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ARTICLE INFO ABSTRACT

Keywords: A recent meta-analysis of resting-state functional connectivity studies revealed that individuals exhibiting anti-
Functional connectivity social behaviors or conduct problems may show disrupted brain connectivity in networks underpinning socio-
Somatomotor

affective and attentional processes. However, studies included in the meta-analysis generally rely on small
sample sizes and substantially differ in terms of psychometric scales and neuroimaging methodologies. There-
fore, we aimed to identify reliable functional brain connectivity alterations associated with severity of conduct
problems using a large sample of adolescents and two measures of conduct problems. In a sample of 1416
children and adolescents, mass-univariate analyses of connectivity measures between 333 cortical parcels were
conducted to examine the relationship between resting-state functional cortical-cortical connectome and the
severity of conduct problems using the Child Behavior Checklist (CBCL) and the Strengths and Difficulties
Questionnaire (SDQ). At a liberal threshold, results showed that the functional brain connectivity significantly
associated with conduct problems largely differ between the two scales. Indeed, only 21 pairs of brain regions
overlapped between the CBCL and SDQ. Permutation feature importance of these 21 brain connectivity measures
revealed that connectivity between precentral/postcentral gyri and lateral prefrontal cortex (both ventral and
dorsal) were the most important features in explaining variance in conduct problems. The current study high-
lights that psychometric measures may yield distinct functional connectivity results. Moreover, severity of
conduct problems in children and adolescents was mainly associated with deficient functional connectivity of
somatomotor and ventral attention networks indicating potential alterations in motor, cognitive and reward
processes.

Conduct disorder
Antisocial behaviors

exhibiting antisocial behaviors may be characterized by abnormal brain
activity during fMRI tasks involving negative emotions processing, so-
cial cognition and cognitive control (Dugré et al., 2020). For example,

1. Introduction

Conduct disorder (CD) is defined by serious and persistent patterns of

behavior that violate the rights of others (i.e., aggressive, and rule-
breaking behaviors) (APA, 2013). It has been suggested that approxi-
mately 5 % of children will display severe and persistent conduct
problems (CP) and meet the criteria for CD (Bevilacqua et al., 2018;
Fairchild et al., 2019). These children are known to display high levels of
comorbid psychopathologies such as callous-unemotional traits (Frick
and Thornton, 2014), but also attention-deficit/hyperactivity (ADHD)
symptoms (Bird et al., 2006; Boylan et al., 2007; Costello et al., 2003;
Nock et al., 2006; Wichstrgm et al., 2012). Past studies have shown that
individuals with CP may demonstrate a variety of neurobiological im-
pairments. Indeed, in a recent meta-analysis of functional neuroimaging
studies, our research team observed that adolescents and adults

scientific literature has extensively supported the role of the amygdala,
medial and lateral prefrontal cortex, insula and cingulate cortex in our
understanding of the neural correlates of CP during functional magnetic
resonance imaging (fMRI) tasks (Alegria et al., 2016; Dugré et al., 2020;
Noordermeer et al., 2016; Raschle et al., 2015; Wong et al., 2019).
However, in comparison to other neuroimaging modalities, the func-
tional brain connectivity underpinning CP remains largely
understudied.

In the last decade, researchers have aimed to identify intrinsic
functional networks which regroup reliable temporally correlated brain
regions at rest. Indeed, these large-scale networks usually include the
medial fronto-parietal (e.g. default-mode network), occipital (e.g.
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medial and lateral visual), pericentral (e.g. sensorimotor, somatomotor),
dorsal fronto-parietal (e.g. dorsal attention), lateral fronto-parietal (e.g.
cognitive control), midcingulo-insular (e.g. salience, ventral attention,
cingulo-opercular) networks (Gordon et al., 2016; Schaefer et al., 2018;
Uddin and Spreng, 2019; Yeo et al., 2011). Resting-state functional
connectivity has recently gained considerable attention in the investi-
gation of the neurobiological mechanisms involved in antisocial be-
haviors. In a recent meta-analysis of resting-state functional connectivity
studies, we found that antisocial subjects exhibited prominent alter-
ations in functional connectivity in nodes of the Default Mode Network
(i.e., ventro- and dorso-medial PFC and posterior cingulate cortex),
Dorsal Attention (i.e., Frontal eye field) and Ventral Attention regions (i.
e., anterior midcingulate cortex/pre-supplementary motor area) as well
as in the amygdala (Dugré and Potvin, 2021). Using data from the ABCD
study (n = 9636), authors have recently showed that the severity of CP
was significantly associated with average within-connectivity in the
Dorsal Attention, whereas reduced connectivity within the Default Mode
Network was rather associated with callous-unemotional traits (Umbach
and Tottenham, 2020). Similarly, reduced PCC-vmPFC connectivity
(within-Default Mode Netwrok) was found in inmates with compared to
those without psychopathic traits (Motzkin et al., 2011). However, some
recent meta-analytic evidence suggests that dysconnectivity of the
Default Mode Network may not be specific to CP or callous-unemotional
traits but may rather act as a transdiagnostic neurobiological markers
(Doucet et al., 2020). These results justify the need to search for specific
neurobiological markers of CP.

Growing evidence suggests that antisocial behaviors may be mostly
associated with impairments of between- rather than within-network
connectivity. In a large sample of adults (n = 1003), some researchers
have found that anger-aggression was mainly correlated with connec-
tivity between the PCC (Default Mode Network) and Visual, Somato-
motor and Ventral Attention as well as between the Fronto-Parietal and
Somatomotor (Weathersby et al., 2019). Antisocial behaviors appear to
be also associated with deficient functional connectivity between
Ventral Attention regions and Default Mode Network (Pujol et al., 2012)
and Frontoparietal (Cohn et al., 2015) as well as between the Dorsal
Attention and Default Mode Network and Ventral Attention (Shannon
et al.,, 2011). An increasing number of studies also indicate that anti-
social behaviors (e.g., aggression) may be mainly related with altered
resting-state connectivity between the amygdala and brain regions
involved in the Default Mode Network (Motzkin et al., 2011; Sukho-
dolsky et al., 2022), Frontoparietal and Ventral Attention networks
(Sukhodolsky et al., 2022). Overall, these results indicate that most of
the resting-state connectivity alterations are found between the Default
Mode Network, Dorsal and Ventral Attention and Somatomotor. In
comparison with other pediatric psychiatric disorders, several brain
connectivity (e.g., Default Mode Network) associated with CP are also
reported in ADHD (Sutcubasi et al., 2020), anxiety (Xu et al., 2019) and
depressive (Kaiser et al., 2015) disorders. Once again, these highlight
the importance of clarifying the deficits in resting-state connectivity that
may be specifically associated with antisocial behaviors, compared to
other psychopathologies.

