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This study was pre-registered (https://doi.org/10.17605/OSF.10/V6BDC) and any deviations from the pre-
registration have been outlined and justified in an appendix to the pre-registration (accessible under
‘Resources’).
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SUPPLEMENTARY METHODS

Appendix 1 - Grouping and subgrouping approach

While the specific inclusion/exclusion criteria differ by sample (see details in Appendix 2), the following
exclusion criteria were applied for all analyses reported in this study: 1) a mean sample age > 18 years and
individual participant age > 21 years, 2) 1Q < 70 (where available) and 3) presence of neurological disorders,
genetic syndromes, autism spectrum disorder as well as current diagnoses of schizophrenia or bipolar disorder
(where the relevant information was available). We further excluded all participants without information on sex
and age as these variables were included as covariates of no interest in the main analyses. Lastly, cohorts were
only included if they comprised at least 10 participants with conduct disorder (CD) and 10 typically-developing
(TD) youth.

A note on autism spectrum disorder in the ABCD study: A diagnosis of ‘severe’ autism spectrum disorder was an
exclusion criterion within the ABCD study, but participants were retained in the ABCD study if parents/caregivers
reported mild/moderate autism. Hence, it is possible that some participants with mild or moderate (parent-
reported) autism spectrum disorder were retained in the ABCD subsample included in this study.

A note on the inclusion of participants over the age of 18 years: Although CD is most commonly diagnosed in
childhood and adolescence, in the current study, we decided to include youths up to 21 years for the following
reasons:

1) Consistency with prior ENIGMA research: Our study was designed to align with previous research
conducted within the ENIGMA consortium, especially the work of Hoogman et al.»2 on attention-
deficit/hyperactivity disorder (ADHD), which adopted an age cut-off of 21 between adolescence and
adulthood; as well as the work by Schmaal et al.® on major depressive disorder (MDD), which also set the
age cut-off for adolescent versus adult analyses at <21 years. This consistent/standardized approach was
intended to ensure the comparability of results across disorders in youth, especially between CD and
ADHD.

2) Continuity of brain development: Extensive longitudinal neuroimaging studies have demonstrated that brain
maturation extends beyond adolescence, with significant structural changes observed until around age 21-
25 years.*® This evidence supports the notion of emerging adulthood as a post-adolescent maturation stage,
rather than a distinct phase after adolescence. Given this continuum of brain development and lack of
biological justification to exclude individuals aged > 18 from youth samples, we opted to include youths up
to age 21 years.

3) Diagnostic criteria: According to the DSM-5,7 an individual over 18 years old can still be diagnosed with
CD if they do not meet the criteria for antisocial personality disorder. As there is no strong reason to
exclude those aged above 18 from a psychiatric perspective, we opted to include them.

Based on the outlined reasons, we included youth up to age 21 years. However, to avoid shifting the mean age of
the sample and maintain the focus on youth, we only included samples with a mean age of < 18 years. Figure S1
below shows the age distribution of the main sample (pertaining to the CD versus TD comparison). Notably,
findings remained unchanged when excluding participants over the age of 18 years (n = 25, see Appendix 12).



Figure S1: Density plot of the distribution of age by diagnostic group
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Conduct disorder versus typically-developing youth

Participants allocated to the CD group had to have a current clinical or research diagnosis of CD. The former is
provided in a healthcare setting by a medical professional, whereas the latter is primarily made for the purposes
of a research study. The only exception to this was the cVEDA sample, where those with a lifetime diagnosis
were included as this study did not differentiate between current and past diagnoses for all disorders (leave-one-
out analyses [Appendix 12] showed that excluding this sample did not impact findings). Additional exclusion
criteria for the TD group beyond those listed above included a current diagnosis of ADHD or oppositional defiant
disorder (ODD) or lifetime histories of any disruptive behaviour disorders. For three of the 15 CD samples, it was
not possible to fully verify the absence of these disorders in the control group as ADHD and/or ODD diagnoses
were not provided. However, in each case the inclusion criteria indicated that controls were free of (current)
psychiatric disorders and/or had no history of antisocial behaviours, indicating that these criteria were fulfilled by
all samples. Notably, in addition to the CD vs. TD analyses, we also performed analyses comparing a non-
overlapping group of youth with elevated conduct problems to controls. Details on this grouping approach and
the analyses can be found in Appendix 13.

Subgroup comparisons

Age-of-Onset. In line with DSM-5-TR criteria,’ participants with CD who displayed CD symptoms before age ten
were classified as having childhood-onset CD, whereas those with a later onset were classified as having
adolescent-onset CD. Overall, information on age-of-onset was available for 741 CD participants (62.5% of the
CD group) from seven out of 15 cohorts. Based on the described approach, 458 (61.8%) were allocated to the
childhood-onset group (133 girls, age range = 9-20 years, Mage = 11.75, SD = 3.13) and 283 (38.2%) were allocated
to the adolescent-onset group (86 girls, age range = 7-21 years, Mage = 15.07, SD = 2.29). It should be noted that
56.1% of the childhood-onset participants were derived from the baseline release of the ABCD sample when
participants were aged 9 or 10. TD youth from all cohorts were included in the control group (n = 1,253; 446 girls,
age range = 7-20 years, Mag = 13.38, SD = 3.01).

Low vs. high callous-unemotional (CU) traits: Youth with CD were divided into those high and low in CU traits
based on the recently developed cut-offs by Kemp et al.® for the total scores of the Inventory of Callous-
Unemotional Traits (ICU).° In contrast to the median split approach, which varies between studies, the use of
normative cut-offs may facilitate replication in future analyses. In the current analyses, we applied the version-,
gender-, and age-specific normative cut-offs, which have been shown to reduce the chance of false positives.® For



the self-report version of the ICU, male youth with CD were allocated to the high-CU group if they scored > 34
(up to age 14) or > 37 (age 15 or older), while female youth with CD were allocated to the high-CU group if they
scored > 29 (up to age 14) or > 32 (age 15 or older). For the parent-report version of the ICU, male youth with
CD were allocated to the high-CU group if they scored > 34 (any age), while female youth with CD were allocated
to the high-CU group if they scored > 30 (regardless of age). If participants had both self- and parent-report data
available, they were included in the high-CU group if they were above the respective cut-off on either version.
Overall, information on CU traits based on the ICU was available for 647 CD participants (54.6% of the whole
CD group) from 9 out of 15 cohorts. Based on the approach described above, 277 (42.8%) were allocated to the
low-CU group (67 girls, Mage = 15.28, SD = 2.32, range = 8-20) and 370 (57.2%) were allocated to the high-CU
group (140 girls, Mage = 15.08, SD = 2.07, range = 7-19). Table S2 shows which informant was available for each
sample. As for the age-of-onset subgroup analyses, TD youth from all cohorts were included in the control group.

The below table depicts the overlap between the age-of-onset and CU traits subgroups.

Table S1: Overlap of the age-of-onset and callous-unemotional traits subgroups

CO-CD AO-CD
total 458 100.0% 283 100.0%
low-CU 61 13.3% 73 25.8%
high-CU 111 24.2% 88 31.1%
no CU information 286 62.4% 122 43.1%
low-CU high-CU
total 277 100.0% 375 100.0%
CO-CD 61 22.0% 111 29.6%
AO-CD 73 26.4% 88 23.5%
no onset information 143 51.6% 176 46.9%

CO-CD=childhood-onset conduct disorder. AO-CD=adolescent-onset conduct disorder. Low-CU=conduct
disorder with low levels of callous-unemotional traits

Appendix 2 — Study protocols of contributing sites and inclusion flowcharts

The current study includes data from 20 cohorts who contributed to the ENIGMA-Antisocial Behavior (ASB)
working group. This comprised 15 samples that contributed data on youth with a diagnosis of CD (and TD youth)
as reported in the main manuscript and 11 samples that contributed data on youth with elevated conduct problems
(CP; and control youth). Six cohorts contributed participants to both the CD and CP analyses (ABCD, cVEDA,
FemNAT-CD, IMAGEN, MATRICS/Aggressotype, and Yale). However, the CD and CP groups did not have
any overlapping participants (full information on the CP analyses and the respective grouping strategy can be
found in Appendix 13). Samples were included if they comprised at least ten youth with a diagnosis of CD or
elevated CP as well as ten TD youth. The working group has a rolling inclusion design, in which new groups can
join at any time, but data freezes allow for analyses at fixed time points. The data-freeze for the current study was
set to 31/05/2022. Below we provide information on the study protocols of the included cohorts and inclusion
flowcharts, which outline how the final sample size of the contributed cohorts was achieved.

For some cohorts, particularly the included community-based and population-based cohorts, a substantially larger
number of controls compared to cases were available. In these instances, to keep group sizes roughly balanced,
we used propensity score matching as implemented in the R package ‘Matchlt’ to match each case to a control
with a similar covariate profile. This is achieved by using a ‘propensity score’, which reflects each participant’s
probability of belonging to the ‘treatment’ group (here: CD/CP group) based on a set of covariates.’® When
matching on propensity scores, the aim is to achieve a small difference between the propensity score of the CD/CP
participant and the score of the matched control participants. In the current study, control youth were always
matched on sex and age, and additionally on 1Q and scanner if available/applicable (please see the specific



inclusion flowcharts below). We followed a 1:1 matching approach (one control participant is matched to each
case), using nearest neighbour matching for continuous variables (age, 1Q) and exact matching for categorical
variables (sex, scanner). However, depending on the sample composition, exact matching on categorical variables
was not always successful, in which case we also applied nearest neighbour matching to those variables. Nearest
neighbour matching is a commonly applied approach and matches the closest eligible control unit without
reference to the global balance of matches.*

ABCD

The Adolescent Brain Cognitive Development (ABCD) Study is a prospective longitudinal cohort study of US
children born between 2006 and 2008. A total cohort of N=11,880 children aged 9-10 years at baseline (and their
parents/guardians) was recruited from 22 sites (with one site no longer active) and are being followed for at least
ten years. Eligible children were recruited from the household populations in defined catchment areas for each of
the study sites during the roughly two-year period beginning in September 2016 and ending in October 2018. The
ABCD Study® collects observational data to characterise US population trait distributions and to assess how
biological, psychological, and environmental factors (including interpersonal, institutional, cultural, and physical
environments) can relate to how individuals live and develop in today's society. From the outset, the NIH and
ABCD scientific investigators were motivated to develop a baseline sample that reflected the sociodemographic
variation present in the US population of 9-10 year-old children, and to follow them longitudinally through
adolescence and into early adulthood. Institutional review boards at participating universities approved all study
procedures. Participants provided written assent, and their legal guardians’ written consent, for participation.

The data included in the current project were from the ABCD baseline wave derived from the 3.0 data release.
More information on the sample can be found on the ABCD website (https://abcdstudy.org/). The information
provided above was taken from Dick et al.*? and Saragosa-Harris et al.*®
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Figure S2: ABCD inclusion flowchart for the conduct disorder analyses

All ABCD participants
N=11,7762

Group unspecific exclusion criteria (N = 1,462)
» Image quality (N = 545)
+lQ
* Unavailable (N = 387)
+ 1Q<70(N=349)
* No diagnostic information (N = 121)
* Excluded comorbidities (N = 61)°
» Current Bipolar | + Il (N = 35)
* Current Unspecified Schizophrenia Spectrum
and Other Psychotic Disorder (N = 26)

v

A A

Allocated to CD and
control groups
N=10,314

l

v

¥

Current CD Not Current CD
N =300 N=10,014 Excluded comorbidities in controls (N = 1,845)b
+ PastCD(N=1)
|- Current ODD (N = 441)
»| . Past ODD (N = 834)
v « Current ADHD (N = 757)
+ ADHD in partial remission (N = 169)
Controls + Unspecified ADHD (N = 96)
N = 8,169
v ‘

Removing relatives (N = 1,159)

v v

Current CD
N =292

v ¥

Propensity Score Matching
on sex, age, 1Q, and scanner®

Controls
N=7,018

Post-matching exclusions (N = 10)
Neuroimaging outliers (N = 6)
+ CD group (N =4)
=P - Control group (N =2)
Unspecified Bipolar and Related Disorder (N = 4)
= CDgroup (N=2)
‘ & « Control group (N = 2)

Matched control

group
N =288

CD group
N=286

Diagnostic information was based on the K-SADS-COMP parent-report for consistency as the youth-report
section was only available for a subset of modules (7/25) and not completed for conduct disorder (see Table S2
in Barch et al.1%). Image quality assessments were based on the imaging inclusion flag provided by ABCD (see
Appendix 3). The removal of relatives was performed as follows: If no participant in the family group had a
diagnosis of conduct disorder, one sibling was removed at random. For the remaining relatives including youth
with conduct disorder, the following was done: 1) If only one of the family group had conduct disorder, they were
included and the other sibling was excluded. 2) If both siblings had conduct disorder, the case with the highest
number of current symptoms (followed by lifetime if current symptom count was equal) was included. N=sample
size. CD=conduct disorder. IQ=intelligence quotient. ODD=oppositional defiant disorder. ADHD=attention-
deficit/hyperactivity disorder.

