run across
subjects with RPQ aggression measures. Results were corrected
for whole-brain multiple comparisons. Because the primary inter-
est of this study was in general maladaptive aggression, we des-
ignated RPQ total score as the primary behavioral variable of
interest.

Previous research has demonstrated that controlling for CU
traits can reveal relationships between amygdala function and
aggression severity that are obscured when callous traits are
not taken into account (Viding et al., 2012; Lozier et al., 2014).
Therefore, we repeated the whole-brain voxel-wise amygdala-
seed correlation analysis with the ICU total score as a covariate
to explore if the pattern of results changed (see Supplemental
Results and Supplementary Figure S2).

Additional analyses evaluating potential
confounds

To assess the influence of potentially confounding variables (age,
motion and CU traits), connectivity values from significant clus-
ters in each analysis (i.e. group differences in global connectiv-
ity and correlations of global connectivity and amygdala-seed
connectivity with RPQ scores in the aggressive behavior group)
were extracted to conduct follow-up analyses in SPSS v28 (see
Supplemental Results and Supplementary Table S2).

Results
Clinical characteristics

Compared to children in the healthy control group, subjects in the
aggressive behavior group had significantly higher CBCL aggres-
sive behavior scores (mean#+s.d.=76.324+7.91 vs 51.04+2.96,
tse =13.79, P<0.001) and RPQ scores (mean=+s.d=19.8947.40
us 3.30+£3.21, ts¢ =9.57, P<0.001). Twenty-eight children in the
aggressive behavior group met the criteria for ODD (73.7%), four
met the criteria for CD (10.5%) and eight met the criteria for
DMDD (21.1%). There were no differences between the healthy
controls and children in the aggressive behavior group on age,
sex, race/ethnicity, full-scale IQ and family composition. Demo-
graphic and clinical characteristics of the sample are reported in
Table 1.

Group differences in global connectivity

A significant group difference was found in the bilateral amyg-
dala between the group of children with aggressive behav-
ior and healthy controls (Figure 1, Supplementary Table S2).

x=-21mm

y=0mm

Fig. 1. Region of the bilateral amygdala with a significant group
difference in global connectivity in P<0.05 small volume-corrected
analysis. Children with aggression showed over- connectivity in the
amygdala compared to healthy controls. Images are shown using
radiological convention (left is on the right).
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Fig. 2. Prefrontal global connectivity is associated with aggression severity. In the aggressive behavior group, dimensional analyses showed that
reduced global connectivity in the dACC (A) and vinPFC (B) was negatively associated with severity of aggression. Results are shown at a P<0.05
threshold with small volume correction analysis for dACC and vmPFC. Results from the whole-brain corrected analysis showed that global
connectivity was negatively correlated with aggression severity in the dACC, vmPFC and dorsolateral PFC (C). The x-axis shows the severity of
aggression using the RPQ total score, and the y-axis shows the intrinsic connectivity distribution or strength of global connectivity. Images are shown

using radiological convention (left is on the right).

Specifically, children with aggressive behavior showed greater
global intrinsic connectivity in the bilateral amygdala than
children in the healthy controls group [P<0.05 family-wise
error (FWE) corrected]. No significant findings were observed
in the other two ROIs or in the exploratory whole-brain
analyses.

Correlations between global connectivity and
aggression severity

In the group of children with aggressive behavior, global connec-
tivity was significantly and negatively correlated with the RPQ
aggression total score in the small volume-corrected analyses for
both the dorsal anterior cingulate and the vmPFC (FWE-corrected
P<0.05, Figure 2A and B, Supplementary Table S2). There was no
significant correlation in the amygdala. In the whole-brain anal-
ysis, global connectivity was significantly negatively correlated
with RPQ aggression total score in the vmPFC and dACC (over-
lapping with the small volume-corrected finding) and the dor-
solateral PFC (FWE-corrected P<0.05, Figure 2C, Supplementary
Table S2).