Despite the relevance of the above-mentioned findings, there are
several limitations that tamper scientific progress in the field. First, there
are discrepancies in results across studies which may be explained by
different methodologies such as restricting analyses to a priori defined
seeds (e.g., amygdala) or a limited number of large-scale networks (e.g.,
Default Mode Network). Likewise, the diversity of psychometric scales
used to assess antisocial behaviors and CP may contribute to discrepant
results. Studies on resting-state functional connectivity usually include
small sample sizes (median: 22 subjects, see Dugré and Potvin, 2021),
which may increase the false positive rate. Recently, some have argued
that in resting-state functional connectivity investigations, stability and
reproducibility in brain-behavior relationships may require thousands of
individuals (Marek et al., 2022), thus highlighting the need for larger
sample size to investigate the neural correlates of CP.

Neurolmage: Clinical 37 (2023) 103346

Therefore, the purpose of the study was twofold. First, we aimed to
address these issues by investigating the cortico-cortical and amygdala-
cortical functional connectivity at rest associated with two distinct
measures of CP, using a large sample of 1416 children and adolescents.
We hypothesized that CP will be associated with disrupted functional
connectivity within-Default Mode Network, and between Default Mode
Network and Dorsal Attention, Ventral Attention, Somatomotor net-
works, as well as between the amygdala and these networks. Then, as
exploratory analyses, we examined whether the significant brain con-
nectivity associated with CP may also be related to other psychopa-
thologies such as irritability, ADHD symptoms and callous-unemotional
traits.

2. Methods
2.1. Participants and neuroimaging acquisition parameters

Data from 2200 participants were obtained from the Healthy Brain
Network (HBN), an ongoing initiative in New York area (USA) that aims
to investigate heterogeneity and impairment in developmental psycho-
pathology (5-21 years old) (Alexander et al., 2017). The HBN adopted a
community-referred recruitment model in which advertisements was
provided to community members, educators, parents. Exclusion criteria
were impairments that prevents full participation in the study (e.g.,
serious neurological disorders, hearing or visual impairments), neuro-
degenerative disorder, acute encephalopathy, acute intoxication, and
serious psychiatric disorders (recent diagnosis of schizophrenia and/or
manic episode). Supplemental information is provided elsewhere
(Alexander et al., 2017).

From the 2200 participants included in the Data Release 7.0, 1583
participants contained available functional neuroimaging data. Written
assent was obtained from participants younger than 18 years old, and
written consent was obtained from their legal guardians. Written
informed consent was obtained from participants aged 18 or older prior
to enrolling in the study. The original HBN study was approved by the
Chesapeake Institutional Review Board (now Advarra Inc., see https
://www.advarra.com/). The current study was approved by the local
ethics committee.

MRI acquisition took place at three different sites: mobile 1.5 T
Siemens Avanto in Staten Island, 3 T Siemens Tim Trio at Rutgers Uni-
versity Brain Imaging Center (RUBIC), and 3 T Siemens Prisma at the
CitiGroup Cornell Brain Imaging Center (CBIC) (acquisition protocols
and parameters can be found in *** S1, in (Alexander et al., 2017) as
well as https://fcon_1000.projects.nitrc.org/indi/cmi_healthy_brain
_network/). Data at the CBIC were obtained using the same data
acquisition protocol implemented at RUBIC. The acquisition of the two
resting-state scans lasted 5 min each, during which participants viewed a
fixation cross located at the center of the computer screen. Data for the
Siemens Avanto were acquired in a single run lasting 10 min.

2.2. Main assessments

Conduct problems were assessed using the Child Behavior Checklist
(CP-CBCL, Achenbach and Rescorla, 2001), which comprised 33 items
from Aggressive (20 items) and Rule-Breaking (11 items) syndromes
scales. Parents rated each item using a 3-point scale (0 = not true to 2 =
very true)(a = 0.93). We also used the 5-item CP scale (2 items on
aggressive and 3 on non-aggressive rule-breaking behaviors) of the
Strength and Difficulties Questionnaire (CP-SDQ, Goodman, 2001),
which showed acceptable internal consistency (a = 0.72). Pearson’s
correlation between these two scales of CP revealed moderate-strong
association (r = 0.788).

Exploratory analyses were conducted to investigate the association
between brain connectivity and irritability, ADHD symptoms and
callous-unemotional traits. Irritability was measured using the Parent-
report form of the Affective Reactivity Index (Stringaris et al., 2012).
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This 6-item scale (0 = Not True to 2 = Certainly True) showed excellent
internal consistency (¢ = 0.90). ADHD symptoms were measured using
the total score of the parent-report form of the Strengths and Weakness
of ADHD-symptoms and Normal-behavior (Swanson et al., 2012). This
scale, which contains 18 items (+3 = Far Below Average to —3 = Far
Above average), also showed excellent internal consistency (a = 0.95).
Finally, callous-unemotional traits were measured using the
parent-report form of the Inventory of Callous-Unemotional Traits
(Essau, Sasagawa et Frick, 2006). In our study, we examined the rela-
tionship between brain connectivity and the three subscales of this
24-item questionnaire (i.e., Callousness, Uncaring, and Unemotional
traits), separately, given that they are differently associated with CP and
externalizing behaviors. Indeed, a recent meta-analysis showed that the
unemotional subscale was weakly related with externalizing problems,
compared to the two other subscales (Cardinale and Marsh, 2020). The
Callousness (e.g., ‘Shows no remorse’, & = 0.74), Uncaring (e.g., reversed
“Tries not to hurt others’ feelings’, a = 0.84) and Unemotional (e.g., ‘Does
not show emotions’, a = 0.79) subscales demonstrated good internal
consistency.