2 Available across all used spreadsheets. ® Total numbers may differ from individual items as participants might
have had multiple comorbidities. ¢ Missing scanner information was substituted with the scanner that was used
most frequently at the site of the participant for whom scanner information was missing.
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Figure S3: ABCD inclusion flowchart for the conduct problems analyses

All ABCD participants Ay gy o criera (N/=1.462)
N = 11,7767 o

« Unavailable (N = 387)
+ 1Q <70 (N=349)
* Excluded comorbidities (N = 93)°
» Current Bipolar | + || + Unspecified Bipolar
and Related Disorder (N = 68)
« Current Unspecified Schizophrenia Spectrum
¥ and Other Psychotic Disorder (N = 26)

A J

Allocated to CP and
control groups

Exclusion criteria CP analyses (N = 309)

v

N=10,402 « Participants with a current CD diagnosis (N =
297)
» No conduct problems data (N = 12)
« CP score missing (N = 4)
‘ J « CP scale missing items (N = 8)
CP score (CBCL) CP score (CBCL)
265 <65
N = 427 N = 9 666 Excluded comorbidities in controls (N = 1,559)®
' + PastCD (N=1)

+ Current ODD (N = 302)
+ PastODD (N=719)

v

A 4 + Current ADHD (N = 618)
+ ADHD in partial remission (N = 142)
Controls + Unspecified ADHD (N = 89)
N = 8,107

v v

Removing relatives (N =1,174)

A 4 v
CP 265 Controls
N =416 N = 6,944
Propensity Score Matching Neumim';;;‘;gﬁ:ﬁ;‘,;"“ excluslons (N =6)
on sex, age, 1Q, and scanner® ma B CP group (N = 3)
& * « Control group (N = 3)
Matched control
CP group group
N=a13 N=413

Diagnostic information was based on the K-SADS-COMP parent-report for consistency as the youth-report
section was only available for a subset of modules (7/25) and not completed for conduct disorder (see Table S2
in Barch et al.1%). Image quality assessments were based on the imaging inclusion flag provided by ABCD (see
Appendix 3). The removal of relatives was performed as follows: If no participant in the family group exhibited
elevated conduct problems, one sibling was removed at random. For the remaining relatives including youth with
elevated conduct problems, the following was done: 1) If only one of the family group had elevated conduct
problems, they were included and the other sibling was excluded. 2) If both siblings had elevated conduct
problems, the case with the lower conduct problems T-score was excluded. In the case of one sibling pair, both
had the same conduct problems score. The participant with the higher 1Q score was retained. N=sample size.
CP=conduct problems (based on the DSM-oriented conduct problems subscale of the Child Behavior Checklist).
CD=conduct disorder. 1Q=intelligence quotient. CBCL=Child Behavior Checklist. ODD=oppositional defiant
disorder. ADHD=attention-deficit/hyperactivity disorder.

2 Available across all used spreadsheets. ® Total numbers may differ from individual items as participants might
have had multiple comorbidities. ¢ Missing scanner information was substituted with the scanner that was used
most frequently at the site of the participant for whom scanner information was missing.
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BESD

Participants were part of a larger study on the effects of juvenile antisocial, psychopathic, and autistic tendencies
on socioemotional brain systems. All participants were aged 15 to 19 years old and were medication-free.
Participants were scanned between February 2013 and November 2014. Juvenile offenders with CD were recruited
from a juvenile detention centre and a forensic psychiatric facility, and had all been convicted for or charged with
crimes such as assault, murder, and armed robbery. Healthy controls (HC) were carefully recruited through local
advertisement. Inclusion criteria for the CD group were: being admitted to a forensic facility due to contact with
the juvenile justice system, and having a DSM(-1V) diagnosis of CD with at least one aggressive symptom (e.g.,
used a weapon, has been physically cruel to people, has stolen while confronting a victim). Inclusion criteria for
the HC group were: no current or past DSM-1V diagnoses of internalizing or externalizing disorders, no clinical
scores on validated mood and behavioural questionnaires, and no symptoms of severe antisocial behaviour.
Exclusion criteria for all participants were: primary DSM-IV diagnosis of pervasive developmental disorders,
Tourette’s syndrome, obsessive-compulsive disorder, bipolar disorder, and psychotic disorders, use of
psychotropic medication, a history of neurological disorders, age <15 or >19 years, left-handedness, 1Q score <75,
as measured by either the Wechsler Intelligence Scale for Children (WISC) or the Wechsler Adult Intelligence
Scale (WAIS), and general MRI contraindications (e.g., metal implants, claustrophobia). Finally, all participants
were explicitly told that the slightest hint of drug intoxication on the day of scanning would result in exclusion,
with juvenile offenders also being subjected to random and unannounced urine drug tests at the forensic facilities.

Figure S4: BESD inclusion flowchart for the conduct disorder analyses

Contributed BESD sample
N=289

Exclusions (N = 2)
+ Failed ENIGMA QC (N =2)

v

v

Available for CD analyses
N =87

v v

CD group Control group
N=51 N=36

N=sample size. CD=conduct disorder. QC=quality control.

Boys Town

The goals of this project are to determine: (i) the symptom sets associated with dysfunction in targeted neuro-
cognitive systems; (ii) the neuro-cognitive variables that predict success of the Boys Town Intervention Model;
and (iii) the extent to which Program response is associated with “normalisation” of pathophysiology. The project
will involve both fMRI and neuropsychological assessment. This study will involve participants from the Boys
Town campus as well as participants from the community. Participants will be categorised as: (i) typically-
developing (TD; i.e., presenting with levels of symptoms below the clinical range as indexed by the CBCL or
SDQ [see below]); (ii) clinically concerning (CC; i.e., presenting with clinically significant levels of psychiatric
or behavioural symptoms for conditions as indexed by the CBCL or SDQ [see below] and/or sufficient behavioural
problems to warrant residential treatment). Thus, all participants from the Boys Town campus will be considered
CC participants. Participants from the community are invited to participate in six visits (one screening visit, four
fMRI, and one neuropsychological assessment). Participants from the Boys Town campus are invited to
participate in 12 visits (one screening visit, four fMRI, and one neuropsychological assessment as soon as possible
after arrival at Boys Town and four fMRI and one neuropsychological assessment and one symptom set
assessment within the three months prior to departure from Boys Town).
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Inclusion criteria for TD youth:

1.
2.

10-18 years of age
No current psychiatric diagnoses

Inclusion criteria for CC youth:

1.
2.

10-18 years of age
Clinically significant levels of psychopathology as measured by the CBCL or SDQ at screening or
residents at Boys Town Family Home Program or Psychiatric Residential Treatment Center

Exclusion criteria

1.
2.
3.

1Q<75
Pregnancy
Ongoing medical illness other than those listed in the inclusion criteria for the respective groups that
require use of any medication that may have psychotropic effects such as beta blockers or steroids:
o Medications provided for psychiatric illness (specifically mood stabilising medications) will
NOT be exclusory
o Non-exclusionary medications include methylphenidate, lisdextroamphetamine, amphetamine,
dexmethylphenidate hydrochloride, atomoxetine, bupropion, modafinil, or valproic acid
Explicit exclusions include active psychosis, Pervasive Developmental Disorders and Tourette’s
syndrome
Neurologic disorder (including seizures).
Any metallic objects in the body. Metal plates, certain types of dental braces, cardiac pacemakers, ext.,
that are sensitive to electromagnetic fields contraindicate MRI scans
Claustrophobia

The data contributed to the ENIGMA-ASB working group included a subgroup of participants with a diagnosis
of CD and control participants.

Figure S5: Boys Town inclusion flowchart for the conduct disorder analyses

Contributed Boys Town sample
N =378

Exclusions (N =9)
» | . Failed ENIGMA QC (N=29)

A 4

Available for CD analyses
N = 369

CD group Control group
N=192 N=177

N=sample size. CD=conduct disorder. QC=quality control.
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Cambridge Female

Twenty-two female adolescents with CD aged 14-20 years were recruited from schools, pupil referral units and
the Cambridge Youth Offending Service. A healthy control group (HC; no history of CD/ODD and no current
psychiatric illness) of 21 female adolescents, matched for age, handedness and performance 1Q, was recruited
from schools. All participants and their parents gave written informed consent to participate in the study, which
was approved by the Suffolk NHS Research Ethics Committee. Exclusion criteria included full-scale 1Q (FSIQ)
<80, as estimated using the Wechsler Abbreviated Scale of Intelligence, and presence of pervasive developmental
disorder (e.g. autism).

Please note that the sample contributed to the ENIGMA-ASB working group was slightly larger than that included
in the original papers (see flowchart below).

Figure S6: Cambridge Female inclusion flowchart for the conduct disorder analyses

Contributed Cambridge Female
sample
N=50

Exclusions (N = 4)
« NoT1scan (N=4)

A 4

Y

Available for CD analyses
N =46

A J A 4

CD group Control group
N=23 N=23

N=sample size. CD=conduct disorder.

Cambridge Male

Sixty-five male adolescents with conduct disorder were recruited from schools, pupil referral units, and the
Cambridge Youth Offending Service, Cambridge, United Kingdom. All participants gave written informed
consent to participate in the study, which was approved by the local research ethics committee. Exclusion criteria
for the conduct disorder group included an 1Q <75, as estimated using the Wechsler Abbreviated Scale of
Intelligence, or presence of a pervasive developmental disorder (e.g., autism). A healthy comparison group (no
history of conduct disorder/oppositional defiant disorder and no current psychiatric illness) of 27 male adolescents,
matched for performance 1Q, was recruited from schools and colleges.
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Figure S7: Cambridge Male inclusion flowchart for the conduct disorder analyses

Contributed Cambridge Male sample
N=92

Exclusions (N = 2)
= Control with current ADHD (N = 1)
+ ENIGMA QC failed (N = 1)

A 4

Y

Available for CD analyses

N=90
v v
CD group Control group
N=64 N=26

N=sample size. CD=conduct disorder. ADHD=attention-deficit/hyperactivity disorder. QC=quality control.

CD-Zhou

Eighteen boys with CD and 18 age- and education-matched typically-developing (TD) boys from a previous
sample were recruited.'® All subjects were aged between 15 and 17 years, and were right-handed with normal
vision. The CD group was recruited from the Hunan province Youth Detention Centre, whereas the TD group was
recruited from schools in the local community. Informed consent was provided by all participants and their parents
or guardians. The study was approved by the Biomedical Ethics Board of the Second Xiangya Hospital, Central
South University, People’s Republic of China.

The exclusion criteria were any history of neurological disorders, including: paralysis, loss of sensation, epilepsy,
muscular weakness, seizures, chronic pain, confusion, and altered levels of consciousness. In addition, any
participants meeting the K-SADS-PL criteria for any other current or lifetime psychiatric disorders, or has a
subthreshold or threshold levels of other disorders of symptomatology such as attention-deficit/hyperactivity
disorder (ADHD), oppositional defiant disorder (ODD), mood disorder, anxiety disorder, mental retardation and
substance abuse or dependence were also excluded.

