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from the ENIGMA-Antisocial Behavior Working Group
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Summary

Background Conduct disorder is associated with the highest burden of any mental disorder in childhood, yet its
neurobiology remains unclear. Inconsistent findings limit our understanding of the role of brain structure alterations
in conduct disorder. This study aims to identify the most robust and replicable brain structural correlates of conduct
disorder.

Methods The ENIGMA-Antisocial Behavior Working Group performed a coordinated analysis of structural MRI data
from 15 international cohorts. Eligibility criteria were a mean sample age of 18 years or less, with data available on
sex, age, and diagnosis of conduct disorder, and at least ten participants with conduct disorder and ten typically
developing participants. 3D T1-weighted MRI brain scans of all participants were pre-processed using ENIGMA-
standardised protocols. We assessed group differences in cortical thickness, surface area, and subcortical volumes
using general linear models, adjusting for age, sex, and total intracranial volume. Group-by-sex and group-by-age
interactions, and DSM-subtype comparisons (childhood-onset vs adolescent-onset, and low vs high levels of callous-
unemotional traits) were investigated. People with lived experience of conduct disorder were not involved in this
study.

Findings We collated individual participant data from 1185 young people with conduct disorder (339 [28-6%)] female
and 846 [71-4%)] male) and 1253 typically developing young people (446 [35-6%] female and 807 [64 - 4%)] male), with
a mean age of 13-5 years (SD 3-0; range 7-21). Information on race and ethnicity was not available. Relative to
typically developing young people, the conduct disorder group had lower surface area in 26 cortical regions and lower
total surface area (Cohen’s d 0-09-0-26). Cortical thickness differed in the caudal anterior cingulate cortex (d 0-16)
and the banks of the superior temporal sulcus (d —0-13). The conduct disorder group also had smaller amygdala
(d 0-13), nucleus accumbens (d 0-11), thalamus (d 0-14), and hippocampus (d 0-12) volumes. Most differences
remained significant after adjusting for ADHD comorbidity or intelligence quotient. No group-by-sex or group-by-age
interactions were detected. Few differences were found between DSM-defined conduct disorder subtypes. However,
individuals with high callous-unemotional traits showed more widespread differences compared with controls than
those with low callous-unemotional traits.

Interpretation Our findings provide robust evidence of subtle yet widespread brain structural alterations in conduct
disorder across subtypes and sexes, mostly in surface area. These findings provide further evidence that brain
alterations might contribute to conduct disorder. Greater consideration of this under-recognised disorder is needed in
research and clinical practice.

Funding Academy of Medical Sciences and Economic and Social Research Council.

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY
4.0 license.

Introduction

Conduct disorder is characterised by a repetitive and
pervasive pattern of aggressive and rule-breaking
antisocial behaviour.' It is one of the most common
childhood psychiatric disorders, with a global prevalence
of around 3%.* Although conduct disorder is associated
with the highest burden of any mental disorder in young
people aged 0-14 years® and poor psychosocial outcomes,*
it is one of the least researched psychiatric disorders,’
and it remains unclear whether conduct disorder is
neurodevelopmental. Hence, research focusing on

understanding conduct disorder and its neurobiological
correlates should be a priority.

Meta-analyses of neuroimaging studies have demon-
strated differences between young people with conduct
disorder and typically developing young people in terms
of neural responses, connectivity patterns, and brain
structure across several cortical (eg, ventromedial
prefrontal and insular cortices) and subcortical regions
(eg, amygdala and striatum) that are crucial for
emotion processing and regulation, reinforcement-
based decision-making, executive functions, and
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Research in context

Evidence before this study

Before undertaking this study, we conducted a comprehensive
review of existing meta-analyses on brain structural differences
in young people with conduct disorder. We searched PubMed,
Web of Science, and Google Scholar, using search terms
including “conduct disorder”, “conduct problems”, “disruptive
behaviour disorder”, “structural MRI”, “brain”, and “meta-
analysis”, for articles, without restrictions on language or article
type, published from database inception up to Aug 1, 2022.

We found four meta-analyses, the largest of which comprised
394 young people with conduct disorder and 350 typically
developing young people from 13 studies. Although these
meta-analyses provided insights into the brain structural
alterations linked to conduct disorder by pooling published data,
limitations remain within the literature. Existing primary
studies, including those incorporated in these meta-analyses,
included small sample sizes, used heterogeneous methods

(eg, in terms of neuroimaging software and analytical
approach), and produced inconsistent findings. Furthermore,
these studies were often underpowered to investigate clinically
important factors, including comorbidity and heterogeneity
(such as diagnostic subtypes defined by age of onset and
callous-unemotional traits). Additionally, most research focused
primarily on male participants, limiting our understanding of
female individuals with conduct disorder or sex differences.

Added value of this study

We report findings from, to our knowledge, the largest and
best-powered analyses of the brain structural correlates of
conduct disorder to date. We provide robust evidence of subtle
yet widespread cortical and subcortical alterations in conduct
disorder, particularly in cortical surface area, which was reduced
in many regions. These findings support existing studies and

empathy.™ Although these findings have advanced
understanding of conduct disorder, the evidence base
has several limitations. First, most primary studies
(including those considered in meta-analyses) were
based on small sample sizes (mean conduct disorder
group size of around n=50), increasing the risk for false-
positive and false-negative findings." Second, incon-
sistent findings and replication failures across primary
studies are common, partly due to variations in sample
characteristics, image processing, and analysis methods.
Third, many studies have not accounted for comorbidity
(eg, ADHD) or the heterogeneity of conduct disorder in
terms of its age of onset (symptom onset before or after
age 10 years) or the presence of high callous-
unemotional traits, which are included as subtypes in
the DSM-5-TR (the latter as the limited prosocial
emotions specifier)." Finally, despite evidence for sex
differences in clinical presentation and disorder course,’
most studies of conduct disorder have focused on male
participants, and the few studies that recruited
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neurocognitive models of conduct disorder by confirming
previously identified alterations, such as lower amygdala
volume. We also provide novel evidence that brain alterations
in conduct disorder are far more widespread than previously
reported or hypothesised, including temporal, occipital, and
even motor regions. Our study is one of the first to robustly
investigate sex differences and whether the DSM-5-TR subtypes
of conduct disorder, categorised by the age of onset and
presence of callous-unemotional traits, have distinct brain
structural profiles. In contrast to previous small-scale studies,
we found no evidence for sex differences, and our results
identify only minor differences between DSM-5-TR subtypes,
suggesting that conduct disorder is associated with brain
structural alterations regardless of subtype.