2.3. fMRI data preprocessing

Functional images were realigned, corrected for motion artifacts
with the Artifact Detection Tool (Power et al., 2014)(ART, setting a
threshold of 0.9 mm subject ART’s composite motion and a global signal
threshold of Z = 5) with the implemented in CONN Toolbox (Whitfield-
Gabrieli and Nieto-Castanon, 2012), bandpass filtered (0.01 Hz < f <
0.10 Hz) and co-registered to the corresponding anatomical image. The
anatomical images were segmented (into grey matter, white matter, and
cerebrospinal fluid) and normalized to the Montreal Neurological
Institute (MNI) stereotaxic space. Functional images were then
normalized based on structural data, spatially smoothed with a 6 mm
full-width-at-half-maximum (FWHM) 3D isotropic Gaussian kernel and
resampled to 2 mm? voxels. For the preprocessing, the anatomical
component-based noise correction method (aCompCor strategy, Behzadi
et al., 2007), was employed to remove confounding effects from the
BOLD time series, such as the physiological noise originating from the
white matter and cerebrospinal fluid. This method was found to increase
the validity and sensitivity of analyses (Chai et al., 2012). In the current
study, preprocessed images were manually checked for each of the 1583
participants. We found pre-processing issues due to the poor quality of
images in 108 participants, which resulted in the software unable to
adequately detect & segment volumes into tissue classes (i.e., grey
matter, white matter, and cerebrospinal fluid). In addition, 59 adoles-
cents exhibited high movements (exceeding 3 mm) leaving a remaining
sample of 1416 participants. Finally, given that the CBCL measures
children and adolescent psychopathologies (<18 years old), 56 adults
subjects were excluded, leaving a final sample size of 1360 adolescents.

2.4. Cortico-cortical and Amygdalo-cortical functional connectivity

To examine the cortico-cortical connectivity, we extracted functional
connectivity between cortical parcels derived from the Gordon’s par-
cellation (i.e., 333 cortical parcels) covering the whole cortex (Gordon
et al., 2016), as used in the ABCD study (Marek et al., 2019). These 333
cortical parcels are grouped into 13 intrinsic networks, namely Audi-
tory, Cingulo-Opercular, Cingulo-Parietal, Default Mode Network,
Ventral and Dorsal Attention, Frontoparietal, Somatomotor (Hand),
Somatomotor (Mouth), Retrosplenial-Temporal, Salience, Visual, and
Unassigned (None). We additionally included left and right amygdala
from the FSL Harvard-Oxford Atlas, provided in the CONN Toolbox.
Physiological noise, realignment parameters, and movement artifacts
were regressed out as confounding effects from the BOLD time-series for
each parcel.
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2.5. Statistical analyses

2.5.1. Mass-Univariate analysis

In the first-level analysis, Pearson’s correlation coefficients between
the residual BOLD time course from each parcel and the time course of
all other 332 parcels, for each subject. The same was done for amygdala
regions and all Gordon 333 parcels. Coefficients were converted to
normally distributed z-scores using a Fisher Z-Transformation. Second-
level analyses were conducted using mass-univariate linear regression
to examine relationships with CP derived from the CBCL and the SDQ,
removing the effect of age, sites, sex, percentage of valid scans and
framewise displacement. To identify brain connectivity that were reli-
ably associated with CP, we conducted mass-univariate linear regression
analyses on 5,000 random subsamples using 90 % of the total sample at
each iteration. Brain connectivity were then considered as statistically
associated with CP if the average p-value across the 5,000 iterations met
the uncorrected threshold of p < 0.005. This somewhat liberal threshold
was used to keep brain connectivity that has acceptable association with
CP. After having selected the most correlated brain connectivity across
CBCL and the SDQ (p < 0.005), we kept only those overlapping between
the two scales which may characterize the core features underpinning.
These steps were conducted to adequately control for type Il errors (i.e.,
false negative due to stringent thresholding) as well as decreasing type I
errors by limiting spurious and scale-specific results. Indeed, selecting
the most stable brain connectivity measures across the 5,000 sub-
sampling iterations and those overlapping between scales measuring the
same construct may reduce the risk for falsely accepting the null hy-
pothesis on spurious brain connectivity.

2.5.2. Permutation feature importance

After having identified brain connectivity associated with CP across
scales, we investigated whether brain connectivity results differed be-
tween scales regarding their importance in explaining variance of the
CBCL and SDQ. We calculated feature importance by conducting a
multivariate linear regression which included the resulting brain con-
nectivity measures (independent variables) in association with CP
severity (dependent variable), respectively. We permutated each brain
connectivity measure 100 times on a test set (20 % of the data) and
compared Rj scores between the baseline model on the train set (80 % of
the data without permutations). Given that results may vary depending
on the selected test set, we ran permutation importance on 1,000
randomly selected test set and averaged estimates. Compared to the base
model, changes in Ry score would therefore indicate the relative
importance of a particular feature. Finally, we examined differences in
feature importance of each brain connectivity between the CBCL and
SDQ with Fisher r-to-z transformation (p < 0.05, two-tailed). Sub-
analyses were performed using the same statiscal procedure to examine
whether results may have been driven by developmental period (i.e.,
childhood, adolescence) and scanner strength (i.e., 3 Tesla, 1.5 Tesla).

2.6. Exploratory analyses

As exploratory analyses, we sought to examine whether the brain
connectivity associated with severity of CP were also related to other
psychopathologies, namely irritability, ADHD symptoms and callous-
unemotional traits. To do so, we conducted partial correlations be-
tween brain connectivity and psychopathologies, adjusting for the effect
of age, sites, sex, percentage of valid scans and framewise displacement.