Figure S8: CD-Zhou inclusion flowchart for the conduct disorder analyses

Contributed CD-Zhou sample
N=36

CD group Control group
N=18 N=18

N=sample size. CD=conduct disorder.
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CDKid

Twenty-one males with CD aged between 12 and 19 years were recruited as part of a larger study (see Sarkar et
al.'®) from: (1) an Institute of Psychiatry (King’s College London) database of adolescents with conduct problems;
(2) three Youth Offending Teams; (3) five Pupil Referral Units (facilities providing education to children who
cannot attend mainstream schools, e.g., following school exclusion); (4) four youth projects; and (5) two
mainstream educational institutions. A further 19 right-handed males were recruited as controls from the general
public, through schools and youth services (i.e., youth clubs, ‘Connexions’, and several youth charities) within
the same geographical areas (deprived and inner city) as the CD group. Groups did not significantly differ in age,
handedness, ethnicity, and self-reported history of alcohol or cannabis use. Measures of current hyperactivity, and
rates of attention-deficit/hyperactivity disorder (ADHD) did not differ significantly between groups. All study
participants satisfied MRI safety requirements and were medication-free, did not have a psychiatric or substance
use disorder (other than CD, ADHD, or referrals for anger management), spoke English as their first language,
and were right-handed as assessed by the Edinburgh Handedness Inventory. 1Q was measured using the
vocabulary and matrix reasoning subtests of the Wechsler Abbreviated Scale of Intelligence.

Figure S9: CDKid inclusion flowchart for the conduct disorder analyses

Contributed CDKid sample
N =40

Exclusions (N = 1)
» | . Failed ENIGMA QC (N=1)

A 4

Available for CD analyses
N =39

Y A4

CD group Control group
N=21 N=18

N=sample size. CD=conduct disorder. QC=quality control.

CSU-Yao

Youths with CD (aged 12-17 years old) were recruited from outpatient clinics affiliated with the Second Xiangya
Hospital of Central South University in Changsha, Hunan, China. A group of age- and gender- matched typically-
developing (TD) volunteers was recruited from regular secondary schools. All participants and their parents were
made aware of the purpose of the study and gave written informed consent for participation. Diagnoses of CD
were made based on the Structured Clinical Interview for DSM-IV-TR Axis | Disorders-Patient Edition (SCIDI/P)
by two well-trained psychiatrists. To improve the reliability of the diagnostic interview, information was collected
from each participant and at least one corresponding parent. The TD group was subjected to the SCIDI/P by the
same group of psychiatrists that screened the CD group. None of the TD participants met the criteria for current
or a history of CD.

The exclusion criteria of both groups were: current or prior history of any (other) psychiatric, behaviour or
emotional disorder (including, among others, post-traumatic stress disorder and obsessive—compulsive disorder);
a pervasive developmental disorder (i.e., autism); a chronic neurological disorder; Tourette’s syndrome; persistent
headaches; a history of head trauma; alcohol or substance abuse within the past year; any MRI contraindication;
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or an 1Q <80 on the C-WISC. Participants were required to be right-handed, according to the Edinburgh
Handedness Inventory.

Figure S10: CSU-Yao inclusion flowchart for the conduct disorder analyses

Contributed CSU-Yao sample

N =160
3 Group unspecific exclusion
* Bad scan quality (N = 6)
Final CD group Control group
N=77 N=77

N=sample size. CD=conduct disorder.

cVEDA consortium

cVEDA, a large neurodevelopmental cohort in India, was set up to enable the long-term study of the
developmental trajectories of brain and psychological functioning, and the effects of exposome and genome in
modulating these trajectories, to influence vulnerability to psychiatric disorders. Participants were recruited from
seven sites (Imphal (Manipur); Asansol (West Bengal); Mysore (Karnataka); National Institute of Mental Health
and Neurosciences [NIMHANS] Bangalore (Karnataka); Post Graduate Institute of Medical Education and
Research (PGIMER) (Chandigarh, Punjab and Haryana); Rishi Valley (Madanapelle, Andhra Pradesh); Saint
John’s Research institute [SJRI]) representing five different geographical locations in India, of all gender,
ethnicity, socio-cultural strata and urban-rural living. The study involves a thorough assessment of behavioural,
neuropsychological, clinical, and environmental exposures of each subject. Participants also undergo biological
characterization with collection of T1 weighted MRI, diffusion tensor imaging, resting state functional MRI and
genetics data including blood and urine for assay of neurotoxin exposures. cVEDA study was approved by the
Health Ministry Screening Committee, Ministry of Health and Family Welfare, Government of India. The study
protocol was approved by the Institutional Ethics Review Boards of National Institute of Mental Health and
Neurosciences (NIMHANS) Bangalore, India (Item No. VII, SI. No. 7.08, Behavioural Sciences) and all other
regional collaborating institutions. Written informed consent was obtained from participants over the age of 18
and from parents of participants under 18 years of age (along with assent from minor participants). The study was
conducted in accordance with the Declaration of Helsinki (1964 and later versions)

Please see the publications by Sharma et al.” and Zhang et al.*8 for further information.
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Figure S11: cVEDA inclusion flowchart for the conduct disorder analyses

All cVEDA participants

N =442
Exclude:
* IQbelow70(N=10) | |
Exclude:
4 1 + Diagnostic information unavailable (N =
CD cases Non CD participants 4)
N =20 N =412 * ODDcases(N=5),SUD (N =8),
> depression (N = 16), anxiety (N = 18)
4 * Other diagnoses: lifetime psychotic
Final CD group Non CD participants disorder (N = 4), past manic episode (N
N=20 N =348 = 2), lifetime mood disorder with
psychotic features (N = 4), without
- . 4 other diagnoses name (N = 2), current
Final c:"t';’é EIDLIE psychotic disorder (N = 1)

IQ=intelligence quotient. CD=conduct disorder. ODD=oppositional defiant disorder.

Figure S12: cVEDA inclusion flowchart for the conduct problems analyses

Contributed cVEDA sample
N=442
Exclusions (N = 39)
»| Q< 70: 10
* Participants with a current CD
\ 4 diagnosis (N = 20)
* Exclusionary comorbidities (N =9)
Available for CP analyses « Lifetime or current psychotic
N =403 disorder (N=5)
* Past manic episodes (N = 2)
* Unspecified diagnoses (N = 2)
v
CP score (SDQ) 2 4 CP score (SDQ) < 4 -
CP control group exclusions (N = 1)
(parent) or 2 5 (youth) (parent) and <5 (youth) = . 1.t o current 0DD (N = 1)
N=194 N =209
\ 4
CP group Control group
N=194 N=208

IQ=intelligence quotient. CD=conduct disorder. CP=conduct problems. SDQ=Strengths and Difficulties
Questionnaire. ODD=0ppositional Defiant Disorder.

FemNAT-CD

Given the lack of studies on females with CD and the relative paucity of studies in adolescents compared to
children, the aim of the European Commission-funded FemNAT-CD consortium (https://www.femnat-cd.eu/) is
to study female adolescent CD using a multi-level approach including phenotypic, environmental, neurocognitive,
endocrinological, psychophysiological, neuroimaging, genetic and epigenetic measures. The main objectives of
the FemNAT-CD consortium are to: (1) clarify the phenomenology and neurobiology of adolescent female CD
and investigate sex differences in neurocognitive and neurobiological mechanisms in CD; (2) translate knowledge
of neuropsychological and neurobiological characteristics into targeted intervention; and (3) meet relevant societal
and educational objectives, such as providing information, training and intervention to relevant stakeholders, and
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especially young people with CD and their families. Girls were oversampled as a key aim of the consortium was
to address the lack of data on female CD. Both community-based and clinically referred individuals were recruited
through community outreach and from mental health clinics, welfare institutions and youth offending services.
Youths with CD met diagnostic criteria for current CD according to DSM-IV-TR criteria. TD controls were free
of any current psychiatric disorder (except specific learning disorders) and had no history of CD, ODD and
ADHD. Exclusion criteria for both groups were IQ < 70 (based on estimates from two subtests of age-appropriate
Wechsler scales), autism spectrum disorders, schizophrenia, bipolar disorder or mania, neurological disorders and
genetic syndromes. Local ethics committees approved the study protocol. Written informed consent was obtained

for all participants. Neuroimaging data was collected at five of the FemNAT-CD sites: Aachen (Germany), Basel

(Switzerland), Birmingham (UK), Frankfurt (Germany), and Southampton (UK).

Figure S13: FemNAT-CD inclusion flowchart for the conduct disorder and conduct problems analyses

All FemNAT-CD participants
N=1,743

Raw structural MRI available
N=764

A 4

Usable quality controlled
FreeSurfer data
N =682

v

Exclusions (N =82)

* Duplicate scan (N=1)

Removed by site post data sharing (N = 3)
Insufficient T1 quality (N = 69)

+  Failed ENIGMA QC (N = 9)

Sample available for analyses
N=671

v v

Exclusions CD analyses

v

Exclusions (N = 11)
Missing information on diagnostic status, sex or
age (N=10)

* Excluded comorbidities — current bipolar

disorder (N=1)

Participants who do not
fulfill criteria for current
CD or the control group (
current/past ODD, past
CD) (N =36)

Exclusions CP analyses
* Participants with a
current CD diagnosis
(N =256)
* No CPdata (N =114)

CD analyses (N = 635)

¢

Available for CP analyses (N = 301)

CP score (CBCL) CP score (CBCL)
265 <65
N=14 N =287 CP control group exclusions (N = 273)
_ |+ PastCD(N=2)
i * | * Pastorcurrent ODD (N =11)
A 4 A 4 Dropped during propensity score
Matched control matching on sex, age, 1Q &
CD group Control group CP group T scanner (N = 260)
N=256 N=379 N=14 Neia

MRI=Magnetic Resonance Imaging. QC=quality control. CD=conduct disorder. CP=conduct problems (based
on the DSM-oriented conduct problems subscale of the Child Behavior Checklist). CBCL=Child Behavior
Checklist. ODD=oppositional defiant disorder. 1Q=intelligence quotient.
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Georgetown

One hundred forty-eight children, aged 9-18 (M = 13.96, SD = 2.44, % male = 59.46), were recruited from
Washington, DC and surrounding regions through referrals, advertisements, and fliers seeking both healthy
children and children with conduct problems. All participants and their parents first completed an initial visit
during which demographic and clinical measures were completed along with 1Q testing using the Kaufman Brief
Intelligence Test. Participants reported a wide range of scores on our clinical measures, confirming that our sample
included both healthy youth and youth with elevated conduct problems and varying CU traits, as well as
psychiatric symptoms including externalising behaviours, internalising behaviours, and attentional difficulties.
Consistent with our recruitment effort to specifically target both healthy children and children with elevated
conduct problems, 77 participants reported clinical levels of externalising behaviour as assessed by an age and
gender standardised externalising symptomology score on the Child Behavior Checklist (CBCL) that placed them
above the 98th percentile. Of participants who completed the initial visit, 93 were eligible for and consented to
participate in an MRI scan. Participants were excluded from MRI scanning for: history of head trauma or
neurological disorder, symptoms of pervasive developmental disorder, 1Q <80, or MRI contraindications such as
claustrophobia or metallic implants including braces or permanent retainers. The MRI sample consisted of
children aged 10-17 (M = 13.98, SD = 2.36, % male = 59.14) and varied widely in externalising behaviour,
including 46 participants with clinically significant externalising scores. The MRI sample did not differ from the
full sample in terms of externalising and CU scores or any other clinical or demographic measures, with the
exception of a trend-level difference in age between the full sample and the scanned sample. All participants were
native English speakers. Written informed assent and consent were obtained from children and parents before
testing. Approval for all procedures was obtained from the Georgetown University Institutional Review Board.
The authors assert that all procedures contributing to this work comply with the ethical standards of the relevant
national and institutional committees on human experimentation and with the Helsinki Declaration of 1975, as
revised in 2008.