Implications of all the available evidence

Our finding of widespread alterations in cortical and subcortical
structure among young people with conduct disorder, including
in regions crucial for emotion processing, regulation, empathy,
and decision making, provide further evidence of the
neurobiological underpinnings of this disorder. Given that
conduct disorder is associated with the highest burden of any
psychiatric disorder in children and adolescents, there is a need
for a greater focus on conduct disorder in research and practice.
Our finding that brain structural alterations are present across
sexes and DSM-defined subtypes advocates for a more inclusive
approach in research and clinical practice to improve long-term
outcomes for affected individuals across diverse populations.
Overall, this study provides a clearer picture of the brain
structural correlates associated with conduct disorder, which is
likely to inform theoretical accounts of this condition and
future development of the DSM and ICD.

mixed-sex samples have been underpowered to test for
sex-by-diagnosis interactions.

The Enhancing NeuroImaging Genetics through Meta-
Analysis—Antisocial Behavior (ENIGMA-ASB) Working
Group was established to address the aforementioned
challenges by facilitating global collaboration, harmoni-
sation, and analyses of independently collected samples.”
This collaboration has resulted in the largest neuro-
imaging dataset on conduct disorder to date, enabling a
coordinated analysis of MRI data across 15 international
cohorts. Given their (partly) distinct genetic under-
pinnings and developmental trajectories,” we compared
both cortical thickness and surface area, as well as
subcortical volumes, between young people with conduct
disorder and typically developing young people. We also
contrasted conduct disorder subgroups based on age of
onset and presence of callous-unemotional traits and
examined whether brain structural differences observed
in young people with conduct disorder differed by sex or
age. Based on previous research, we hypothesised that

For more on ENIGMA-ASB see

https://enigma.ini.usc.edu/

ongoing/enigma-antisocial-

behavior
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See Online for appendix
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For more on ENIGMA imaging
protocols see http://enigma.ini.
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usc.edu/protocols/imaging-
protocols

young people with conduct disorder would exhibit lower
cortical thickness and surface area in frontotemporal
regions** and lower volume in limbic regions (eg,
amygdala)® and the striatum.” We also predicted that
there would be differences in brain structure in
frontotemporal regions between childhood-onset and
adolescent-onset conduct disorder subgroups,* and in
striatal-limbic regions between subgroups with high
versus low callous-emotional traits.”* We expected that
male and female young people with conduct disorder
would show both shared” and sex-specific differences.”**
Age effects were investigated on an exploratory basis.

Methods

Study design and sample

The current study pooled individual participant data
from 15 international cohorts within ENIGMA-ASB,
comprising clinical, forensic, and community-based or
population-based samples. The data freeze for this
analysis was set for May 31, 2022. Cohort eligibility
criteria were a mean sample age of 18 years or less, data
available on sex, age, and a diagnosis of conduct disorder,
and at least ten participants with conduct disorder and
ten typically developing participants (inclusion details
and cohort-specific study protocols are shown in the
appendix pp 8-32). Each contributing site had obtained
ethical approval for their original study and for sharing
de-identified data. This study was pre-registered and
received ethical approval from the University of Bath’s
Psychology Research Ethics Committee (19-297/22-148).

Neuroimaging

Individual-level 3D T1-weighted brain MRI data were
pre-processed and quality controlled at the individual
sites (appendix pp 34-35) or project lead analysis sites
(University of Birmingham and University of Bath)
following standard ENIGMA imaging protocols, and
they were subsequently pooled at the lead sites. MRI data
were pre-processed using FreeSurfer (version 5.3 or 6.0),*
and regions were parcellated based on the Desikan-
Killiany and FreeSurfer aseg atlases. We extracted global
measures (ie, total intracranial volume [TIV], average
cortical thickness, and total surface area), as well as
regional outcomes (ie, bilateral cortical thickness and
surface area for 34 cortical regions, and volume for seven
subcortical regions). Data were visually inspected and
statistically evaluated for outliers (greater than 2-69x SD).
Only data of sufficient quality were included in the
statistical analyses (general pre-processing and quality
control methods are described in the appendix pp 32-33;
details on cohort-specific imaging methods are shown in
the appendix pp 34-35).

Statistical analysis

All statistical analyses were performed in R (version 4.3.1)
using a mega-analytical framework” by pooling indi-
vidual participant data from all cohorts (appendix

pp 37-38). Site effects were adjusted before analysis
using modified ComBat functions as described by Radua
and colleagues (appendix pp 37, 51). Mean values across
both hemispheres were used for the main analyses.
Group differences were examined using general linear
models with each global and regional brain measure
handled as a separate outcome and diagnosis (conduct
disorder vs typically developing) as the predictor of
interest. All analyses were adjusted for sex and age (in
years). The main statistical model for cortical thickness
was as follows:

ROI =intercept+ f,(diagnosis) + B,(sex) + Bs(age) + €,

in which ROI was the specific regional brain structural
outcome measure for the ithindividual, f was the specific
coefficient for each predictor in the model, and € was the
error term. In analyses of regional surface area and
subcortical volume, TIV was also corrected for:

ROI;=intercept+ B,(diagnosis) + B,(sex) + B;(age)
+B(TIV) +e,.