2.7. Functional decoding

Functional decoding was conducted to examine the neurocognitive
domains (i.e., task fMRI) underlying functional connectivity between
two ROIs that are associated with CP, using the BrainMap environment.
The BrainMap environment include a repository of neuroimaging
studies which contain brain coordinates and metadata (e.g., sample size,



J.R. Dugré and S. Potvin

behavioral categories) for more than 21,083 experiments. Brain co-
ordinates (foci) and metadata (e.g., behavioral categories, sample size,
contrasts) of papers included in the repository are coded by their
research team, as well as authors of original papers via Scribe (http://br
ainmap.org/scribe/) and then verified by BrainMap staff. BrainMap
ontology rely on 60 behavioral categories grouped into 5 domains:
cognition, emotion, perception, action, interoception. The Behavioral
Analysis plugin for Multi-image Analysis GUI (Lancaster et al., 2012) (ri
c.uthscsa.edu/mango) relies on the binomial “success” probabilities of
activation foci within a ROI than expected for random spatial distribu-
tion for a behavioral subdomain. Z-score of 3.0 or more represent p <
0.05 Bonferroni corrected for multiple comparisons.

In the current study, 49 categories from 4 different neurocognitive
domains were included (i.e., Action, Emotion, Cognition, Perception)
given that none of the parcel was significantly associated with Inter-
oception subcategories. Then, each parcel of a given brain connectivity
(parcel A & parcel B) was characterized by a binary set of 49 behavioral
categories (0 [Z < 3] and 1 [Z > 3]). We created an adjacency matrix (49
categories-by-49 categories) representing the connected categories be-
tween parcel A and parcel B. Then, we summed adjacency matrices for
all brain connectivity measure significantly associated with CP, sepa-
rately for positive and negative correlations. Finally, behavioral cate-
gories at a node-level were ranked based on their number of edges
(degree centrality) and influence across the network (betweenness
centrality). We also examined what behavioral domains were the most
frequently reported across brain connectivity. These analyses were
conducted with python’s NetworkX package (Hagberg et al., 2008).

Child Behavior Checklist CBCL N SDQ

Decreased Connectivity

7
' |
Strengths and Difficulties Increased Connectivity
Questionnaire
///‘\ T
SN
SN »
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3. Results
3.1. Cortico-cortical and Amygdalo-cortical functional connectivity

Mass univariate analysis revealed significant functional brain con-
nectivity associated with CP-CBCL (231 connections at a p < 0.005
uncorrected threshold) and CP-SDQ (269 connections at a p < 0.005
uncorrected threshold). From these results, only 21 brain connections
were shared across both scales (i.e., 10 positively and 11 negatively
associated with CP, see Fig. 1A-C and supplementary material). Overall,
brain connectivity measures of CP were mainly driven by nodes of the
Somatomotor (6 out of 21 connections) and Ventral Attention networks
(4 out of 10 positive connections), but also with unassigned parcels from
the Gordon Atlas (None: 4 connections). More precisely, severity of CP
was positively associated with functional connectivity within-
Somatomotor (2 connections), between Frontoparietal and unassigned
parcels (i.e., bilateral posterior hippocampus — Frontal Eye Fields) but
also between Ventral Attention and Default Mode Network, Dorsal
Attention, Frontoparietal and Somatomotor. Furthermore, CP was
negatively associated with functional connectivity between cingulo-
opercular & visual (2 connections), Somatomotor & Salience network
(2 connectivitiy between precentral & dACC), auditory & cingulo-
opercular & Default Mode Network as well as within-Default Mode
Network.

When examining feature importance of the 21 connections in a
multivariate linear regression, we observed that between CBCL and
SDQ, brain connectivity measures had roughly similar importance (see
Table 1), except for P5 (CBCL > SDQ), N8 (SDQ > CBCL) and N11 (CBCL

C.
Auditory
Cingulo-Opercular 1
Cingulo-Parietal
Default Mode 1 1 &
Dorsal Attention 11
B 1
None i 1 1
Salience
v @3
Somatomotor (Mouth) 1
Ventral Attention
Visual .
D.
P1 [ ] N1 °
P2 ° ° N2 >
P3 o N3 »
N4 [ ]
P4 o0
¢ N5 °
// P5 | oe
/ i N6 [ ]
-~ 3 P6 e o
N7 [
P7 o
[ o N8 | ®
‘\‘ ] o0 N9 °
P9 ° L] N10 »
P10 [ L N11 L]
0 0.01 0.02 0 0.01 0.02

Fig. 1. Associations between cortico-cortical connectivity and Conduct Problems across different scales. A. Weight (F-value) of each significant (p < 0.005) cortico-
cortical connectivity across 13 networks of the Gordon (333 parcels, Gordon et al., 2015) after 5,000 random subsampling using 90 % of the sample in association
with Conduct Problems scales derived from the Child Behavior Checklist (CP-CBCL) and the Strengths and Difficulties Questionnaire (CP-SDQ). B. Connectivity
positively and negatively associated with Conduct Problems that intersected between the CBCL and SDQ (Red edges = positive associations; Blue edges = negative
associations). C. Adjacency matrix showing significant within- and between-network connectivity results associated (Red = Positively; Blue = Negatively) with CP. D.
Feature importance (R? score with Standard Deviation) in association with severity of Conduct Problems for the Child Behavior Checklist (CP-CBCL) and the
Strengths and Difficulties Questionnaire (CP-SDQ). Permutation importance was conducted by permutating each of the 21 cortico-cortical brain connectivity in a
multivariate linear regression 100 times on a test set (20 % of the data) repeated 1,000 using Monte-Carlo cross-validation. Red dots = brain connectivity positively
associated with CP; Blue dots = brain connectivity negatively associated with CP. Darker colors = CBCL & Lighter colors = SDQ. Please refer to Table 1 for more
detailed information about brain connectivity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Table 1
Multivariate Feature Importance (resting-state brain connectivity) associated
with Conduct Problems across assessments tools.