Follow-up correlations between amygdala-seed
connectivity and aggression severity

In children with aggressive behavior, connectivity to the left
and right amygdala regions identified in the group contrasts
of global connectivity were then related to aggression sever-
ity using the RPQ aggression total score. The severity of
aggression was significantly and positively correlated with left
amygdala connectivity with a cluster of the PFC, including
vmPFC, dACC and the dorsolateral PFC at a whole-brain cor-
rected level (FWE-corrected P<0.05; Figure 3, Supplementary
Table S2). There were no significant correlations with right
amygdala connectivity. We repeated this analysis including
ICU total score as a covariate, and the pattern of results was
largely unchanged (see Supplemental Results and Supplementary
Figure S2).

Additional analyses of potential confounds

The SPSS post hoc analyses revealed that after covarying for
age, CU traits and motion, main results for global connectivity
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Fig. 3. Follow-up analyses examining the correlation between left amygdala seed-based connectivity and aggression severity. In the aggressive
behavior group, severity of aggression is positively associated with left amygdala connectivity with a cluster in the PFC, including vimPFC, dorsolateral
PFC and dACC. Results are whole-brain corrected at a P<0.05 level. The x-axis shows the severity of aggression using the RPQ total score, and the
y-axis shows the strength of left amygdala connectivity. Images are shown using radiological convention (left is on the right).

remained significant for between-group (Figure 1), small volume-
corrected (Figure 2A and B) and whole-brain (Figure 2C) analyses.
Amygdala-seed connectivity (Figure 3) was also unchanged by
the inclusion of these covariates (see Supplemental Results and
Supplementary Table S2 for additional details).

Discussion

Abnormal patterns of connectivity within amygdala-PFC cir-
cuitry in children with aggressive behavior have been well docu-
mented using task-based fMRI. As a novel approach, this study
utilized a metric of global connectivity—reflecting the overall
inter-connectedness of a region with all other regions of the
brain—to investigate disruptions in frontolimbic circuitry asso-
ciated with aggressive behavior. Three important findings were
observed in this study that advance the understanding of asso-
ciations between disruptions in intrinsic functional connectivity
and aggression in children. First, children with aggressive behav-
ior showed increased global connectivity in the bilateral amygdala
relative to unaffected controls. Second, in children with aggres-
sive behavior, decreased global connectivity in the dorsal anterior
cingulate and vmPFC was associated with greater severity of
aggressive behavior. Third, the severity of aggression was posi-
tively correlated with left amygdala-PFC connectivity in children
with aggressive behavior. Additionally, the amygdala connectivity
findings remained significant after covarying for CU traits.

The amygdala has been a primary area of interest in neu-
roimaging studies of aggressive behavior due to its key role in
emotion reactivity (Phelps and LeDoux, 2005) and frustration
processing (Yu et al., 2014). Given the bidirectional flow of informa-
tion between the amygdala and PFC structures, our finding may
indicate an intrinsic functional architecture reflecting excessive
bottom-up signaling at the expense of the top-down regulation of
negative affect. The positive association of increased amygdala-
dACC and vmPFC connectivity with behavioral problems was
reported in healthy adolescents (Saxbe et al., 2018; Thijssen et al.,
2021) and in juvenile offenders (Aghajani et al.,, 2017). Resting-
state studies of adults have also reported positive associations
between increased amygdala intrinsic connectivity and anger
(Gilam et al., 2017), a related construct of aggression, as well as
between amygdala connectivity with frontotemporal regions and
aggression (Buades-Rotger et al., 2019). Our study expands upon
this earlier work by demonstrating increased intrinsic connectiv-
ity of amygdala in a transdiagnostic sample of children seeking
treatment for aggressive behavior. Increased resting-state con-
nectivity of the amygdala with the vmPFC and ACC structures

suggests a more vigilant state of neural networks involved in emo-
tional processing (Thijssen et al., 2021). We speculate that the
greater state of vigilance at rest and in the absence of emotional
stimuli may deplete cognitive resources required for the per-
formance of the emotion-processing tasks, resulting in reduced
amygdala-PFC connectivity observed in task-based fMRI studies
of emotion processing in children with aggressive behavior.