Consistent with previous ENIGMA studies,” a false
discovery rate (FDR) correction with g=0-05 was applied
separately to surface area, cortical thickness, and
subcortical volumes. Cohen’s d was calculated for all
group effects based on the t-values from the linear
models:*

d=t(n,+n,)

\/nlnzvdf~

To test the robustness of results, sensitivity analyses were
performed adjusting for intelligence quotient (IQ),
current comorbidities (ADHD, substance use disorder,
depression, and anxiety; binary coded as present or
absent), and psychotropic medication use (binary coded
as yes or no). A group-by-sex or group-by-age interaction
term was included in the general linear models to
investigate moderation by sex or age. Differences
between  childhood-onset versus adolescent-onset
conduct disorder subgroups (defined by symptom onset
at age <10 years vs =10 years), and subgroups with low
versus high callous-unemotional traits (defined by
informant [self-reported or parent-reported], sex, and [for
self-report] age-specific normative cutoffs on the
Inventory of Callous-Unemotional traits; appendix
pp 6-8)” were evaluated using ANCOVAs with the
aforementioned covariates (sex, age, and TIV). This
approach uses the aforementioned linear modelling
approach in combination with an ANOVA wrapper to
test whether the regression coefficients associated with
the three-level group variable are simultaneously zero.
FDR-adjusted significant F-tests were followed by
pairwise comparisons (uncorrected; Bonferroni-adjusted
findings are reported in the appendix pp 56-71). Pairwise
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TotalN Age Typically developing young people Young people with conduct disorder Conduct disorder subgroups
range,
years
n Female:male Ageinyears 1Q n Female:male Ageinyears 1Q Childhood Adolescent Low  High
distribution distribution onset onset cu cu
traits  traits
ABCD (3.0, 574 9-10 288 82:206 9-51(0:50)  94-86 (1524) 286  85:201 9-45(0-50)  94-61(16:42) 256 30
baseline)*t
BESD 87 14-19 36 0:36 16-72 (1-32) 97-28 (9:41) 51 0:51 16-41(1:34) 96-08 (6:41) 39 12
Boys Town 369 10-19 177 66:111 13-69 (2:43) 109-01 (12-56) 192 67:125 15-27 (1-71) 99-15 (11-79) 68 120
Cambridge 46 1419 23 230 17:04(0-88) 10565 (9-34) 23 230 16-74 (1-66) 9955 (8-11) 5 17 1 8
Female
Cambridge Male 90 16-21 26 0:26 18.00 (1-06) 10119 (9-16) 64 0:64 17-20(1-10)  98-84(8:52) 27 37 24 27
CD-Zhou 36 16-18 18 0:18 16-89 (0-32) 18 0:18 17:06 (0-54)
CDKid 39 12-19 18 0:18 1556 (2-04) 10939 (13-24) 21 0:21 1529 (1:52) 10010 (8-16) 14 7
CSU-Yao 154  12-17 77 0:77 15-43(0:70)  108-96 (8:71) 77 0:77 14-55(1-15)  101-05 (12-:94) 5 67
cVEDA 40 7-17 20 2:18 1360 (2:37) 20 2:18 1360 (2:37)
(baseline)*t
FemNAT-CD* 635 9-18 379  219:160 14-27 (2-55)  103-70 (11-53) 256  119:137 14-64 (216) 95.07 (12-38) 129 107 84 159
IMAGEN 126 13-15 63 24:39 14-02 (0-46) 63 24:39 14-02 (0-46)
(baseline)*t
K23 43 12-18 30 255 14-73 (1-80) 13 49 15-54(1-27) 6 2
MATRICS/ 100 7-18 50 7:43 12:78 (2:61) 100-32 (10:92) 50 9:41 1326 (2:95)  98:68 (10-79) 2 19
Aggressotype™t
Southampton 77 13-18 37 6:31 15-97(1-34) 103-97(9-82) 40 4:36 16-12 (1-36) 93-30 (11-04) 22 18 21 19
Family Study
Yalet 2 9-16 11 29 1173 (1-62)  103-27 (14-40) 11 29 1218 (227)  102-09 (12:98) 2 9
Total 2438 7-21 1253 456:797 13-38(3:01) 10233(1345) 1185 339:846 13-71(3:01)  96-69(13-08) 458 283 277 375
(15 samples)
The reported values reflect n or mean (SD), unless otherwise indicated. Total N refers to the total number of participants from a specific cohort that were included in the current study. Information on sex and age
was available for all participants, whereas 1Q, age-of-onset status, and CU traits data were not always available. IQ=intelligence quotient. CU=callous-unemotional. *Multi-site or multi-scanner sample. tControl
group matched on age and sex (and IQ, if available) using propensity score matching; inclusion criteria and matching details for each cohort are shown in the appendix (pp 8-32).
Table 1: Demographic and clinical characteristics of the included cohorts

results were categorised into three patterns: shared
effects (both subgroups differ significantly from typically
developing participants); subgroup-specific differences
(only one subgroup differs significantly from typically
developing participants, but the subgroups do not differ
from each other); and subgroup differences (the conduct
disorder subgroups differ significantly from each other).
The samples that contributed to the sensitivity and
subgroup analyses are shown in the appendix (p 36).

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

For this coordinated analysis, 15 international cohorts
contributed 2438 participants aged 7-21 years (table 1),
comprising 1185 participants with conduct disorder
(339 [28-6%] female and 846 [71-4%] male, mean age
13-7 years [SD 3-0]) and 1253 typically developing
participants (446 [35-6%)] female and 807 [64-4%] male,
mean age 13-4 years [3-0]). Information on race and
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ethnicity was not available. Comorbidity rates are shown
in table 2.