Names Parcel 1 Parcel 2 Assessments Comparisons
(Network) (Network) rCp- rCp- Z »
CBCL) SDQ)
Positive Associations
P1 PSMG (DA) TPJ (VA) 0.070 0.075 0.290 0.772
P2 IPFC (FP) vIPFC (VA) 0.132 0.104 1.630 0.103
P3 pHipp FEF (FP) 0.052 0.046 0.350 0.728
(None)
P4 pHipp FEF (FP) 0.100 0.089 0.640 0.523
(None)
P5 PoCG (SH) PrCG (SH) 0.043 0.000 2.480 0.013
P6 PoCG (SH) PrCG (SH) 0.063 0.085 1.270 0.203
pP7 PrCG(SH) PITG (None) 0.095 0.094 0.060 0.954
P8 PMC (SH) 10FC (VA) 0.133 0.127 0.350 0.727
P9 PrCG(SM) dIPFC (DA) 0.117 0.141 1.400 0.162
P10 AG (VA) PCUN 0.068 0.078 0.580 0.563
(DMN)
Negative Associations
N1 PINS (A) dmPFC 0.095 0.066 1.680 0.093
(DMN)
N2 aINS (CO) LG (V) 0.121 0.119 0.120 0.907
N3 SMA (CO) Heschl (A) 0.115 0.112 0.170 0.861
N4 dmPFC 1PFC (DMN) 0.127 0.120 0.410 0.684
(DMN)
N5 10FC (None) ITG (None) 0.096 0.084 0.700 0.487
N6 10FC (None)  SMA (CO) 0.128 0.141 0.760  0.448
N7 dACC (S) PoCG (SH) 0.052 0.057 0.290 0.772
N8 dACC (S) PoCG (SH) 0.000 0.034 1.960 0.050
N9 PrCg (SH) PMTG 0.088 0.098 0.580 0.562
(None)
N10 PoCg(SM) pgACC 0.070 0.063 0.410 0.685
(DMN)
N11 V2 (V) IPFC (CO) 0.125 0.075 2.900 0.004

> SDQ). The top 5 most important features were (please refer to
Table 1): 1) P8 connection: Premotor-Lateral OFC (R, change 0.016-
0.018); 2) N6 connection: Lateral OFC-SMA (R, change 0.016-0.020);
3) P9 connection: Precentral-dIPFC (R change 0.014-0.020); 4) P2
connection: Lateral PFC-vIPFC (Ry change 0.011-0.018) and 5) N4
connection: dmPFC-Lateral PFC (R, change 0.014-0.016). The least
important feature was N8 connection: dACC-Postcentral (Rz change 0-
0.001).

Regarding amygdalo-cortical functional brain connectivity, analyses
revealed that the CP-CBCL was negatively associated with functional
connectivity between the right amygdala and the left (F = 10.38, p =
0.002) and right (F = 9.16, p = 0.004) ventral PCC (BA 23). Addition-
ally, the CP-SDQ only showed negative association between the right
amygdala and the pMTG (FP) (F = 12.57, p < 0.001 uncorrected). Thus,
no significant connectivity intersected between the two scales, which
suggest low reliability in amygdala connectivity across CP scales.

3.2. Testing for effects of developmental stage and scanning sites

Testing for differences in features importance across developmental
periods yielded significant differences when examining the features’
relationships with CP-CBCL. Indeed, importance of N2 (aINS-Lingual, Z
= 4.44) and N3 (SMA-Heschl, Z = 2.4) significantly increased in
adolescence, whereas importance of P3 (pHipp-FEF, Z = 3.13), P10 (AG-
PCUN, Z = 2.6), N4 (dmPFC-IPFC, Z = 2.45), N5 (IOFC-ITG, Z = 3.64),
and N10 (PoCg-pgACC, Z = 3.1) decreased in adolescence. However,
when examining feature importance between developmental stages
using the CP-SDQ, no significant differences were observed (see sup-
plementary material for complete results).

Moreover, when comparing features importance between scanner
strengths (i.e., 3-tesla versus 1.5-tesla), importance of N4 (dmPFC-1PFC)
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and N6 (IOFC-SMA) were significantly stronger in the 3 T subsample for
both CBCL and SDQ. Also, P4 (pHipp-FEF), N1 (pINS-dmPFC) and N9
(PrCG-pMTG) showed stronger importance in the 3 T subsample
compared to the 1.5 T subsample when using the CP-CBCL, whereas N10
(PoCG-pgACC) showed stronger importance in the 1.5 T compared to the
3 T when using the CP-SDQ (see supplementary material).

3.3. Exploratory analyses

Partial correlations revealed that irritability, ADHD symptoms,
callousness, uncaring but not unemotional traits were associated with
brain connectivity (see Fig. 2 & Table 2). Indeed, irritability showed
strong associations with N7 (dACC-PoCG, r = -0.107), P9 (PrCG-dIPFC, r
= 0.094), and P5 (PoCG-PrCG, r = 0.092). Top brain connectivity
measures associated with ADHD symptoms were N11 (V2-1PFC, r =
-0.081), N6 (I0FC-SMA, r = -0.08), and P3 (pHipp-FEF, r = 0.08).

Regarding CU traits, severity of uncaring traits was mainly associ-
ated with N10 (PoCG-pgACC, r = -0.127), P4 (pHipp-FEF, r = 0.114),
and P10 (AG-PCUN, r = 0.096), whereas callousness show stronger
correlation with N9 (PrCG-pMTG, r = -0.098), N10 (PoCG, r = -0.095),
and N4 (dmPFC-IPFC, r = -0.09).