In dimensional analyses conducted in the group of children
with aggressive behavior, global connectivity of the dACC and
vmPFC was negatively associated with the severity of aggression.
That is, children with aggressive behavior showed decreasing lev-
els of dACC and vmPFC connectivity with increasing degree of
aggression. The vmPFC is a central node in the circuitry support-
ing the cognitive control of emotion (Etkin et al., 2015), which
modulates limbic reactivity through reciprocal cortico-cortical
connections with other regions of the lateral and ventral PFC
(Hartley and Phelps, 2010; Ochsner et al., 2012; Silvers et al., 2017).
The anterior cingulate is involved in the awareness of affective
states (Craig, 2009), the processing of empathic concern for others
(Decety et al., 2008; Mutschler et al., 2013) and cognitive processes,
including monitoring of response conflicts and decision-making
(Bush et al., 2000). Interactions between the anterior cingulate,
vmPFC and amygdala are also involved in the top-down regulation
of emotion (Buhle et al., 2014; Silvers et al., 2017). Aberrant func-
tion of anterior cingulate and vimPFC are implicated in childhood
aggressive behavior and may impede adaptive emotion processing
and regulation (Alegria et al.,, 2016). Additionally, findings from
resting-state fMRI studies suggest a similar pattern of aberrant
intrinsic functional connectivity in ventral PFC regions associated
with aggressive behavior (Broulidakis et al., 2016; Roy et al., 2018;
Werhahn et al., 2020; Zhu et al., 2020). Similarly, in a resting-state
study of adults, Varkesvisser and colleagues reported reduced
connectivity between the dorsolateral PFC and the basolateral
subregion of the amygdala in the aggression group relative to con-
trols (Varkevisser et al., 2017). Our finding that reduced dACC and
vmPFC intrinsic connectivity is related to increased aggressive
behavior severity is consistent with prior task-based and resting-
state fMRI studies and is particularly important in the context
of the dimensional RDoC approach as prefrontal circuitry sub-
serving multiple functions of cognitive control are impaired in
various neuropsychiatric disorders (McTeague et al., 2018). In sup-
port of this, in a recent longitudinal study of the developmental
trajectories of aggression from 7 to 14 years of age, cognitive con-
trol emerged as a key buffering factor of desisting aggression
(Hawes et al., 2016). Additionally, frontolimbic connectivity has
also been shown to modulate the relationship between amygdala
over-reactivity and increased levels negative affect in childhood



(Gaffrey et al., 2021). Thus, atypical PFC connectivity may rep-
resent a consistent finding across fMRI studies in children with
disruptive behavior problems.

While different regions emerged as significant for group differ-
ences between children with and without aggression and dimen-
sional associations of connectivity with severity of aggressive
behavior, these regions were located within the prefrontal and
limbic regions and thus aligned with our a priori hypotheses of
frontolimbic dysfunction in childhood aggression. Other resting-
state fMRI studies have also reported differences in regions
emerging as significant between dimensional and categorical
approaches in youths with aggression (Zhou et al., 2015; Aghajani
et al., 2017; Roy et al., 2018; Werhahn et al., 2020). Dimensional
us categorical approaches reveal related but distinct features of
brain organization as related to resting-state fMRI (Parkes et al.,
2020). For instance, while categorical or case-control designs have
the potential to assist in identifying biomarkers that are disorder
specific, dimensional approaches may capture a wider range of
variation in symptomatology, which has clinical implications for
understanding the link between brain dysfunction and psychi-
atric disorders. Here, group differences in connectivity between
children with aggression vs healthy controls could indicate a
biomarker of risk of being in a group characterized by clini-
cally significant levels of aggressive behavior, while within-group
dimensional analysis reveal intrinsic connectivity biomarkers of
aggression severity.

Follow-up seed connectivity tests were also conducted for the
amygdala ROI, which emerged as significant in the group compar-
isons. Here, seed-based connectivity analyses in the aggressive
behavior group revealed that increasing left amygdala connectiv-
ity with PFC and ACC was correlated with increasing severity of
aggression. These findings are consistent with a study of adoles-
cents with CD showing over-connectivity between the right baso-
lateral amygdala with ventromedial PFC regions (Aghajani et al.,
2017). Similarly, greater amygdala-ACC connectivity was associ-
ated with greater levels of emotional liability in 5- to 13 year-old
children with ADHD (Hulvershorn et al., 2014). Thus, correla-
tion of severity of aggression with increased intrinsic functional
connectivity between the amygdala and prefrontal and anterior
cingulate cortices could suggest excessive or inefficient top-down
control of amygdala, possibly reflecting the failure to suppress the
heightened emotional salience of frustration. This interpretation
is consistent with the other two findings in our study: increased
amygdala global connectivity in children with aggression rela-
tive to controls and reduced global connectivity of dorsal anterior
cingulate and medial PFC in children with aggressive behavior.