Figure S14: Georgetown inclusion flowchart for the conduct problems analyses

Contributed Georgetown sample

N=289
Exclusions (N = 3)
P-| + Noimaging data (N=1)
Failed ENIGMA QC (N = 2)
4
Available for CP analyses
N =286
v
CP control group exclusions (N = 1)
CP score (SDQ) 2 4 CPscore (SDQ) < 4 . | = SDQ<4but allocated to DBD in
N =45 N=41 T original studies based on
additional criteria (N = 1)
v v
CP group Control group
N=45 N =40

QC=quality control. CP=conduct problems (based on the conduct problems subscale of the Strengths and
Difficulties Questionnaire). SDQ=Strengths and Difficulties Questionnaire. Notably, the DSM-oriented conduct
problems subscale of the Child Behavior Checklist was also available for this sample but only in the form of raw
scores to which the cut-offs cannot be applied.
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IMAGEN consortium

The European multi-centre genetic-neuroimaging IMAGEN study (https://imagen-europe.com) is a community
cohort of more than 2000 participants. Adolescents were recruited from schools around the age of 14 years (age
range = 12.9-15.7 years). Recruitment into the IMAGEN study targeted adolescents for whom all four
grandparents were the same nationality as the participant (i.e., participants were required to have four Western
European grandparents); as such, the sample is racially and ethnically homogenous. Local ethics research
committees approved the study at each site. Written consent was obtained from the parent or guardian as well as
verbal assent from the adolescent. A detailed description of recruitment and assessment procedures has been
published elsewhere.'® Participants completed neuropsychological, clinical, and personality assessments online
and at assessments sites. Structural and fMRI is performed on 3T scanners from a range of manufacturers
(Siemens, Munich, Germany; Philips, Best, The Netherlands; General Electrics, Chalfont St Giles, UK; Bruker,
Ettlingen, Germany).

The IMAGEN project data included in the current study were from the IMAGEN baseline wave (T1). Please see
Schumann et al.® for more information on the IMAGEN sample. Diagnostic information was based on the
Development and Well-Being Assessment (DAWBA, https://www.dawba.info/), which is a package of
interviews, questionnaires and rating techniques designed to generate ICD-10 and DSM-IV or DSM-5 psychiatric
diagnoses in 2-17 years old. The participants were excluded from the final analyses if they met the following
criteria: (1) absence of age, sex or IQ information, (2) 1Q below 70, (3) diagnosed with bipolar disorder or lacking
relevant information, (4) absence of T1 scans or failure to pass the T1 scan quality check (see Appendix 3 for
details on the quality assessments). The participants meeting the CD diagnostic criteria based on the DAWBA,
either by clinical rating or computer prediction, from self- or parent-report, were assigned to the CD group,
resulting in 63 participants. Accordingly, 63 age-, sex- and 1Q-matched TD participants were included in the final
analysis. No siblings from the same family are included in the analysis.

For the elevated CP vs control analysis, after excluding the participants diagnosed with CD, a similar inclusion
approach was adopted. Participants who scored above 4 on the parent-report or above 5 on the self-report
conduct problems subscale of the Strengths and Difficulties Questionnaire (SDQ) were included in the CP
group, resulting in 342 participants. Accordingly, 341 age-, sex- and 1Q-matched controls were included in the
final analysis. No siblings from the same family are included in the analysis.
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Figure S15: IMAGEN consortium inclusion flowchart for the conduct disorder analyses
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DAWBA=Development and Well-Being Assessment.

ODD=0Oppositional Defiant Disorder.

developmental disorders.

Figure S16: IMAGEN consortium inclusion flowchart for the conduct problems analyses
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DAWBA=Development and Well-Being Assessment.

IQ=intelligence quotient. CD=conduct disorder.
ADHD=attention-deficit/hyperactivity disorder.

PDD=pervasive

IQ=intelligence quotient. CD=conduct disorder.

CP=conduct problems. ODD=oppositional defiant disorder. ADHD=attention-deficit/hyperactivity disorder.
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K23 (Stevens)

The CD and ADHD study groups each comprised right-handed, medically healthy adolescents (ages 12-18)
recruited for a National Institute of Mental Health (NIMH)-funded project (K23 MHO070036) aimed at
differentiating the neural correlates of each diagnosis. Participants were recruited using a combination of
community advertisements and letters sent to families of youth on probation following arrest in the Connecticut
Court Support Services Division. Groups were matched by sex and mean age to control participants without
diagnosable DSM-1V disorders or health problems. We obtained parental permission and informed consent to
participate in the study jointly from the participants and their parent/legal guardian. All study procedures were
approved by the Hartford Hospital Institutional Review Board.

Clinical diagnoses for research purposes were made using the Kiddie-Schedule for Affective Disorder and
Schizophrenia — Present and Lifetime Version (K-SADS-PL) conducted by trained bachelor’s- and master’s-
level staff working under the supervision of a licensed clinical psychologist. Interviews were performed separately
for both adolescents and parents. Information was synthesized and diagnoses confirmed in weekly research group
meetings. By design, we excluded youth with comorbid disorders. All ADHD participants met criteria for DSM-
IV combined-subtype.

The above information was taken from Stevens & Haney-Caron.?® Notably the sample contributed to the
ENIGMA-ASB working group differed slightly from the one included in the cited publication.

Figure S17: K23 inclusion flowchart for the conduct disorder analyses

Contributed K23 sample
N=58
Exclusions (N = 12)
» * Aged >21years (N=1)
i + ENIGMA QC failed (N = 11)
CD analyses

N=46
| Control group exclusions (N = 3)
"| = Current ODD (N = 3)

v v
CD group Control group
N=13 N =30

CD=conduct disorder. QC=quality control. ODD=oppositional defiant disorder.

KIND Lab girls study

The aim of the study was to examine emotional development in a community sample of Latina girls. At the first
visit, children and parents completed a battery of questions about demographics, family dynamics, and mental
health outcomes, as well as a child-appropriate threat conditioning paradigm. Over the course of two visits,
children also participated in two fMRI tasks: 1) an implicit emotion processing task in which they labelled the
genders of faces that were morphed between neutral and happy or fearful expressions, and 2) a fear generalization
task with stimuli morphed between threat and safety stimuli in the previous threat conditioning paradigm. sMRI,
DTI, and resting state scans were also collected. Inclusion criteria: Girls; aged 8-13 years; at least 50% Latina
heritage and identified as Latina (except for one participant); medication-free. Exclusion criteria:
Contraindications for neuroimaging (e.g., ferrous metal in the body, pregnant, claustrophobic); experiencing
active medical problems or suicidal ideation; current psychiatric diagnosis of Tourette’s syndrome or obsessive-
compulsive disorder; lifetime history of mania, psychosis, or pervasive developmental disorder.
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Figure S18: KIND Lab girls study inclusion flowchart for the conduct problems analyses

Contributed Kind Lab girls study sample
N =50

Exclusions (N = 2)
* Participants with a current CD
diagnosis (N = 2)

v

v

Available for CP analyses

N =48
v A 4
CP control group exclusions (N = 7)
CP score (CBCL) 2 65 CP score (CBCL) < 65 »| © Pastor current ODD (N = 1)

N=11 N=37 * Current ADHD (N = 6)

v v

CP group Control group

N=11 N=30

CP=conduct problems (based on the DSM-oriented conduct problems subscale of the Child Behavior Checklist).
CD=conduct disorder. CBCL=Child Behavior Checklist. ODD=oppositional defiant disorder. ADHD=attention-
deficit/hyperactivity disorder.

MATRICS/Aggressotype consortium

Participants aged 8-18 years were recruited across nine sites in Europe: Radboud University Medical Center and
the Donders institute for Brain, Cognition and Behavior, Nijmegen, The Netherlands; Department of
Neuroscience, University Medical Center Groningen, The Netherlands; Central Institute of Mental Health
(CIMH), Mannheim, Germany; Department of psychiatry I11 and Child and Adolescent Psychiatry/Psychotherapy,
University of Ulm, Ulm, Germany; Centre for Neuroimaging Sciences, Institute of Psychiatry, Psychology and
Neuroscience, King’s College London, London, United Kingdom; Department of Child Psychiatry, Institute of
Psychiatry, Psychology and Neuroscience, King’s College London, London, United Kingdom; Department of
Child and Adolescent Psychiatry and Psychology, Neurosciences Institute, Hospital Clinic de Barcelona,
Barcelona, Spain; Hospital Gregorio Marafién, Madrid, Spain; MR Center, Psychiatric University Hospital,
Zurich, Switzerland; IRCCS Santa Lucia Foundation, Rome, Italy. Cases were recruited from child and adolescent
psychiatry departments and patient associations throughout the Netherlands, Germany, Switzerland, Spain, and
Italy. Controls were mainly found through elementary and high schools.

Exclusion criteria for all participants were contraindications for MRI, an 1Q < 80 and a primary DSM-5 diagnosis
of psychosis, bipolar disorder, major depression and/or anxiety disorder. Participants that were included as “cases”
were diagnosed with conduct disorder (CD) and/or oppositional defiant disorder (ODD) and/or scored above the
clinical cut-off for aggressive behaviour and/or rule-breaking behaviour as measured with the Child Behavior
Checklist (CBCL) completed by parents. Within the control group no psychiatric disorders or scores within the
clinical range were allowed, as determined by screening questionnaires (CBCL). Participants that were using
medication were at a stable dose for at least two weeks. Ethical approval for the study was obtained for all sites
separately by local ethics committees. After description of the study written informed consent was given by the
participants and/or their parents. The above information was primarily taken from Naaijen et al.?*
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Figure S19: MATRICS/Aggressotype inclusion flowchart for the conduct disorder analyses

Contributed MATRICS/Aggressotype
sample
N =252
Exclusions (N = 4)
* Duplicate (covariate file) (N = 1)
> . No structural MRI data (N = 1)
Y + ENIGMA QC failed?® (N =2)
Available for analysis
N =248
Current CD diagnosis No current CD diagnosis
N =50 N =198
Control group exclusions (N = 65)
| « Current ODD (N =59)
* Current ADHD (N = 6)
h 4
CD group Potential controls
N=50 N=133

v

v

Propensity Score Matching
on sex, age, 1Q°, and scanner

v

v

CD group
N =50

Matched control group
N=50

QC=quality control.

CD=conduct disorder. ODD=oppositional defiant disorder. ADHD=attention-
deficit/hyperactivity disorder. IQ=intelligence quotient.
2 Due to total intracranial volume failing which precluded inclusion in the analyses. ® 1Q was group mean
substituted for two cases to enable matching. Both values were subsequently set back to missing.
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Figure S20: MATRICS/Aggressotype inclusion flowchart for the conduct problems analyses

Contributed MATRICS/Aggressotype
sample
N =252
Exclusions (N = 95)
_ | * Duplicate (covariate file) (N = 1)
| * Nostructural MRl data (N = 1)
A 4 * ENIGMA Qc failed? (N =2)
* CP analysis exclusions
Available for analysis * NoCPdata(sDQ) (N=52)°
= * Current CD (N = 39) (After
N=157 SDQ exclusions)
CP score (SDQ youth) 2 5 CP score (SDQ youth) <5
N=33 N=124
CP control group exclusions (N =31)
$ *+ Current ODD (N = 29)
Current ADHD (N = 2)
4 v
CP group Potential controls
N=33 N=93

Propensity Score Matching
on sex, age, 1Q%, and scanner

v v

CP group Matched control group
N=33 N=33

QC=quality control. CP=conduct problems (based on the conduct problems subscale of the youth-report Strengths
and Difficulties Questionnaire). SDQ=Strengths and Difficulties Questionnaire. CD=conduct disorder.
ODD=oppositional defiant disorder. ADHD=attention-deficit/hyperactivity disorder. IQ=intelligence quotient.

3 Due to total intracranial volume failing which precluded inclusion in the analyses. ® The DSM-oriented conduct
problems subscale of the Child Behavior Checklist was also available for this sample but only the raw scores to
which the cut-offs cannot be applied. ¢ 1Q was group mean substituted for two cases to enable matching. Both
values were subsequently set back to missing.