3.4. Functional decoding

As shown in Fig. 3, the functional brain connectivity measures
associated with CP were characterized by a variety of behavioral cate-
gories. First, positive brain connectivity measures were mainly related to
interaction between Action and Cognition as well as within-Cognition
domains. Indeed, the most frequent connection of behavioral domains
was between Speech Execution (Action) and Working Memory (Cogni-
tion) with 4 out of 11 pairs of parcels. Also, the top 5 categories with the
largest number of connections (node centrality) included: Unspecified
(Action), Speech Execution (Action), Working Memory (Cognition),
Attention (Cognition) and Semantics (Cognition). The top 5 categories
that had the most influence (betweenness centrality) on the network
were: Working Memory (Cognition), Unspecified (Action), Speech
Execution (Action), Explicit Memory (Cognition) and Semantics
(Cognition).

Second, negative brain connectivity measures rather showed a
widespread relationship between the four behavioral domains. Indeed,
the most frequent connections were 1) Action Execution (Unspecified) &
Reward, 2) Attention & Reward, 3) Attention & Somesthesis (Unspeci-
fied), and 4) Reward & Somesthesis (Unspecified) with each 3 out of 10
pairs of parcels (Fig. 3). Moreover, the top 5 categories with the largest
number of connections (node centrality) were: Orthography (Cogni-
tion), Shape (Visual), Unspecified (Visual), Speech Execution (Action)
and Attention (Cognition). Finally, the top 5 categories that had the most
influence on the network were: Orthography (Cognition), Shape (Vi-
sual), Unspecified (Visual), Speech Execution (Action) but also Reward
(Emotions).

4. Discussion

Using a large sample of adolescents, we aimed to clarify the role of
cortico-cortical and amygdalo-cortical functional brain connectivity
associated with CP. More precisely, we investigated the reliability of the
relationship between resting-state brain connectivity measures and
severity CP using two different psychometric scales (CBCL and SDQ). We
observed that both scales show distinctive association with brain con-
nectivity measures. Indeed, using a liberal statistical threshold (p <
0.005 uncorrected), only 21 cortico-cortical resting-state connectivity
measures associated with CP significantly overlapped between the two
scales. These mainly included regions involved in the Somatomotor,
Ventral Attention and Frontoparietal networks (positive associations) as
well as Cingulo-Opercular, Salience and Default Mode Network regions
(negative associations). Additional analyses revealed that these regions
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Fig. 2. Relationship between functional brain connectivity associated with Conduct Problems and other psychopathologies. Please refer to Table 1 for complete list
of brain connectivity measure. Red lines = Positive associations with conduct problems; Blue lines = Negative associations with conduct problems. (For interpre-
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Table 2

Relationship between resting-state brain connectivity associated with Conduct Problems and other psychopathologies.

Names Brain Connectivity

Psychopathologies

Parcel 1 (Network) Parcel 2 (Network) Irritability r ADHD Symptoms r Callousness r Uncaring r Unemotional r

Positive Associations

P1 PSMG (DA) TPJ (VA) 0.068 0.041 0.08 0.08 0.014
P2 IPFC (FP) VIPEC (VA) 0.084 0.076 0.056 0.053 —0.03
P3 pHipp (None) FEF (FP) 0.064 0.080 0.053 0.088 0.034
P4 pHipp (None) FEF (FP) 0.085 0.056 0.073 0.114 0.046
P5 PoCG (SH) PrCG (SH) 0.092 0.066 0.080 0.074 —0.005
P6 PoCG (SH) PrCG (SH) 0.086 0.017 0.089 0.041 0.015
P7 PrCG(SH) PITG (None) 0.046 0.022 0.066 0.057 0.009
P8 PMC (SH) 10FC (VA) 0.066 0.025 —0.022 0.036 —0.037
P9 PrCG(SM) dIPFC (DA) 0.094 0.076 0.058 0.042 —0.008
P10 AG (VA) PCUN (DMN) 0.042 0.052 0.061 0.096 0.061
Negative Associations

N1 PINS (A) dmPFC (DMN) —0.062 —0.042 -0.076 -0.071 —0.069
N2 aINS (CO) LG (V) —0.061 —0.069 —0.089 —0.069 —0.032
N3 SMA (CO) Heschl (A) —0.033 —0.056 —0.067 —0.063 0.018
N4 dmPFC (DMN) IPFC (DMN) —0.067 —0.04 -0.09 —0.056 —0.073
N5 10FC (None) ITG (None) —0.026 —0.051 —0.014 —-0.077 —0.073
N6 10FC (None) SMA (CO) —0.069 —-0.08 —-0.07 —0.089 —0.022
N7 dACC (S) PoCG (SH) —0.107 —0.042 —0.036 —0.068 0.039
N8 dACC (S) PoCG (SH) —-0.072 —-0.017 —0.006 —0.036 0.023
N9 PrCg (SH) PMTG (None) —-0.091 —0.068 —0.098 —0.088 0.003
N10 PoCg(SM) pgACC (DMN) —0.073 —0.025 —0.095 —-0.127 0.001
N11 V2 (V) IPFC (CO) —0.082 —0.081 —0.043 —0.048 —0.043

were characterized by interactions between Action & Cognition (i.e.,
Positive association with CP) as well as between Reward and Cognition,
Perception and Action (i.e., Negative associations with CP). Finally,
exploratory analyses revealed most brain connectivity were also asso-
ciated with other psychopathologies such as irritability, ADHD symp-
toms, callousness, uncaring but not unemotional traits.