Adjusting for TTV, the conduct disorder group exhibited
widespread alterations in surface area relative to typically
developing young people, comprising lower total surface
area and lower regional surface area in 26 of the
34 investigated cortical regions, spanning all four lobes
of the brain (table 3). Cohen’s d for significant surface
area differences ranged from —0-09 to —0-26, with the
largest effects observed in inferior parietal cortex
(Cohen’s d —0-26 [95% CI -0-34 to —0-18]) and total
surface area (d —0-24 [-0-32 to —0-16]; table 3, figure 1;
full results including non-significant outcomes are
shown in the appendix pp 39-42). Additionally, young
people with conduct disorder showed greater cortical
thickness in the caudal anterior cingulate cortex (Cohen’s
d0-16 [0-08 to 0-24]) and lower cortical thickness in the
banks of the superior temporal sulcus (d -0-13
[-0-22 to —0-05]) compared with typically developing
young people (table 3). Lastly, the conduct disorder group
showed lower volume in the thalamus (d 0-14
[-0-22 to —0-06]), amygdala (4 0-13 [-0-21 to —0-05]),
hippocampus (d 0-12 [-0-20 to —0-04]), and nucleus
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Number of Typically developing Young people
cohorts*  young people, with conduct
n (%) disorder, n (%)
ADHD 14
Yes . 0 463 (39:6%)
No = 1231 (98-2%) 684 (57-7%)
Missing 22 (1-8%) 38 (3:2%)
Substanceuse 7
disorder
Yes - 0 51 (4-4%)
No . 831 (66:3%) 641 (541%)
Missing 422 (33.7%) 493 (42:1%)
Depressiont 10
Yes - 2 (0-2%) 89 (7-6%)
No = 1080 (86-2%) 869 (73-3%)
Missing 171 (13-6%) 227 (19-4%)
Anxietyt 10
Yes . 24 (1-9%) 173 (14-8%)
No . 1058 (84-4%) 785 (66-2%)
Missing 171 (13-6%) 227 (19-4%)
Total 15 1253 (100%) 1185 (100%)
Cohorts differed in which disorders were diagnosed, and whether current or
lifetime diagnoses (or both) were assessed; thus, this table is not exhaustive and
focuses on the most common comorbidity categories available across sites.
*Number of cohorts for which current diagnostic information for the specific
comorbidity was available. tDepression comprises major depressive disorder and
dysthymia. $Anxiety reflects a heterogeneous combination of different anxiety
disorders (as provided by the contributing sites).
Table 2: Rates of current comorbidities in the pooled sample

accumbens (d 0-11 [-0-19 to —0-03]; table 3), but not in
TIV (d—0.08 [~0-16 to 0-00]).

Most findings remained significant after adjusting for
IQ, current comorbidities, and psychotropic medication
use (table 3, appendix pp 42—46). Of note, group differences
in cortical thickness, 22 of 27 differences in surface area,
and three of four subcortical differences were robust to
adjusting for co-occurring ADHD, which was the most
frequent comorbidity (table 2). We did not detect any
significant group-by-sex or group-by-age interactions for
any global or regional outcome (appendix pp 52-55).

For the age-of-onset subgroups, the childhood-onset
conduct disorder group showed greater cortical thickness
in the caudal anterior cingulate cortex compared with
the adolescent-onset conduct disorder and typically
developing groups, indicative of subgroup differences
(see Methods for definitions), but there were no other
subgroup effects for cortical thickness (figure 2, appendix
Pp 56-63). We observed shared effects for surface area in
nine regions (eg, inferior parietal cortex, lateral
orbitofrontal cortex, and superior temporal gyrus) and
for total surface area, for which both adolescent-onset
and childhood-onset conduct disorder subgroups had
lower surface area than typically developing young
people. Non-shared, subgroup-specific differences were
observed for parahippocampal gyrus (childhood-onset
conduct disorder lower than typically developing), pars

orbitalis, and entorhinal cortex surface area (adolescent-
onset conduct disorder lower than typically developing).
Four regions, including the insula, showed subgroup
differences, whereby the adolescent-onset conduct
disorder subgroup had lower surface area compared
with childhood-onset conduct disorder and typically
developing groups. Three subcortical regions showed a
significant group effect, including a subgroup-specific
reduction in amygdala volume (adolescent-onset conduct
disorder lower than typically developing group) and
subgroup differences in caudate (childhood-onset
conduct disorder lower than adolescent-onset conduct
disorder and typically developing groups) and hippo-
campal volume (adolescent-onset conduct disorder lower
than childhood-onset conduct disorder and typically
developing groups).

When the conduct disorder group was subdivided based
on callous-unemotional traits, significant group effects on
surface area were detected in 24 regions (figure 2, appendix
pp 64-71). Pairwise comparisons showed significant
subgroup differences, whereby the subgroup with high
callous-unemotional traits had lower surface area in
the superior temporal and superior frontal gyri than the
subgroup with low callous-unemotional traits and the
typically developing group. There were also shared effects
(ie, both the high and low callous-unemotional traits
subgroups were lower than the typically developing group)
on surface area in nine regions (eg, inferior parietal cortex,
lateral orbitofrontal cortex, and superior temporal gyrus)
and on total surface area. Additionally, subgroup-specific
differences were observed in both cortical and subcortical
regions; when compared with the typically developing
group, only the subgroup with high callous-unemotional
traits showed lower surface area in ten cortical regions (eg,
insula) and lower amygdala and hippocampus volume,
whereas lower precentral and postcentral surface area and
lower nucleus accumbens and thalamus volume were
specific to the subgroup with low callous-unemotional
traits.