Given that frontolimbic projections are critical to dampening
the acquisition and expression of negatively valenced emotions
(Ochsner et al., 2012), amygdala-prefrontal over-connectivity, as
reported here, could indicate a compensatory mechanism to
modulate emotions in children with high levels of aggressive
behavior. Alternatively, given the bidirectional flow of infor-
mation between the amygdala and PFC structures (Hartley and
Phelps, 2010), our finding may also indicate an intrinsic func-
tional architecture reflecting excessive bottom-up signaling or
recruitment of cognitive resources toward positive or motivation-
ally salient stimuli at the expense of the top-down regulation of
negative affect (Sadeh and Verona, 2008). It is also important to
note that, in the current study, decreased global connectivity was
observed in the vimPFC and dACC ROIs, but increased seed con-
nectivity to the amygdala was observed in these same regions. It
is possible that these regions may be functionally hyper-coupled
to the amygdala in children with aggressive behavior and less
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modulated by other areas of the brain. For instance, increased
amygdala-prefrontal connectivity may come at the expense of
diminished functional connections between the PFC and other
cortical regions.

Study limitations

Some limitations should be considered. First, the sample size
was modest and replication of these findings will be needed in
larger samples. Replication of findings in large-scale open-access
datasets, such as the Adolescent Brain Cognitive Development
study (Casey et al., 2018), offers opportunities to test the gen-
eralization of neural markers identified in this clinical sample
of treatment-seeking youth with aggression to other popula-
tions. Second, our sample consisted of predominantly males and
showed a male to female ratio that is comparable to reported
estimates of male to female ratios for children with disruptive
behavior disorders (2-3:1) (Demmer et al., 2017). Given that sex dif-
ferences in adolescence have been shown to influence the devel-
opment of the intrinsic functional architecture (Alarcén et al.,
2015), particularly amygdala connectivity, an understanding of
sex differences may inform future research of the neural fea-
tures associated with increased risk for aggression. While the
current study was not statistically powered or designed to test sex
differences, future work is necessary to examine whether boys
and girls with aggressive behavior demonstrate unique patterns
of intrinsic functional connectivity. Third, the cross-sectional
nature of this study is a fundamental limitation. Future longitudi-
nal resting-state fMRI studies will be essential for understanding
the effects of intrinsic functional brain networks on the trajectory
of childhood maladaptive aggression. Finally, the lack of assess-
ment of pubertal development should be noted as a limitation in
the current study. Future resting-state fMRI studies are needed
with matched groups based on pubertal development in order to
reduce the possibility of group differences in brain developmental
stages. Our post hoc analysis with age as a covariate also indicated
that age did not significantly affect the association of intrinsic
connectivity with aggression, suggesting that these results are
robust to and/or stable across changes in neural developmental.
Future longitudinal studies will be essential for understanding
the developmental effects of puberty on associations between
intrinsic functional connectivity and aggressive behavior.

Conclusions

This study is the first to apply a metric of global connectiv-
ity to identify underlying disruptions in the intrinsic functional
architecture in children seeking treatment for aggressive behav-
ior. Children with aggressive behavior showed over-connectivity
in the bilateral amygdala compared to healthy controls. Dimen-
sional analyses revealed associations between increased aggres-
sion severity and decreased global connectivity in prefrontal
regions, including the dACC and vmPFC. Further, we found that
greater aggression severity was associated with decreased left
amygdala-prefrontal connectivity. These findings suggest disrup-
tions in frontolimbic networks involved in the cognitive control
of emotion, which may increase the risk of aggressive behavior
in children. These findings may also inform the development of
neural biomarkers of maladaptive aggression.
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