In our recent meta-analysis of resting-state connectivity studies, we
showed that antisocial subjects exhibited hyperconnectivity with
ventral attention network (ie., aMCC/pre-SMA) and amygdala, and
hypoconnectivity regions of the Default Mode Network (i.e., mPFC and
PCC/Precuneus) and Dorsal attention network (i.e., PMC, SPL),
compared to healthy controls (Dugré et Potvin, 2021). In line with these
results, we found that CP was positively associated with 4 brain con-
nectivity including regions of the ventral attention network and nega-
tively associated with 2 brain connectivity that involved parcels of the
Default Mode Network. However, contrasting with results from the

meta-analysis, we found that CP was rather prominently associated with
disrupted connectivity from the Somatomotor network (7 connections),
from brain regions unassigned to any of the Gordon Networks such as
posterior hippocampus and inferior/middle temporal gyri (6 connec-
tions), Frontoparietal (3 connections) as well as cingulo-opercular net-
works (3 connections). Moreover, we found no reliable evidence of
amygdala-cortical connectivity across scales. It is noteworthy to
mention that studies included in our prior meta-analysis restricted their
analyses on a priori seeds and did not investigate the whole connectome,
and this may largely explain the discrepancies between results. Second,
the functional connectivity alterations associated with CP may differ
between a case-control design versus a study examining severity of CP,
dimensionally. In our recent meta-analysis using case-control analysis,
we found that antisocial population was characterized by disrupted
socio-affective and attentional processes (Dugré and Potvin, 2021).
Here, we rather found that CP was dimensionally related to
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somatomotor and ventral attention, salience and cingulo-opercular
networks. While the results of the former meta-analysis may help un-
derstanding the shared features across subjects, the results of the latter
may represent brain connectivity associated with severity of the
pathology.

In the current study, we also investigated whether our results may
have been driven by distinct developmental periods. Subanalyses
revealed that importance of most brain connectivity associated with CP
were relatively robust across developmental periods (i.e., childhood and
adolescence). Indeed, the top 5 brain connectivity that were the most
strongly associated with CP (i.e., P8) Primary Motor Cortex (Somato-
motor) - Lateral OFC (Ventral Attention); N6) Lateral OFC (None) - SMA
(Cingulo-opercular); P9) Precentral (Somatomotor) — dIPFC (Dorsal
Attention); P2) Lateral PFC (Frontoparietal) - vIPFC (Ventral Attention);
and N4) dmPFC (Default Mode Network) - lateral PFC (Default Mode
Network)) show no significant change across developmental stages
(except N4 using the CBCL). However, subtle differences between
developmental periods were only observed using the CBCL. Although
these intriguing results are difficult to interpret and further research is
needed, it is possible that the CBCL-CP may capture the heterogeneity of
CP (i.e., aggression and rule-breaking behaviors), and thus allows vari-
ations in item endorsement rates depending on the time period (i.e.,
childhood versus adolescence), while the SDQ don’t. For instance,
contrasting to the longitudinal measurement invariance of the broad
SDQ-CP items (Murray et al., 2022), adolescents (Mean = 3.18) may be
more likely than children (Mean = 2.8) to endorse CBCL items under-
pinning rule-breaking behaviors (e.g., runaway, sets fire, steals, truancy,
vandalism). It is thus possible that these variations in the endorsement of
items may alter the relationship between some brain connectivity and
CP. It is unequivocal that further research is needed to adequately
address this.

Interestingly, we provided evidence that brain connectivity measures
that were positively associated with CP were mainly characterized by
interaction between Action Execution & Cognition behavioral domains.
First, brain connectivity measures that were positively associated with
CP included lateral PFC regions (i.e., ventro and dorsolateral) and the
postcentral/precentral gyri. According to a recent meta-analysis, both
the lateral PFC and precentral gyrus co-activate during n-back working

memory tasks (Wang et al., 2019). Indeed, it has been shown that the
lateral PFC (ventral and dorsal parts) plays a major role in the reception,
maintenance and monitoring of sensory inputs and sending outputs to
the motor system (Miiller et al., 2002; Passingham and Sakai, 2004),
whereas the precentral gyrus may rather be involved in action prepa-
ration and the processing of motor movements (Yang, 2015). As such,
these results are in line with a recent meta-analysis of task-based fMRI
studies showing that antisocial subjects exhibit aberrant co-activation of
these particular brain regions (i.e., precentral and ventrolateral pre-
frontal cortex) during cognitive control tasks (Dugré et al., 2020).
Interestingly, past results suggest that from 10 to 26 years old, changes
in functional connectivity of the somatomotor and cingulo-opercular/
salience networks may reflect development of cognitive control (Gray-
son and Fair, 2017; Marek et al., 2015). More precisely, deficient activity
and connectivity of the somatomotor network might be a trans-
diagnostic neurobiological marker of general psychopathology in chil-
dren and adolescent (Dugré et al., 2022; Schwarzlose et al., 2023) as
well as in adults (Van Dam et al., 2017). While some have found that
deficient activity in somatomotor regions may confer an increased risk
for general externalizing behavior (Castellanos-Ryan et al., 2014),
others showed that a latent component of resting-state connectivity,
mostly characterized by positive connectivity within the somatomotor
network and between the somatomotor and VentAttn/Salience, was
strongly associated with impulsivity features (e.g., functional impul-
sivity, novelty seeking, motor impulsivity, persistence, impulsiveness)
(Kebets et al., 2019). Given these results, it could be hypothesized that
the connectivity of somatomotor network may be a neurobiological
substrate of motor impulsiveness. Indeed, motor impulsiveness is
prominently correlated with early criminality (Pechorro, Maroco, Ray,
& Gongalves, 2015), higher risk for CD and ASPD (Pechorro et al., 2015;
Swann, Lijffijt, Lane, Steinberg, & Moeller, 2009), a greater severity of
crime (Pechorro et al., 2015), especially proactive and reactive aggres-
sion (Azevedo et al., 2018, Azevedo et al., 2020; Chen and Qian, 2013;
Pechorro et al., 2015). Concurring with the idea that motor impulsive-
ness may be transdiagnostic (or co-occurring feature), we found that
brain connectivity of somatomotor regions, both within- and between-
network, were also associated with irritability, ADHD symptoms and
callousness. Even though it may represent a transdiagnostic
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neurobiological marker, future studies should seek to investigate the
specific role of somatomotor network in the development of antisocial
behaviors.