To assess the robustness of findings, we performed
leave-one-out analyses whereby we iteratively repeated
the main analysis of conduct disorder versus typically
developing, excluding one cohort at a time. Most findings
were replicated across all analyses, including differences
in cortical thickness, lower volume in the amygdala and
thalamus, and lower surface area in 18 regions and total
surface area. When effects were rendered non-significant,
this occurred when excluding one of the largest samples
(FemNAT-CD or Boys Town) and for the smallest group
differences, reflecting reduced statistical power (appendix
pp 72-75).

We conducted a supplementary analysis to explore
whether brain differences observed in young people with
conduct disorder would generalise to young people
with elevated conduct problems—a combination of
sub-threshold and undiagnosed conduct disorder. To this
end, we compared 1198 young people with elevated

www.thelancet.com/psychiatry Vol 11 August 2024
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Typically Young people Cohen’s d (95% Cl) t pvalue  pvalue Robust to sensitivity analysis*
developing with conduct with FDR
young people, n  disorder, n correction
1Q ADHD SUD  Depression Anxiety Medication
Cortical thickness
Caudal anterior cingulate 1227 1159 0-16 (0-08 to 0-24) 3-90 0-0001 0-0034 Yes  Yes Yes  Yes Yes No
cortex
Banks of the superior 1227 1161 -013 (-0-22t0-0-05)  -3-29 0-0010 0-0178 Yes  Yes Yes  No No Yes
temporal sulcus
Surface area
Inferior parietal cortex 1208 1159 -026 (-034t0-0-18) -6-24  <0-0001  <0-0001 Yes  Yes Yes  Yes Yes Yes
Total surface area 1234 1170 -024(-032t0-0-16) -5.95  <0-0001  <0-0001 Yes  Yes Yes  Yes Yes Yes
Middle temporal gyrus 1211 1152 -0-22(-0-30t0-0-14) -535  <0-0001  <0-0001 Yes  Yes Yes  Yes Yes Yes
Frontal pole 1228 1158 -020 (-0-28t0-0-12) -4-89  <0-0001  <0-0001 Yes  Yes Yes  Yes Yes Yes
Inferior temporal gyrus 1198 1132 -0-20 (-0-28t0-0-12) -4-83  <0-0001  <0-0001 Yes  Yes Yes  Yes Yes Yes
Superior frontal gyrus 1219 1153 -0-19 (-0-27to-0-11)  -4-55  <0-0001  <0-0001 Yes  Yes Yes  Yes Yes Yes
Superior temporal gyrus 1189 1138 -017 (-0-25t0-0-09) -4-07  <0-0001 0-0002 Yes  Yes Yes  Yes Yes Yes
Fusiform gyrus 1214 1157 -0-17 (-0-25t0-0-08)  -4-03 0-0001 0-0003 Yes  Yes No Yes Yes Yes
Postcentral gyrus 1185 1136 -0-16 (-0-24t0-0-08) -3-85 0-0001 0-0004 Yes  Yes Yes  Yes Yes Yes
Parahippocampal gyrus 1233 1170 -0-16 (-0-24t0-0-08) -3-89 0-0001 0-0004 Yes  Yes Yes  Yes Yes Yes
Precentral gyrus 1202 1144 -0-16 (-0-24t0-0-08) -3-79 0-0002 0-0005 No  Yes Yes  Yes Yes Yes
Lateral orbitofrontal cortex 1230 1161 -0-15(-0-23t0-0-07)  -3.75 0-0002 0-0005 Yes  Yes No  Yes Yes Yes
Precuneus cortex 1235 1167 -0-15(-0-23t0-0-07)  -3:62 0-0003 0-0008 Yes  Yes Yes  Yes Yes Yes
Caudal middle frontal gyrus 1225 1156 -0-14 (-0-22t0-0-06)  -3:41 0-0007 0-0016 Yes  Yes Yes  Yes Yes Yes
Isthmus-cingulate cortex 1234 1165 -0-14 (-0-22t0-0-06) -3-34 0-0008 0-0020 Yes  Yes Yes  Yes Yes Yes
Insula 1191 1148 -013 (-0-22t0-0-05) -3-26 0-0011 0-0024 Yes  Yes No  Yes Yes Yes
Rostral middle frontal gyrus 1227 1152 -013 (-0-22t0-0-05) -3-28 0-0011 0-0023 Yes  Yes No  Yes Yes Yes
Supramarginal gyrus 1196 1146 -013 (-0-21t0-0-05)  -3-11 0-0019 0-0037 Yes  Yes Yes  Yes Yes Yes
Banks of the superior 1227 1162 -012 (-0-20t0-0-04) -2.98 0-0029 0-0053 Yes  Yes No  Yes Yes Yes
temporal sulcus
Entorhinal cortex 1201 1143 -012 (-0-20t0-0-04) -2-88 0-0040 0-0067 Yes No Yes Yes Yes Yes
Caudal anterior cingulate 1227 1160 -012 (-0-20t0-0-04) -2-89 0-0039 0-0067 Yes  Yes Yes  Yes Yes Yes
cortex
Lateral occipital cortex 1210 1150 -0-12 (-0-20t0-0-03)  -2-79 0-0053 0-0085 No  No No No No Yes
Pars orbitalis 1233 1168 -0-11(-0-19t0-0-03) -2:70 0-0071 0-0107 No  Yes No No No No
Lingual gyrus 1218 1160 -0-10 (-0-18t0-0-02)  -2-44 0-0148 0-0216 No  No No  Yes Yes Yes
Superior parietal cortex 1199 1148 -0-09 (-0-17t0-0-01) -2:26 0-0239 0-0335 No  Yes No No Yes Yes
Cuneus cortex 1209 1149 -0-09 (-0-17to-0-01) -2-24 0-0254 0-0337 No No No No No Yes
Posterior-cingulate cortex 1233 1167 -0-09 (-0-17t0o-0-01) -2:23 0-0260 0-0337 No  No Yes  Yes Yes No
Subcortical volume
Thalamus 1228 1156 -0-14 (-0-22t0-0-06) -3-33 0-0009 0-0055 Yes  Yes No  Yes Yes Yes
Amygdala 1233 1173 -0-13(-0-21t0-0-05) -3-21 0-0014 0-0055 Yes  Yes Yes  Yes Yes Yes
Hippocampus 1248 1180 -012 (-0-20t0-0-04) -2:96 0-0031 0-0082 No  No Yes  Yes Yes Yes
Nucleus accumbens 1249 1180 -0-11(-0-19t0-0-03) -2-80 0-0052 0-0103 No  Yes No  Yes Yes Yes
Regions are ordered by absolute effect size (Cohen’s d). Statistical models included group, sex, age, and total intracranial volume (for regional surface area and subcortical volumes). All depicted effects are
significant after FDR correction. All differences reflect lower values in the conduct disorder group compared with the typically developing group, except for the caudal anterior cingulate cortex, for which the
conduct disorder group had higher cortical thickness. Full results, including non-significant outcomes, are shown in the appendix pp 39-42. FDR=false discovery rate. IQ=intelligence quotient. SUD=substance
use disorder. *Sensitivity analysis columns indicate whether effects remained significant after adjustment for each variable after FDR correction; of note, the variables considered in the sensitivity analyses were
added one at a time into the statistical model; comorbidities are included in the statistical models based on current diagnoses; sample sizes for the sensitivity analyses ranged from around 98% (for ADHD) to
around 59% (for SUD) of the original sample size (appendix p 36).
Table 3: Significant differences in cortical thickness, surface area, and subcortical volumes between young people with conduct disorder and typically developing young people