MTwiNS

The primary sample included 610 youth from 354 twin pairs participating in the Michigan Twins Neurogenetics
Study (MTwiNS),?22% an on-going study within the broader Michigan State University Twin Registry (MSUTR).?*
Youth included in this report were those who had participated up until our COVID data freeze. Youth in MTWiNS
ranged in age from 7 to 19 years (mean age = 14.6 years, SD 2.2 years, 54.5% male) and were living in south-
central Michigan. These youth were recruited from the Twin Study of Behavioral and Emotional Development —
Child (TBED-C), which identified twins for two cohorts via birth records. The first cohort was sampled to
represent families with twins living within 120 miles of Michigan State University, an area that includes Detroit,
Flint, Lansing and other urban areas, as well as substantial swaths of rural Michigan. The second cohort was
recruited from the same area, but only included families living in neighbourhoods with over 10.5% of families
living below the poverty line (the median for the state of Michigan at the time; e.g.%), thus representing families
living in neighbourhoods with above average poverty. For the present study, 354 twin pairs were re-recruited from
the second cohort and from families in the first cohort that would have qualified for the second cohort (i.e., all
families were living in a neighbourhood with above average disadvantage). This approach,, resulted in a sample
that represents families living in south-central Michigan with substantial oversampling for families living in
impoverished neighbourhoods. In the current MTwiNS sample, roughly 43% of twin families reported annual
income below the living wage for a family of four in Michigan. Participants included in the present analyses met
basic fMRI eligibility criteria, such as the absence of metal in their body and willingness to participate in the
scanning session.
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Figure S21: MTwiNS inclusion flowchart for the conduct problems analyses

Group unspecific exclusion
Excluded comorbidities (parent report, N = 21)
All MTwiNS participants * Current bipolar (N = 4)
N = 610* + Current neurological disorder (N =9, 6
Asperger/Autism, 1 with seizures, 2 with
l —_ neurological apraxia, 1 with mild cerebral palsy)
* Past neurological disorder (N = 4, 1 juvenile epilepsy,
Allocated to CP and Control 3 with past seizures )
groups * Other brain condition (N =3, 1 with narcolepsy, 1
N =589 with Multiple Sclerosis, 1 with Chiari malformation)
’L * Developmentally delayed (N = 1)
high CP Controls
* 1Qbelow 70 (N = 1) N=17 N=572

Exclude comorbidities in Control group
— |+ lifetime DMDD (N = 1)
* current ADHD (N = 80), lifetime ADHD (N = 2)
* current SUD (N=1)

* current PTSD (N=1)
* Neuroimaging quality
control failed (N=2) Final CP group
N=13 Controls
N =488

y

Final Control group
N=13

—

*available for Freesurfer data

CP=Conduct problems.lQ=intelligence quotient. PTSD=post-traumatic stress disorder. DMDD=disruptive mood
dysregulation disorder. ADHD=attention-deficit/hyperactivity disorder. SUD=substance use disorder.

SAND

The study sample was drawn from 237 adolescents from Detroit, Toledo, or Chicago who were part of the Study
of Adolescent to Adult Neural Development (SAND),%27 a substudy of the Future of Families and Child
Wellbeing Study (FFCWS).?® The FFCWS is a longitudinal cohort of 4,898 (52.4% boys) children born in 20
large U.S. cities from 1998 to 2000%® that was oversampled for nonmarital births (~3:1). Based on the initial
sampling of FFCWS, along with the recruitment of SAND from 3 cities nearest to Ann Arbor, Ml (and the
demographics of those cities) the SAND sample contains substantial representation of African American
adolescents as well as adolescents from families living in low-income contexts. Families living in Detroit, Toledo,
and Chicago were invited to take part in additional data collection at the University of Michigan as part of the
SAND study when the focal child was 15 years old. The complete list of measures and data for this project is
publicly available from the National Institute of Mental Health data archive (https://nda.nih.gov/). The University
of Michigan Medical School Institutional Review Board approved this study (UM IRBMED: HUMO00074392).
All adolescent participants provided written informed assent, and their primary caregivers provided written
consent for both themselves and their adolescent children after the study was explained and questions were
answered. Within the SAND study, the MRI component introduced sources of data loss, including some
participants declining the MRI portion of the study. 208 study participants were scanned with available structural
MRI data for sharing with ENIGMA.
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Figure S22: SAND inclusion flowchart for the conduct problems analyses

Group unspecific exclusion

All SAND participants * Sex unavailable (N=3)
N =208* « current CD (N = 6), CD information unavailable (N = 5), CD
information error (N=1)
l » |+ Excluded comorbidities (K-SADS and parent report, N = 4)

¢ current schizophrenia (N = 1)
Allocated to CP and Control * neurological disorder (N =3, 1 ASD, 1 with seizures

groups and 1 with dyslexia)
N =188 * Medication
¢ +  Lamictal (N=2)
high CP Controls
N=12 N=176

Exclude comorbidities in Control group
+ lifetime CD (N=6)
Final C* l ? * current ADHD (N = 16), lifetime ADHD (N = 6)
ina group * current ODD (N = 3)
N=12 Controls

N = 145

|

Final control
group
N=12

*available for Freesurfer data

CP=conduct problems. K-SADS=The Kiddie Schedule for Affective Disorders and Schizophrenia. CD=conduct
disorder. ASD=autism spectrum disorder. ADHD=attention-deficit/hyperactivity disorder. ODD=oppositional
defiant disorder.

Southampton Family Study

112 adolescents aged between 11-18 years old participated in the study. There were three research groups:
adolescents with conduct disorder (CD), unaffected relatives of those with CD (who did not meet criteria for the
disorder themselves) and typically-developing adolescents with no history of antisocial behaviour. Control
participants were recruited from mainstream schools and colleges, whereas CD participants were mainly recruited
through Pupil Referral Units and local Youth Offending Teams. All participants completed a ‘Family History
Screen’, consisting of three questions regarding: mental illness, behavioural difficulties and involvement with the
law, in their first-degree relatives. The screen was designed to identify/recruit unaffected brothers or sisters of
adolescents with CD who did not meet diagnostic criteria for CD themselves. In addition, it enabled us to identify
the unaffected children of parents who had previously displayed CD themselves when they were aged between
11-18 years. The screen also ensured that the controls had no family history of CD or severe antisocial behaviour.

Participants were excluded if they had: (i) an 1Q of <75 (as estimated using the vocabulary and matrix reasoning
subtests of the Wechsler Abbreviated Scale of Intelligence; WASI); (ii) a serious psychiatric condition or
pervasive developmental disorder (e.g. autism, schizophrenia, bipolar disorder) which was disclosed in the initial
interview or identified using the Autism Quotient questionnaire; or (iii) metal in their body that could not be
removed (e.g. head plates, cardiac stents or fixed dental braces), or claustrophobia, all of which were ascertained
from the Magnetic Resonance Imaging (MRI) safety form at the initial screening and only applied to the MRI
aspect of the study. In addition, female participants who were pregnant were ineligible for the MR I component of
the study. All participants had to be fluent in English to understand and complete the questionnaires. Nine
participants were either unable or unwilling to take part in the MRI aspect of the study, leaving a total sample of
103 participants for that part of the study.
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Figure S23: Southampton Family Study inclusion flowchart for the conduct disorder analyses

Contributed Southampton Family Study
sample with MRI data

N =103
Exclusions (N = 26)
> ° Failed FreeSurfer processing (N = 2)
* Unaffected relatives (N = 24)
Y
CD analyses
N=77
CD group Control group
N=40 N=30

MRI=Magnetic Resonance Imaging. CD=conduct disorder.

UCL-T1/T2

Boys aged 11-16 years were recruited from the community via newspaper advertisements, and local mainstream
and specialist provision schools. Screening questionnaires were administered to parents of 360 boys and teachers
of 215 boys whose families expressed an interest in taking part and provided informed consent. The screening
measures yielded a research diagnosis of current conduct problems (our index of disruptive behaviour);
dimensional assessment of callous-unemotional traits; an overall psychopathology screen; demographic data for
group-matching purposes (i.e., socioeconomic status, parent-defined ethnicity, and handedness); and information
regarding previous neurologic or psychiatric diagnoses.

Current conduct disorder symptoms were assessed using the Child and Adolescent Symptom Inventory— 4R
(CASI-4R) —Conduct Disorder (CASI-CD) subscale,? scored by taking the highest ratings from either the parent
or the teacher questionnaire for any given item.% For the CASI-CD scale, inclusion in the disruptive behaviour
group required that the score met either parent or teacher severity cut-off (parent report: cut-off = 4+ [ages 10—
12] and 3+ [ages 12-16]; teacher report: cut-off = 3+ [ages 10-12], 4+ [ages 12-14], and 6+ [ages 15-16]). These
scores are associated with a clinical diagnosis of conduct disorder.®! Typically-developing participants were
required to score in the normal range for this measure, and below the atypical cut-off for total difficulties on the
Strengths and Difficulties Questionnaire. Automatic exclusion criteria for both disruptive and typically-
developing groups included a previous diagnosis of any neurological or psychotic disorder, or current psychiatric
medication. To recruit a representative group of children with conduct problems, common comorbidities (ADHD,
generalised anxiety disorder [GADY], depression, and substance/ alcohol abuse) were not used as exclusion criteria,
but current parent-reported symptom counts were obtained during scanning sessions, so that their possible
contribution to the findings could be systematically assessed.

Participants were provided with a complete description of the study. Informed consent was obtained from parents
and written assent from participants. All aspects of the study were approved by the University College London
Research Ethics Committee (Project ID number: 0622/001) and work was conducted in accordance with the
Declaration of Helsinki. The above information was primarily taken from O’Nions et al.®?

A subsample of participants which had provided consent to share de-identified individual participant data was
contributed to ENIGMA-ASB.
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Figure S24: UCL-T1/T2 inclusion flowchart for the conduct problems analyses

Contributed UCL-T1/T2 sample
N =102

Exclusions (N = 21)
* No permission to share individual
> participant data & removal of
repeated scans from the same
Y participant (N = 20)2
+ Age missing (N=1)

Available for CP analyses

N=281
Elevated CP® Typically developing
N =59 N=22
CP group Control group
N=59 N=22

CP=conduct problems.

@ Some participants were scanned twice but each participant was only included once: If one of the raw scans was
of poor quality, we used the scan of better quality, if they were similar in quality both were pre-processed and we
chose the final scan based on 1) having fewer fails across the cortical and subcortical quality control, 2) if the
same number of regions were failed, we chose the one with fewer cortical fails; 3) if the number of cortical fails
was the same, we chose the scan with the younger scan age. ° For this sample, the grouping approach was based
on age and informant-specific cut-offs on the Child and Adolescent Symptom Inventory (CASI-4R). Please see
the information text on this sample above.