Second, brain connectivity measures that were negatively associated
with CP mainly included the pg- & dACC, the SMA and the aINS and
lateral PFC, which were mainly represented by interactions between
Reward and Action Execution, Attention & Somesthesis. These brain
regions are involved in the ventral attention, salience and cingulo-
opercular networks (Uddin and Spreng, 2019). Although they are sys-
tematically observed across meta-analyses on reward tasks (Diekhof
et al., 2012; Liu and Schrier, 2011; Oldham et al., 2018; Sescousse et al.,
2013; Silverman et al., 2015), the ACC and aINS are not specific to any
particular neurocognitive domain (Shackman et al., 2011; Yarkoni et al.,
2011), are known to be generally involved in detecting behaviorally
relevant stimuli in the environment (Uddin and Spreng, 2019), and may
play an interacting role between internally (i.e., DMN) and externally
directed actions (i.e., frontoparietal network) (Uddin, 2015). In contrast
with the functional decoding suggesting their implications in reward
processing tasks, we recently found that antisocial subjects exhibited
reduced brain activity in these regions (i.e., pg- & dACC extending to the
aMCC/pre-SMA as well as the aINS) during acute threat response (Dugré
et al., 2020). Moreover, recent studies support the association of func-
tional brain dysconnectivity at a region-level (i.e., aINS-pgACC &
PgACC-Supramarginal Gyrus, see Afzali et al., 2020) and a network-level
(i.e., increased salience-ventral attention connectivity, see Lees et al.,
2021) with broad externalizing problems. In our study, we observed that
CP was negatively associated with functional connectivity of brain re-
gions underpinning Cingulo-Opercular network (i.e., aINS, IPFC, SMA)
and those corresponding to visual (i.e., Area 2 and lingual gyrus),
Auditory (i.e., Heschl gyrus) and unlabeled (i.e., Lateral OFC).
Furthermore, we found that CP was positively associated with functional
connectivity between nodes of VentAttn and those from FP, DorsAttn
and SomMot. Although we found no evidence of dysconnectivity be-
tween the core regions of the Salience, VentAttn and Cingulo-Opercular
networks, namely the dACC, aMCC/pre-SMA, vIPFC and aINS, we
nonetheless found that most pairs of brain connectivity which included
one of these regions also correlated with severity of irritability and
ADHD symptoms. These findings suggest a potential role of these regions
in externalizing pathology. Indeed, brain connectivity which included
regions of the Cingulo-Opercular network also correlated with ADHD
symptoms (r ranging from —0.056 to —0.081) and irritability symptoms
(r ranging from —0.033 to —0.082), whereas those involving regions of
the VentAttn were rather associated with irritability (r ranging from
0.042 to 0.084) compared to ADHD symptoms (r ranging from 0.025 to
0.076). More importantly, we also found that reduced connectivity be-
tween the dACC (Salience) and the postcentral gyrus (Somatomotor)
network were specifically associated with irritability but not the other
psychopathologies. These results somewhat converge with recent find-
ings showing that a latent component of resting-state connectivity,
mainly characterized by altered connectivity within of the somatomotor
network and between the somatomotor and salience/ventral attention
networks, was strongly associated with features underpinning neuroti-
cism (i.e., mood lability, dysfunctional impulsivity, anxiety) (Kebets
et al., 2019). Of interest for the symptoms of irritability, activity of the
dACC is frequently thought to be a core brain region during frustrative
non-reward (Bertsch et al., 2020, Dugré et Potvin, Preprint; Leibenluft,
2017), whereas activity of the postcentral gyrus is observed when
initiating aggressive and retaliatory behaviors (Dugré et Potvin, Pre-
print; Wong et al., 2019). It could be hypothesized that a weaker dACC-
postcentral gyrus connectivity may increase the proneneness for CP (i.e.,
aggressive behaviors) by disinhibiting action initiation processes. It is
unequivocal that future studies should seek to investigate this rela-
tionship more specifically.
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5. Limitations

In our study, we aimed to address several limitations of current
literature on resting-state functional connectivity such as the usually low
sample size and the variability in the psychometric scales used across
studies. Despite the strengths of our study, few limitations need to be
acknowledged. Indeed, the sample contains a relatively wide age range
spanning from childhood to late adolescence. This could have intro-
duced biases in our results. However, we took additional measures to
minimize the effects of age and conducted subanalyses that examined
the effect of age on the reliability of our results. Indeed, developmental
period only altered a few results, and these were only reported for CBCL,
whereas the SDQ showed no significant differences. Secondly, neuro-
imaging data was collected in 3 different sites (two with identical
scanning parameter) that may have altered results. We also tested
whether differences in scanner strengths may have altered our results.
We found that importance of some brain connectivity was significantly
stronger when using 3 T scanner compared to 1.5 T. Third, the proximity
of Gordon’s parcels and the amygdala (Harvard Oxford Atlas) may have
caused autocorrelation issues which could explain lack of significant
relationship between CP and functional connectivity between the
amygdala and other structures such as the anterior medial temporal
lobe. Fourth, the HBN adopted a community-referred recruitment
model. Therefore, careful interpretations should be made when
comparing study results with population-based cohorts. Although the
sample size was relatively large in our study, further examination with
other samples is needed to validate the generalizability of our results.

Conclusions.

In conclusion, we found that brain connectivity associated with CP
largely depends on the measure used. In fact, only 21 connections were
shared between the CBCL and SDQ even if both scales show relatively
strong phenotypic correlation (r = 0.79). Nonetheless, these 21 con-
nections mainly spanned the SomMot, VentAttn and FP (positive) and
Cingulo-Opercular, Salience and DMN (negative) networks. Results of
this study indicate that severity CP may principally be associated brain
connectivity underpinning cognitive and motor control (positive) and
emotional inhibition (negative association). Finally, the brain connec-
tivity associated with CP were also related to other psychopathologies,
suggesting that irritability, ADHD symptoms, callousness and uncaring
may play a central role in neural features underpinning CP. This concurs
with recent research showing that from 6 to 12 years old, the develop-
mental co-occurrence of irritability, hyperactivity and CU traits plays an
additive role in the risk for CP (Dugré et Potvin, Preprint). Future
research should seek to investigate the replicability of our findings in
different samples.
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