conduct problems (non-overlapping with the conduct
disorder group) and 1177 controls (details including
methodological approach are provided in the appendix
pp 76-77). The conduct problems group showed lower
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TIV and lower superior temporal gyrus surface area.
Additional differences, similar to those observed in
conduct disorder, were identified before multiple
comparison correction, including lower total and insular
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Figure 1: Cortical and subcortical structural differences between young people with conduct disorder
(n=1185) and typically developing young people (n=1253)

(A) Effect sizes (Cohen’s d) for FDR-corrected group differences in cortical thickness, surface area, and subcortical
volumes when controlling for sex and age (and total intracranial volume where appropriate). Positive effect sizes
indicate higher values in the conduct disorder group, whereas negative effect sizes indicate lower values in the
conduct disorder group. Error bars represent 95% Cls. (B) Regional brain plots depicting regions with significant
group differences and FDR-corrected p values. Additional differences that are not visible included lower total
surface area (p,,,<0-0001), frontal pole surface area (p,,,<0-0001), and nucleus accumbens volume (p,,,=0-010) in
the conduct disorder group versus the typically developing group. FDR=false discovery rate.
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surface area and lower amygdala volume (discussed
further in the appendix pp 77-78).

Discussion
The current study included individual-level participant
data from 1185 young people with conduct disorder,

making our sample ten-times larger than the largest
previous study. Combining data from 15 international
cohorts enabled us to include a wide age range
(7-21 years) and a diverse sample, including young
people from low-income and middle-income countries.
By adopting ENIGMA’s harmonised protocols to
minimise site-related variations, we were able to perform
highly powered analyses and to identify robust
neuroanatomical alterations in conduct disorder, which
are more likely to generalise to other populations. We
identified subtle but widespread cortical and subcortical
brain structural alterations in young people with conduct
disorder. Compared with typically developing young
people, those with conduct disorder had lower surface
area across all four cerebral lobes, with the largest effects
observed in the inferior parietal cortex and for total
surface area. Differences in cortical thickness were
limited to the banks of the superior temporal sulcus and
caudal anterior cingulate cortex, the latter being the only
outcome that was increased in conduct disorder. As
hypothesised, young people with conduct disorder had
lower volume in limbic (amygdala and hippocampus)
and striatal (nucleus accumbens) regions, as well as
lower thalamus volume. Most group differences survived
adjustment for comorbidity (including ADHD),
psychotropic medication use, and IQ, with no significant
moderation by sex and age. Regarding DSM subtypes,
the childhood-onset and adolescent-onset subgroups
differed from each other in seven outcomes, mostly
indicating lower values (eg, insula surface area) in the
latter subgroup. However, both age-of-onset subgroups
showed shared reductions in surface area in multiple
regions compared with controls. Direct comparison of
subgroups with low versus high callous-unemotional
traits revealed minimal differences, but the subgroup
with high callous-unemotional traits exhibited more
extensive case-control differences, including in the
amygdala. Nonetheless, the callous-unemotional traits
subgroups also showed several shared differences in
total and regional surface area compared with controls,
and some alterations were specific to the subgroup with
low callous-unemotional traits. These novel findings
shed light on putative brain differences in regions that
are critical for emotion processing and regulation,
empathy, decision making, and cognitive control
associated with conduct disorder, and suggest that young
people with conduct disorder and high callous-
unemotional traits show the most extensive brain
structural alterations compared with controls.

Our findings broadly align with the results of three
existing meta-analyses of voxel-based morphometry
studies on young people with conduct disorder or
conduct problems, documenting lower grey matter
volume across various cortical and subcortical regions
(eg, superior frontal gyrus, insula, and amygdala).*"
However, in contrast to previous smaller-scale surface-
based morphometry studies, many of which reported
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lower cortical thickness," we primarily found that young
people with conduct disorder showed widespread
reductions in surface area across 26 of the 34 regions
investigated. These alterations extended beyond hypo-
thesised differences, or the regions implicated in
established neurocognitive models of conduct disorder
(le, amygdala, striatum, and ventromedial prefrontal
cortex).” Given that previous primary studies either did
not investigate surface area or yielded inconsistent
results for this metric, our findings highlight the value of
the high-powered and standardised ENIGMA approach
in identifying reliable and robust alterations. The
predominance of surface area differences also echoes
findings from other ENIGMA studies that have analysed
data from children and young people.** Cortical
thickness and surface area are underpinned by different
cellular processes; cortical thickness is associated with
vertical (radial) and surface area with horizontal
(tangential) neuronal migration.® They are also
influenced by distinct genetic factors, follow different
trajectories over the lifespan (eg, cortical thickness peaks
at 1.7 years and surface area peaks at around 11-12 years),
and are differentially associated with cognitive abilities
and disorders.” Our findings suggest that neuro-
developmental processes associated with surface area
might be more affected in conduct disorder compared
with those involved in cortical thickness, but they also
highlight the need for longitudinal studies to investigate
neurodevelopmental trajectories in this disorder.