Yale (Sukhodolsky)

The sample included 88 children with disruptive behaviour disorders (DBD group; 30 females) and 50 typically-
developing healthy controls (HC group; 20 females) matched for age and 1Q. All participants were aged 8-16
years. Children with DBD participated in a treatment study of behaviour therapy for anger and aggression® and
this paper reports structural MRI and clinical characterization data that were collected prior to initiating the
treatment. Children with disruptive behaviour were recruited from the outpatient child psychiatry clinic at the
Yale University Child Study Center and from outreach to the local schools, paediatricians and mental health
providers. One of the inclusion criteria for the treatment study was a T-score of 65 or greater on the Aggressive
Behaviour Scale of the Child Behavior Checklist (CBCL). Children were allowed to have co-occurring psychiatric
disorders such as ADHD and anxiety if the presence of co-occurring disorders did not require immediate
treatment. Untreated PTSD and severe depression were exclusionary criteria based on the rationale that these
disorders present with pressing treatment needs. In addition to high levels of aggression on the dimensional
measure (i.e. CBCL), all children met criteria for oppositional defiant disorder (ODD), conduct disorder, or
disruptive mood dysregulation disorder (DMDD). All subjects who were assigned DMDD diagnoses also met
criteria for ODD and following DSM-5 only one diagnosis (i.e., DMDD) was assigned. Of note, the current study
was developed in response to the National Institute of Mental Health (NIMH) Research Domain Criteria (RDoC)
initiative, which calls for explicating the core dimensions of psychopathology to evaluate the neural underpinnings
of symptom dimensions across diagnostic boundaries.3* Thus, children were included if they met a cut-off score
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for clinically significant aggressive behaviour and these included a subgroup of children who met DSM-5 criteria
for DMDD. Children were also required to be able to complete structural and functional MRI scans. Thus, this
paper reports on children with disruptive behaviour disorders and high levels of aggression (indexed by CBCL
aggression scale T score > 65) who were seeking treatment for disruptive behaviour. Healthy control children
recruited would be matched on age, gender and IQ to children with the clinical sample. Fifty healthy control
participants were recruited from the community via advertisements. Thus, 90 structural scans of participants in
the DBD group and 50 structural scans of participants in the healthy control group were available for this analysis.
Six structural scans from the DBD group were excluded due to high motion during scanning and two more scans
were excluded after quality control assessment of reconstruction and segmentations due to artifact and
segmentation errors. Thus, a total of 138 participants with high quality structural MRI data were included in the
final analysis. Each participant’s parent provided informed consent according to specifications by the institutional
review board at the Yale University School of Medicine. Each child provided verbal and written assent.

Inclusion and exclusion criteria: Inclusion criteria for children with DBD were as follows: 1) 8 to 16 years of age
at the time of consent; 2) meet criteria for a disruptive behaviour disorder according to K-SADS-PL, and
confirmed by expert consensus among investigators; 3) have a Full-scale intelligence quotient (I1Q) above 75, as
measured by the or DAS-II; and 4) unmedicated or on stable medication for aggression, attention-
deficit/hyperactivity disorder (ADHD), anxiety, or depression. Participants were excluded if they: 1) had a
significant medical condition such as seizure disorder based on medical history; 2) were unable to meet MRI
safety requirements such as absence of metal medical implants and claustrophobia; or 3) had a history of head
trauma or loss of consciousness. Additional exclusionary criteria for typically-developing control subjects
included any history of anxiety, ADHD, disruptive behaviour disorders, or other psychiatric, genetic, or
neurological disorders.

The above sample information was taken from lbrahim et al.®

Figure S25: Yale inclusion flowchart for the conduct disorder analyses

All Yale participants

N =138
v
Exclude non-CD cases in DBD group D?“D_c;;es e p?\lr’ﬁcsl;(;ants
* current ADHD only (N = 13) — 1
e current ODD only (N =57) — ‘1, i
* Other not CD (e.g., DMDD, DBD-nos, Final CD group Final TD group
N=7) N=11 N =11

CD=conduct  disorder. TD=typically-developing. = ADHD=attention-deficit/hyperactivity  disorder.
ODD-=oppositional defiant disorder. DMDD=disruptive mood dysregulation disorder. DBD=disruptive behaviour
disorder.
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Figure S26: Yale inclusion flowchart for the conduct problems analyses

Contributed Yale sample

N=138
Exclusions (N = 11)
> Participants with a current CD
diagnosis (N = 11)
\ 4
Available for CP analyses
N=48
v 4
CP control group exclusions (N = 14)
CP score (CBCL) 2 65 CP score (CBCL) < 65 —] Past or current ODD (N = 11)
N=62 N =65 » DBDNOS(N=1)
* Current ADHD (N = 2)
4 4
CP group Control group
N=62 N=51

CD=conduct disorder. CP=conduct problems. CBCL=Child Behaviour Checklist. ODD=oppositional defiant
disorder. DBD NOS=disruptive behaviour disorder not otherwise specified. ADHD=attention-
deficit/hyperactivity disorder.

Appendix 3 - Image processing and quality control protocols

For all samples except ABCD and IMAGEN (see below), the standardised and publicly available ENIGMA
protocols were followed (https://enigma.ini.usc.edu/protocols/imaging-protocols/). Each contributing site (or the
main analysis sites) pre-processed previously collected structural T1-weighted MRI scans using the freely
available and extensively validated FreeSurfer software,% version 5.3 or 6.0. This included segmentation and
parcellation of the brain into subcortical and cortical regions per hemisphere (left and right), based on the Desikan-
Killiany atlas® and FreeSurfer’s subcortical aseg atlas. Cortical thickness and surface area were extracted for all
34 cortical regions (as well as total surface area and mean cortical thickness) and volume was extracted for seven
subcortical regions (amygdala, caudate, hippocampus, nucleus accumbens, pallidum, putamen, thalamus).
Estimated total intracranial volume was also obtained. Subsequently, visual quality control was performed on a
region-by-region basis based on webpages showing snapshots from internal slices as well as an external 3D view
of the brain segmentation from different angles. Quality assessments were aided by a visual inspection guide
including pass/fail segmentation examples. Additionally, diagnostic histogram plots were generated for each site
and outlying data points (2.698*SD) were flagged for further review. All regions failing quality inspection are not
included in the analyses. All quality assessments were made blind to group status. Notably, training to apply the
ENIGMA pre-processing and quality control protocols as well as additional supporting documentation (e.qg.,
tutorial videos) were provided by the lead analysis sites (Birmingham and Bath).

Protocol deviations

Due to the size of the samples and means of accessing the FreeSurfer output folders, the full ENIGMA protocol
was not performed for the ABCD and IMAGEN samples. Additionally, both studies also implemented their own
QC procedures, which we took into account.
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ABCD study

Deviations in pre-processing. As part of the ABCD pre-processing protocols, T1-weighted structural images were
corrected for gradient nonlinearity distortions prior to FreeSurfer processing using scanner-specific, non-linear
transformations provided by MRI scanner manufacturers.®% Similarly, intensity inhomogeneity correction was
performed prior to FreeSurfer processing by applying smoothly varying, estimated B1-bias fields, using a novel
implementation that is similar in purpose to commonly used bias field correction methods.*>#! Lastly, images
were rigidly registered and resampled into alignment with an averaged reference brain in standard space. This pre-
existing, in-house, averaged, reference brain has 1.0mm isotropic voxels and is roughly aligned with the anterior
commissure/posterior commissure (AC/PC) axis. This standard reference brain was created by averaging T1lw
brain images from 500 adults after they had been nonlinearly registered to an initial template brain image using
discrete cosine transforms (DCT).*? The above information was taken from Hagler et al. where additional details
on the ABCD imaging methods can also be found.*?

Deviations in quality control. As part of the ABCD study protocol, all MRIs are systematically checked using
automated and manual methods to assess protocol compliance and quality issues in the data. This includes a
manual review of the raw data (T1w, T2w, dMRI, MRI field maps, fMRI, and fMRI field maps) for poor image
quality resulting in a score of 0 (Reject) or 1 (Accept). Scores with a score of 0 (Reject) for T1w quality were
excluded prior to the application of additional inclusion and exclusion criteria (please see figures Figure S2 and
Figure S3 for the flowcharts). To align with the region-by-region quality control approach adopted by ENIGMA,
we additionally checked for outliers (2.698*SD) for every outcome and excluded those in the final matched
sample. In the case of total intracranial volume being an outlier, the whole participant was excluded as total
intracranial volume was needed to apply the ComBat functions prior to data analysis and was a key covariate in
models testing for group differences in surface area and subcortical volumes.

IMAGEN

Deviations in quality control. Following the IMAGEN MR protocols, two cross-site standardization and quality
control procedures were regularly implemented at each site: (1) The American College of Radiology phantom
was scanned to provide information about geometric distortions and signal uniformity related to hardware
differences in radiofrequency coils and gradient systems, image contrast and temporal stability, and a custom
phantom was scanned for diffusion-related parameters. (2) Several healthy volunteers were regularly scanned at
each site to assess factors that cannot be measured using phantoms alone and at multiple sites to determine inter-
site variability in structural and functional measures (for example, tissue contrast in raw MRI signal, tissue
relaxation properties).*®

The T1 scans included in this study were visually inspected in the context of previous IMAGEN studies. With a
3-tier system, T1 scans rated C (indicating bad quality) were excluded. In addition to the manual quality control,
outliers were further excluded based on the Euler number automatically derived from FreeSufer: any scan with a
left-right mean Euler number over 217 was excluded, following previously established recommendations.*

As done for the ABCD sample, to align with the region-by-region quality control approach adopted by ENIGMA,
we additionally checked for outliers (2.698*SD) for every outcome and excluded those in the final matched
sample. In the case of total intracranial volume being an outlier, the whole participant was excluded (see ABCD
section for rationale).
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Table S2: Information on neuroimaging methods and clinical instruments used at the participating sites

. n (%) . .
Field FreeSurfer Diagnostic  CP measure for CU analyses: .
Sample Country Sample type Scanner Strength  version exc(l)u((:jed measure group allocation ICU informant 1Q instrument Key references
28 scanners K-SADS- NIH Toolbox Age-
ABCD (3.0, baseline) USA population (Siemens: 16, 3.0 53 -8 COMP CBCL - Corrected Standard Hawes et al., 2021, Am J Psychiatry
GE: 9, Philips: 3) Scores
BESD The Netherlands forensic Philips 3.0 6.0 2 (2.3%) K-SADS - ICU youth WISC + WAIS Aghajani et al., 2016, Hum Brain Mapp
Boys Town USA clinical Siemens 3.0 6.0 9 (2.4%) F’Imf\fécf - 'CL;a{‘éLr‘]ih * WASI Zhang et al., 2021, Psychol Med
Cambridge Female UK forensic + Siemens 3.0 53 0(00%)  K-SADS - ICU youth WASI Fairchild et al., 2013, J Child Psychol
community Psychiatry
Cambridge Male UK cfgmﬂﬁ;y Siemens 3.0 6.0 1(1.1%) K-SADS - ICU parent WASI Fairchild et al., 2011, Am J Psychiatry
CD-Zhou China forensic Siemens 3.0 6.0 0 (0.0%) K-SADS - - - Lu etal., 2021, Brain Imaging Behav
. forensic + o Sarkar et al., 2015, Eur Child Adolesc
CDKid UK community GE 3.0 6.0 1(2.5%) K-SADS - - WASI Psychiatry
CSU-Yao UK clinical + Philips 30 6.0 0 (0.0%) scID ) ) WASI Zhang_ etal., 2014, J Am Acad Child Adolesc
community Psychiatry
5 scanners
cVEDA consortium India community (Siemens: 3, 3.0 6.0 0 (0.0%) Ml\l/ll\llll\l:(;D(>(1§91)8) SDQ;;grl:tth * - g-factor cognition score® Eﬁémssetcﬁ:étzozo’
Philips: 2) = P ychiatry
FemNAT-CD Germany, clinical, forensic, ééﬁggggi 3.0 53 10 (1.5%) K-SADS CBCL ICU youth + WASI + WISC Freitag et al., 2018, Eur Child Adolesc
Switzerland, UK community Philips: 1) : ' 7 parent Psychiatry
Georgetown USA community Siemens 3.0 6.0 2 (2.3%) NA SDQ parent - K-BIT Cardinale et al., 2019, Psychol Med
8 scanners
. France, Germany, . (Siemens: 4, a SDQ youth + ) WISC (full scale scores .
IMAGEN consortium Ireland, UK community Philips: 2, GE: 1, 3.0 53 DAWBA parent NA)? Schumann et al. 2010, Mol Psychiatry
Bruker: 1)
K23 (Stevens) USA community Siemens 3.0 60  11(190%)  K-SADS - ICU youth WRAT3 Stevens & Haney-Caron, 2012, J Psychiatry

Neurosci
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KIND Lab girls study USA community Siemens 3.0 6.0 0 (0.0%) DISC-IV CBCL - WISC Glenn et al., 2022, Sci Rep

Germany, Italy, L 8 scanners
M’:Ifn';ft’ﬁgrm’t Netherlands, Spain, Cg'r;:‘r:fj:]; (Siemens: 6, 3.0 53 2(08%)  K-SADS SDQyouth  ICU parent WISC Naaijen et al., 2020, Neuroimage Clin
yp Switzerland, UK y Philips: 2, GE: 1)
MTWINS USA twing 2 Scanners (GE: 4, 6.0 2 (0.33%) NAKSADSfor - ppry - Shipley Burt et al., 2021, Psychol Sci
2) subsample)
SAND USA community GE 3.0 6.0 3 (1.44%) K-SADS CBCL - - Gard et al., 2012, Dev Psychopathol
Southampton Family forensic + . o ) ) ICU youth +
Study UK community Siemens 15 5.3 0 (0.0%) K-SADS parent WASI Sully et al., 2015, Psychol Med
UCL-T1/T2 UK community 2 Siemens 15 6.0 0 (0.0%) NA CASI - WASI O'Nions et al., 2017, Curr Biol
Yale (Sukhodolsky) USA clinical + Siemens 3.0 6.0 0(00%)  K-SADS CBCL ICUparent ~ \WASI/Different i et al., 2021, Dev Cogn Neurosci
community Ability Scales-I1

This table includes cohorts included in the main conduct disorder analyses, but also the five cohorts that exclusively contributed to the conduct problems analyses (Georgetown, KIND Lab
girls study, MTwiNS, SAND, UCL-T1/T2, see Appendix 13). Notably, information on the measure of conduct problems or Inventory of Callous-Unemotional traits informant is only provided
for samples that are included in the respective analyses. For example, some samples had measures of conduct problems available but were not included in the conduct problems analyses due to
an insufficient number of participants fulfilling inclusion criteria. Similarly, some of the cohorts contributing to the conduct problems analyses had information on the Inventory of Callous-
Unemotional traits but only conduct disorder samples were included in the callous-unemotional traits analyses.