Our findings overlap with those of ENIGMA-ADHD,
which also reported similar widespread reductions in
surface area and subcortical volumes.” Although most of
our findings remained significant after controlling for
ADHD, suggesting they are not solely driven by ADHD
comorbidity, this overlap might indicate that some
structural alterations are transdiagnostic markers of
(externalising) psychopathology rather than specific to
conduct disorder. Previous dimensional research
supports that some neural correlates are associated with
a general psychopathology factor in young people, but
that conduct problems and ADHD symptoms show
independent associations with lower volume beyond
those explained by general psychopathology.” Future
studies directly comparing conduct disorder and ADHD,
or conduct disorder with and without ADHD comorbidity,
are needed to explore the specificity of these findings.

We did not observe any group-by-sex interactions.
This finding contrasts with smaller-scale studies that
reported sex-specific effects of conduct disorder in the
insula, superior frontal gyrus, and supramarginal
gyrus.”*** However, a large-scale study based on the
ABCD sample also reported that sex did not moderate
associations between disruptive behaviour disorders
(including oppositional defiant disorder and conduct
disorder) and volumetric alterations in young people.”
Similarly, sex differences were not observed in the brain
structural correlates of ADHD.” Despite sex differences
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[ Non-significant F-test

[ Both conduct disorder subgroups differ from typically developing group

I One subgroup differs from typically developing group (only childhood onset or only low CU traits)

[ One subgroup differs from typically developing group (only adolescent onset or only high CU traits)

Il Subgroup differences (for cortical thickness: childhood onset higher than adolescent onset and typically
developing; for subcortical volume: childhood onset lower than adolescent onset and typically developing)

[ Subgroup differences (adolescent onset lower than childhood onset and typically developing; or high CU traits
lower than low CU traits and typically developing)

Figure 2: Differences in cortical structure and subcortical volumes based on childhood onset vs adolescent
onset of conduct disorder and low vs high levels of callous-unemotional traits

Significant pairwise comparisons in regions that showed a significant (FDR-corrected) F-test for the subgroup
comparisons (subgroup 1 vs subgroup 2 vs typically developing group). All effects shown indicate lower values in
the conduct disorder subgroups vs typically developing young people or between one specific conduct disorder
subgroup and the other. The only exception is the age-of-onset effect for cortical thickness in the caudal anterior
cingulate cortex, which was greater in the childhood-onset conduct disorder subgroup than in both the
adolescent-onset subgroup and the typically developing group. Additional differences that are not visible included
shared effects on total and frontal pole surface area in both age-of-onset and both CU traits subgroups (lower in
conduct disorder subgroups than in the typically developing group) and CU subgroup differences in nucleus
accumbens volume (lower in the low CU traits subgroup than in the high CU traits subgroup and the typically
developing group). ACC=anterior cingulate cortex. CU=callous-unemotional. FDR=false discovery rate.
SFG=superior frontal gyrus. STG=superior temporal gyrus. TTC=transverse temporal cortex.

in clinical presentation, prevalence, and age of onset,
our findings suggest that the structural brain correlates
of conduct disorder do not differ between the sexes,
aligning with heritability studies indicating that the
aetiology of conduct disorder is shared across male and
female individuals.” These findings require further
exploration using multivariate, data-driven approaches,
which might be more powerful in identifying potential
sex differences.”” Moreover, despite the large sample
size, fewer female than male participants were included,
with implications for the statistical power of the
interaction analyses. This highlights the need to include
more female participants in future studies of conduct
disorder.

The group effects did not seem to be moderated by age.
Although we acknowledge that studies adopting
longitudinal designs and methods that are more sensitive
to detecting (non-linear) age effects (eg, normative
modelling or ComBat-GAM for site harmonisation) are
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needed, these cross-sectional results suggest that age
might play a less important role in brain alterations in
conduct disorder than in other disorders such as ADHD,
where brain alterations are most pronounced in
childhood.”

The developmental taxonomic theory of antisocial
behaviour posits distinct brain structural associations as a
function of age of onset® Whereas childhood-onset
antisocial behaviour is assumed to be associated with
neurodevelopmental alterations, adolescent-onset (and
adolescent-limited) antisocial behaviour is considered to
have an environmental aetiology, indicating differences
in underlying mechanisms.” However, the current study
found evidence for similar brain structural alterations in
childhood-onset and adolescent-onset conduct disorder
subgroups compared with typically developing young
people, including lower total surface area and lower
surface area across frontal, temporal, and parietal regions.
We also identified regions for which only one subgroup
differed from typically developing young people (eg, only
the adolescent-onset conduct disorder group showed
lower amygdala volume), as well as seven differences
between the subgroups. However, inconsistent with the
developmental taxonomic theory, these mostly indicated
lower values in the adolescent-onset conduct disorder
subgroup (ie, lower values in adolescent-onset conduct
disorder than childhood-onset conduct disorder and the
typically developing group). Our results align with several
previous studies that found few differences in grey matter
volume” or cortical structure” between age-of-onset
subgroups. Our finding that most brain alterations were
present in both age-of-onset subgroups challenges the
notion of a clear dichotomy between these subgroups in
neurobiology, as previously proposed.® Of note, a study
on adults with life-course-persistent antisocial behaviour
(akin to childhood-onset conduct disorder but assessed
longitudinally) found that this group showed more
extensive surface area alterations than those with
adolescent-limited antisocial behaviour.* This finding
suggests that age-of-onset effects might become more
pronounced with age or due to lifestyle factors such as
substance use.” Alternatively, such discrepancies could
reflect the limitations of assessing age-of-onset
retrospectively in cross-sectional studies.

Previous studies have not yielded consistent findings
regarding differences in brain structure Dbetween
subgroups with high or low callous-unemotional
traits.”®* Inconsistencies could be due to variations in
subgrouping strategies, because previous studies mostly
used sample-specific cutoffs (ie, median splits). We used
recently validated normative cutoffs for the Inventory of
Callous-Unemotional Traits questionnaire, which can be
applied consistently across studies.” Compared with
previous findings, we observed few differences when
directly comparing the callous-unemotional traits
subgroups. However, overall, our findings suggest that
young people with conduct disorder and high levels of

callous-unemotional traits (similar to the Limited
Prosocial Emotions specifier in DSM-5-TR) might show
more pronounced brain structural alterations in regions
associated with emotion processing and empathy (eg,
amygdala or insula) compared with controls.® Never-
theless, the subgroup with low levels of callous-
unemotional traits also showed extensive and partly
overlapping reductions in surface area. Therefore, our
results demonstrated widespread brain alterations in
both high and low callous-unemotional traits subgroups
while indicating additional neurobiological alterations in
a subgroup that resembles the DSM limited prosocial
emotions subtype.

Taken together, our findings provide novel and robust
evidence of small but widespread brain alterations in
young people with conduct disorder. Alterations extend
beyond the regions included in neurocognitive models of
conduct disorder and appear independent of group
differences in IQ, medication use, or other comorbidities,
including ADHD. Despite being the psychiatric condition
associated with the highest burden in 0-14-year-olds and
predicting poor outcomes in adulthood,® conduct disorder
is one of the least recognised and studied psychiatric
disorders and often remains untreated even though
evidence-based interventions are available.” Our findings
of robust brain alterations in conduct disorder—similar to
those in more widely recognised and widely treated
disorders such as ADHD—emphasise the need for a
greater focus on conduct disorder in research, treatment,
and public policy. In contrast to ADHD, conduct disorder
is not currently classified as a neurodevelopmental
disorder. Given this overlap in brain alterations and that
conduct disorder shows characteristics of other neuro-
developmental disorders (eg, significant genetic basis and
neurocognitive impairments),® research is needed on the
neurodevelopmental processes underlying conduct
disorder and to understand both the origin and the impact
of the widespread surface area alterations observed here.
Their associations with risk factors, clinical symptoms,
(neuro)cognitive impairment, and the impact of
psychological and pharmacological treatments should be
systematically investigated.

It is important to acknowledge the small effect sizes
in the current study (Cohen’s d <0-26). Similar to what
has been argued for ADHD,” such small effects might
reflect small brain differences across young people with
conduct disorder, yet could still be impactful in the
clinical context considering the large affected
population,” or they could reflect that specific patient
subgroups show larger alterations that are obscured or
reduced in size in heterogeneous samples and result in
increased within-group versus between-group variation.
The current study considered clinically relevant DSM-
defined conduct disorder subgroups based on age of
onset and callous-unemotional traits. Our findings
suggest that although some differences between
diagnostic subtypes exist, they might not map onto
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distinct neuroanatomical profiles. Similarly, no sex
differences were observed. Therefore, future research is
needed to expand on the current findings by exploring
additional clinical or theory-driven subtypes (eg,
conduct disorder with vs without comorbidity,” or
conduct disorder with vs without maltreatment history),
as well as data-driven approaches such as machine
learning and normative modelling, which could identify
more homogeneous subgroups.* Another interesting
question for future research is whether brain structural
alterations associated with conduct disorder are more
pronounced in clinical or forensic samples than
community samples.

This study has several limitations. First, the analyses
were cross-sectional, precluding conclusions regarding
whether alterations are causally related to conduct
disorder or reflect the consequences of living with (or
factors related to) conduct disorder. Second, in common
with most previous studies, our assessment of age of
onset was largely based on retrospective reports, which
are subject to recall bias and measurement error. Third,
although combining cohorts has many advantages,
differences between cohorts (eg, MRI acquisition
protocols,  diagnostic  assessment, recruitment
procedures) introduce heterogeneity that cannot be
entirely accounted for through standardised pre-
processing or adjusting for site effects. Although this
heterogeneity might affect the validity of the current
findings, leave-one-out analyses supported the
robustness of our results. Fourth, although adherence
to ENIGMA quality control processes ensured the
exclusion of poorly segmented regions, we did not
statistically control for image quality and were unable
to assess the effect of head motion on our findings.
Fifth, the availability of variables differed across
cohorts, resulting in smaller samples for subgroup
analyses and lower statistical power. Sixth, although we
controlled for a range of comorbidities and variables
(IQ and medication), the potential for residual
confounding remains because we were unable to
account for variables such as psychological treatment
history, pubertal stage, and socioeconomic status.
Seventh, information on race and ethnicity was not
available for all cohorts and could therefore not be
systematically considered. Finally, there was no
involvement of people with lived experience of conduct
disorder in this study.

To conclude, our findings provide robust evidence of
subtle but widespread brain structural alterations in
young people with conduct disorder, across DSM
subtypes and sexes, particularly in surface area. These
findings provide further evidence that brain alterations
could contribute to conduct disorder. This under-
recognised disorder warrants greater consideration in
research, including longitudinal studies exploring
neurodevelopmental trajectories and additional sub-
typing approaches.
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