3 Full ENIGMA QC not performed. ® Measures of cognitive abilities/IQ for cVEDA and IMAGEN were used during matching but were not used in sensitivity analyses adjusting for 1Q as
standardised scores comparable to full-scale 1Q scores were not available.
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Table S3: Inclusion of samples across the main analyses and primary sensitivity analyses

CD main CD subgroup analyses CD sensitivity analyses ' Conduct
Sample name analysis Ao%es-e%f‘- CU traits? 1Q ADHD Anxiety preDs(;on SUD (':\z/li'fi?)lr; Problems
ABCD v v v v v v v v v
BESD v v v v v
Boys Town v v v v v v v
Cambridge Female v v v v v v v v
Cambridge Male v v v v v v
CD-Zhou v v v v v
CDKid v v v v v
CSU-Yao v v v v v v v v
cVEDA consortium v v
FemNAT-CD v v v v v v v v v v
Georgetown v
IMAGEN consortium v v v v v
K23 (Stevens) v v v v v v
KIND Lab girls study v
MATRICS/Aggressotype consortium v v v v v v
MTwiNS v
SAND v
Southampton Family Study v v v v v v
UCL-T1/T2 v
Yale (Sukhodolsky) v v v v v v v v
Total number of samples 15 7 9 11 14 9 9 6 10 11
Total number of participants® 2438 1994 1905 2171 2378 2000 2000 1483 2131 2375

2 Controls of all samples included in the conduct disorder main analysis were included in the subgroup analyses. > This reflects the maximum possible sample size as sample
sizes vary between individual imaging outcomes due to the applied region-by-region quality control processes and exclusions. Comorbidity analyses focused on current
comorbidities. For cVEDA, only lifetime diagnoses were available and the sample was therefore not included in the sensitivity analyses adjusting for current comorbidities.
CD=conduct disorder. IQ=intelligence quotient. ADHD=attention/deficit-hyperactivity disorder. SUD=substance use disorder.
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Appendix 4 - Statistical approach

Mega-analysis versus meta-analysis. In the current study, we adopted a mega-analytical approach. As opposed
to meta-analysis, which involves the weighted pooling of effect sizes derived from different studies/cohorts, mega-
analyses involve the pooling of individual-level participant data from all included cohorts/studies. While both
approaches enable a high-powered, precise estimation of the population effect, mega-analyses are (statistically)
more powerful and flexible by allowing — for example — the control of confounders at the participant level.*s In
line with this, a recent ENIGMA investigation found the mega-analytical model to yield lower standard errors and
narrower confidence intervals than the meta-analytical model when applied to the same data.*¢ Additional
advantages include that the lead analyst has greater control over the (consistent) application of inclusion criteria,
better treatment of confounds and missing data, and the ability to test the assumptions underlying the used
statistical models.*® Due to the large number of working group members that were able to share de-identified
individual level data, we therefore performed a pooled individual participant data (meta-)analysis (i.e., mega-
analysis). For a more detailed consideration of different meta- and mega-analytical approaches within ENIGMA,
please see Zugman et al.*

ComBat functions and statistical models. While each cohort was pre-processed and quality controlled following
the ENIGMA protocols, remaining site differences (e.g., site-specific acquisition protocols and/or recruitment
strategies) must be accounted for in analyses of multi-cohort individual participant data. In the current study, this
was achieved by applying the modified ComBat functions developed by Radua and colleagues*’ to the imaging
data prior to performing the statistical group comparisons. Using this approach, each imaging feature is modelled
as a combination of variance accounted for by covariates (e.g. group status, age, sex), mean differences across
sites, and error terms that follows varying normal distributions at each site. During harmonization, additive and
multiplicative site effects are removed (using an approach akin to residualizing)*® whilst retaining the effect of the
pre-specified ‘biological’ covariates (e.g., age and sex). ComBat has multiple advantages over other site correction
methods such as mixed-effect models which include ‘site’ as a random intercept to account for site-related effects.
These include the aforementioned estimation of site-specific error terms that may follow different normal
distributions (versus the assumption that error terms follow the same normal distribution within mixed models
which is unlikely to be true)*” and taking account of the fact that site effects are not independent across the different
imaging features. In line with this, studies have shown that mega-analyses using ComBat harmonisation followed
by standard linear models outperform mixed effects mega-analyses, providing increased statistical power and
significance, thereby resulting in higher sensitivity to detect group differences and associations.*"4°

Therefore, we adopted the following analytical strategy:

1) Step 1: Data harmonisation using Radua et al.’s ComBat functions* to remove site-related differences.
ComBat models included group, sex, age, and harmonised total intracranial volume (TIV, for regional
outcomes) as covariates. Please see Appendix 8 for more information on the performance of ComBat in the
current sample.

2) Step 2: Assessing group differences using general linear models per imaging feature with diagnosis/group
as the main predictor of interest, and age, sex and TIV as covariates of no interest. TIV was only included in
models focused on surface area and subcortical volumes.

Model 1: ROI; = intercept + pB,(diagnosis) + B,(sex) + Bs(age) + g

3) Step 3: Sensitivity analyses to assess additional confounding: One at a time, we added the following
variables into the model to address whether group differences were robust to their inclusion: 1) 1Q, 2) current
ADHD (binary coded), 3) current substance use disorder (binary coded), 4) current depression (binary coded),

5) current anxiety (binary coded), and 5) psychotropic medication use (binary coded).

Models 2-7: ROI; = intercept + B,(diagnosis) + ,(sex) + Bsz(age) + Bi(covariate) + g
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4) Step 4: Interactions with sex and age were explored by separately adding a group-by-sex and group-by-age
interaction term into the model.

Model 8: ROI; = intercept + fB,(diagnosis) + B,(sex) + B;(age) + B,(diagnosisXsex) +
&
Model 9: ROI; = intercept + f,(diagnosis) + B,(sex) + B;(age) + Bi(diagnosisXage) +
&

5) Step 5: Subgroup analyses exploring differences between childhood-onset and adolescent-onset CD, and
between CD with low versus high CU traits were performed following a two-step approach: a) We first
performed ANCOVAs per imaging feature, including group (three levels: subgroup 1, subgroup 2, typically-
developing), sex, age, and TIV (where appropriate). This approach uses the same linear modelling approach
as outlined in the previous steps in combination with an ANOVA wrapper to assess whether the regression
coefficients associated with the three-level grouping variable were simultaneously zero. b) Significant group
effects after multiple comparison correction were followed up with (uncorrected) pairwise comparisons using
the emmeans R package. These were based on the same linear model used to test the overall group effect and
hence included age, sex, and TIV (where appropriate) as covariates. For the specific subgrouping approach
used in these analyses, please see Appendix 1.

Model 10*: ROI; = intercept + B,(CO — CD) + B,(AO — CD) + B5(sex) + B.(age) + g
Model 11*: ROI; = intercept + B;(low — CU) + B,(high — CU) + Bs(sex) + B,(age) + g

*The reference category in Model 10 and 11 was the control group albeit this has no influence on the assessment
of the main effect of group using the ANOVA wrapper. Models 10 and 11 with significant group effects were
followed by pairwise comparisons comparing each group to the other two groups using the same covariates.

Multiple comparison correction

To increase consistency with findings of previous surface-based morphometry studies (e.g., Smaragdi et al.>’) and
the work by the ENIGMA-ADHD working group,* we corrected for multiple comparisons by applying a False
Discovery Rate (FDR) correction with g=0.05 separately per imaging metric (i.e., surface area, cortical thickness,
and subcortical volumes). Additionally, in Appendix 12 we report findings for the main analyses (CD vs TD)
when adjusting across all outcomes, which largely overlapped with our main findings.
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SUPPLEMENTARY RESULTS

Appendix 5 - Full results of the main analysis comparing brain structure between youth with conduct disorder and typically-developing youth

Table S4: Case-control differences in cortical thickness between youth with conduct disorder and typically-developing controls

TD CD

t p p FDR Cohen'sd  95% ClI (d)
Region n M SD n M SD
Banks of the Superior Temporal Sulcus 1227 2.78 0.15 1161 2.76 0.15 -3.29 0.0010 0.0178 -0.13 -0.22,-0.05
Caudal Anterior Cingulate Cortex 1227 2.79 0.19 1159 2.82 0.20 3.90 0.0001 0.0034 0.16 0.08, 0.24
Caudal Middle Frontal Gyrus 1224 2.72 0.14 1156 2.72 0.14 -0.74 0.4609 0.6824 -0.03 -0.11, 0.05
Cuneus Cortex 1210 2.01 0.13 1151 2.02 0.13 0.53 0.5978 0.6974 0.02 -0.06, 0.10
Entorhinal Cortex 1199 3.43 0.31 1143 3.46 0.32 231 0.0209 0.1486 0.10 0.01,0.18
Frontal Pole 1228 3.04 0.26 1156 3.04 0.26 0.15 0.8774 0.9032 0.01 -0.07,0.09
Fusiform Gyrus 1215 2.88 0.12 1155 2.87 0.12 -1.59 0.1111 0.3599 -0.07 -0.15, 0.02
Inferior Parietal Cortex 1205 2.67 0.12 1158 2.66 0.13 -1.36 0.1740 0.3939 -0.06 -0.14, 0.02
Inferior Temporal Gyrus 1198 2.96 0.14 1129 2.96 0.14 -0.61 0.5420 0.6974 -0.03 -0.11, 0.06
Insula 1191 3.23 0.14 1148 3.22 0.14 -0.54 0.5924 0.6974 -0.02 -0.10, 0.06
Isthmus-Cingulate Cortex 1234 2.63 0.17 1165 2.63 0.17 0.92 0.3598 0.6297 0.04 -0.04,0.12
Lateral Occipital Cortex 1210 2.32 0.12 1151 2.32 0.12 0.02 0.9856 0.9856 0.00 -0.08, 0.08
Lateral Orbitofrontal Cortex 1230 2.89 0.14 1160 2.88 0.15 -1.88 0.0602 0.2632 -0.08 -0.16, 0.00
Lingual Gyrus 1218 2.17 0.13 1163 2.17 0.13 -1.39 0.1632 0.3939 -0.06 -0.14, 0.02
Medial Orbitofrontal Cortex 1222 2.67 0.15 1153 2.67 0.15 -1.29 0.1977 0.3939 -0.05 -0.13,0.03
Middle Temporal Gyrus 1208 3.12 0.14 1147 311 0.15 -1.55 0.1215 0.3599 -0.06 -0.14, 0.02
Paracentral Lobule 1234 2.59 0.14 1170 2.58 0.14 -1.43 0.1532 0.3939 -0.06 -0.14,0.02
Parahippocampal Gyrus 1234 291 0.24 1170 2.90 0.24 -0.72 0.4718 0.6824 -0.03 -0.11, 0.05
Pars Opercularis 1232 2.85 0.13 1170 2.84 0.13 -1.20 0.2305 0.4246 -0.05 -0.13, 0.03
Pars Orbitalis 1232 2.99 0.18 1168 2.99 0.19 -0.69 0.4874 0.6824 -0.03 -0.11, 0.05
Pars Triangularis 1230 2.73 0.14 1169 2.72 0.14 -1.99 0.0470 0.2350 -0.08 -0.16, 0.00
Pericalcarine Cortex 1193 171 0.12 1144 171 0.13 0.35 0.7274 0.7956 0.01 -0.07,0.10
Postcentral Gyrus 1181 2.20 0.12 1135 2.19 0.12 -2.24 0.0255 0.1486 -0.09 -0.17,-0.01

Posterior-Cingulate Cortex 1232 2.70 0.13 1168 2.72 0.13 2.26 0.0239 0.1486 0.09 0.01,0.17



Precentral Gyrus 1200 2.68 0.12 1145 2.67 0.13 -1.54 0.1234 0.3599 -0.06 -0.14, 0.02

Precuneus Cortex 1234 2.60 0.12 1166 2.59 0.12 -0.76 0.4450 0.6824 -0.03 -0.11, 0.05
Rostral Anterior Cingulate Cortex 1231 3.09 0.19 1161 3.09 0.19 0.30 0.7670 0.8135 0.01 -0.07, 0.09
Rostral Middle Frontal Gyrus 1224 2.58 0.13 1150 2.57 0.13 -0.61 0.5420 0.6974 -0.03 -0.11, 0.06
Superior Frontal Gyrus 1217 2.96 0.14 1154 2.96 0.14 0.73 0.4652 0.6824 0.03 -0.05, 0.11
Superior Parietal Cortex 1199 2.34 0.12 1150 2.34 0.13 0.55 0.5791 0.6974 0.02 -0.06, 0.10
Superior Temporal Gyrus 1186 3.05 0.14 1137 3.04 0.15 -1.65 0.0993 0.3599 -0.07 -0.15, 0.01
Supramarginal Gyrus 1192 2.77 0.12 1144 2.76 0.13 -1.27 0.2026 0.3939 -0.05 -0.13,0.03
Temporal Pole 1204 3.78 0.26 1138 3.75 0.27 -2.42 0.0155 0.1486 -0.10 -0.18,-0.02
Transverse Temporal Cortex 1236 2.63 0.19 1168 2.63 0.20 -0.50 0.6179 0.6976 -0.02 -0.10, 0.06
Mean Cortical Thickness 1234 2.68 0.09 1169 2.67 0.10 -1.28 0.2019 0.3939 -0.05 -0.13,0.03

All statistical models included group, sex and age. A negative Cohen's d indicates conduct disorder < controls; a positive Cohen's d indicates conduct disorder > controls.
Regions with a significant group difference post False Discovery Rate correction are indicated in bold. Means are adjusted for covariates. TD=typically-developing controls.
CD= conduct disorder group.

Table S5: Case-control differences in surface area between youth with conduct disorder and typically-developing controls

TD CD
t p p FDR Cohen's d 95% ClI

Region n M SD n M SD

Banks of the Superior Temporal Sulcus 1227 1055.07 123.56 1162 1040.40 127.51 -2.98 0.0029 0.0053 -0.12 -0.20, -0.04
Caudal Anterior Cingulate Cortex 1227 739.19 105.86 1160 727.01 109.22 -2.89 0.0039 0.0067 -0.12 -0.20,-0.04
Caudal Middle Frontal Gyrus 1225 2386.74  303.16 1156 234539  313.45 -3.41 0.0007 0.0016 -0.14 -0.22, -0.06
Cuneus Cortex 1209 1589.29  172.45 1149 1573.79  178.38 -2.24 0.0254 0.0337 -0.09 -0.17,-0.01
Entorhinal Cortex 1201 403.09 71.58 1143 394.82 73.93 -2.88 0.0040 0.0067 -0.12 -0.20, -0.04
Frontal Pole 1228 276.25 31.09 1158 270.19 32.06 -4.89 <0.0001 <0.0001 -0.20 -0.28, -0.12
Fusiform Gyrus 1214 337131 29221 1157 3324.13  302.79 -4.03 0.0001 0.0003 -0.17 -0.25,-0.08
Inferior Parietal Cortex 1208 5445.08  558.01 1159 5305.42  577.04 -6.24 <0.0001 <0.0001 -0.26 -0.34,-0.18
Inferior Temporal Gyrus 1198 3504.55  345.84 1132 3437.10  356.81 -4.83 <0.0001 <0.0001 -0.20 -0.28, -0.12
Insula 1191 2298.22  180.13 1148 227459  185.96 -3.26 0.0011 0.0024 -0.13 -0.22,-0.05
Isthmus-Cingulate Cortex 1234 1032.07 123.07 1165 1015.71 127.18 -3.34 0.0008 0.0020 -0.14 -0.22, -0.06
Lateral Occipital Cortex 1210 5136.16  467.77 1150 5083.79  483.74 -2.79 0.0053 0.0085 -0.12 -0.20,-0.03
Lateral Orbitofrontal Cortex 1230 2756.66  228.39 1161 272252  235.74 -3.75 0.0002 0.0005 -0.15 -0.23,-0.07
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Lingual Gyrus 1218 3266.20  370.40 1160 3230.11  382.53 -2.44 0.0148 0.0216 -0.10 -0.18, -0.02

Medial Orbitofrontal Cortex 1221 1907.18 166.58 1154 1896.99 172.10 -1.53 0.1262 0.1472 -0.06 -0.14, 0.02
Middle Temporal Gyrus 1211 3545.39  311.71 1152 3478.56  322.36 -5.35 <0.0001 <0.0001 -0.22 -0.30,-0.14
Paracentral Lobule 1233 1477.71 148.41 1170 1471.27 153.42 -1.09 0.2752 0.2943 -0.04 -0.12, 0.04
Parahippocampal Gyrus 1233 713.77 77.21 1170 701.85 79.77 -3.89 0.0001 0.0004 -0.16 -0.24,-0.08
Pars Opercularis 1233 1630.39  201.66 1169 1622.25  208.41 -1.02 0.3099 0.3190 -0.04 -0.12,0.04
Pars Orbitalis 1233 766.58 72.12 1168 758.85 74.55 -2.70 0.0071 0.0107 -0.11 -0.19, -0.03
Pars Triangularis 1232 1517.00  188.73 1168 1504.68  195.04 -1.64 0.1005 0.1256 -0.07 -0.15,0.01
Pericalcarine Cortex 1194 1520.07  220.22 1143 1509.62  227.78 -1.17 0.2401 0.2711 -0.05 -0.13,0.03
Postcentral Gyrus 1185 4259.03 34941 1136 420453  361.35 -3.85 0.0001 0.0004 -0.16 -0.24,-0.08
Posterior-Cingulate Cortex 1233 127459  135.34 1167 1262.61  139.80 -2.23 0.0260 0.0337 -0.09 -0.17,-0.01
Precentral Gyrus 1202 4985.18  377.02 1144 492756  390.21 -3.79 0.0002 0.0005 -0.16 -0.24,-0.08
Precuneus Cortex 1235 415169  371.02 1167 4098.34  383.42 -3.62 0.0003 0.0008 -0.15 -0.23,-0.07
Rostral Anterior Cingulate Cortex 1230 770.51 106.21 1161 763.75 109.65 -1.60 0.1101 0.1328 -0.07 -0.15, 0.01
Rostral Middle Frontal Gyrus 1227 6272.07  578.68 1152 6196.23  597.19 -3.28 0.0011 0.0023 -0.13 -0.22, -0.05
Superior Frontal Gyrus 1219 7526.44  585.95 1153 7419.71  605.33 -4.55 <0.0001 <0.0001 -0.19 -0.27,-0.11
Superior Parietal Cortex 1199 570491  520.74 1148 5657.50  538.83 -2.26 0.0239 0.0335 -0.09 -0.17,-0.01
Superior Temporal Gyrus 1189 3960.65  313.33 1138 3909.23  323.82 -4.07 <0.0001 0.0002 -0.17 -0.25,-0.09
Supramarginal Gyrus 1196 4072.36  438.76 1146 4017.38  453.81 -3.11 0.0019 0.0037 -0.13 -0.21, -0.05
Temporal Pole 1205 460.53 48.02 1139 460.00 49.63 -0.27 0.7840 0.7840 -0.01 -0.09, 0.07
Transverse Temporal Cortex 1235 418.38 51.78 1168 416.15 53.49 -1.09 0.2775 0.2943 -0.04 -0.12,0.04
Total Surface Area 1234  89230.02 7425.90 1170  87463.10 7625.33 -5.95 <0.0001 <0.0001 -0.24 -0.32, -0.16

All statistical models included group, sex, age and total intracranial volume (except in the case of total surface area). A negative Cohen's d indicates conduct disorder <
controls; a positive Cohen's d indicates conduct disorder > controls. Regions with a significant group difference post False Discovery Rate correction are indicated in bold.
Means are adjusted for covariates. TD=typically-developing controls. CD=conduct disorder group



Table S6: Case-control differences in subcortical volume and total intracranial volume between youth with conduct disorder and typically-developing controls

TD CD

Region - v D - v v t p p FDR Cohen'sd 95% CI

Amygdala 1233 1703.91 160.64 1173 1683.42 166.04 -3.21 0.0014 0.0055 -0.13 -0.21, -0.05
Caudate 1202 4008.19 428.08 1151 3992.27 442.24 -0.93 0.3540 0.4570 -0.04 -0.12, 0.04
Hippocampus 1248 4281.06  316.51 1180 424400  326.77 -2.96 0.0031 0.0082 -0.12 -0.20,-0.04
Nucleus Accumbens 1249 635.28 82.11 1180 626.19 84.78 -2.80 0.0052 0.0103 -0.11 -0.19, -0.03
Pallidum 1241 1872.66 180.93 1174 1875.03 186.89 0.33 0.7407 0.7407 0.01 -0.07, 0.09
Putamen 1228 5829.56  519.78 1162 5812.13  538.12 -0.84 0.3999 0.4570 -0.03 -0.11, 0.05
Thalamus 1228 7890.22  546.16 1156 7817.88  562.21 -3.33 0.0009 0.0055 -0.14 -0.22,-0.06
Total Intracranial Volume 1253  1504293.15 134297.55 1185  1493411.74 137685.86 -2.04 0.0414 0.0663 -0.08 -0.16, 0.00

All statistical models included group, sex, age and total intracranial volume (except for total intracranial volume itself). A negative Cohen's d indicates conduct disorder <
controls; a positive Cohen's d indicates conduct disorder > controls. Regions with a significant group difference post False Discovery Rate correction are indicated in bold.
Means are adjusted for covariates. TD=typically-developing controls. CD=conduct disorder group.

Appendix 6 - Full results of the sensitivity analyses (CD vs. TD)

For the purpose of the sensitivity analyses, additional covariates were included one at time for the following reasons: First, we wanted to align our work with previous ENIGMA
studies, particularly those focusing on ADHD in youth (e.g., Hoogman et al.»?) to facilitate comparisons of results across studies. These studies performed sensitivity analyses
in a similar way — adding covariates one at a time. Second, including all additional covariates together into one model would have made it challenging to identify which (one)
of these variables had the greatest impact on the results in our sensitivity analyses — therefore to enhance interpretability we chose to include them one at a time. Third, as
shown in Table S3 in the Supplementary Methods, the availability of information on the covariates considered in these sensitivity analyses varied across cohorts, and not all
covariates were available for all participants, ranging from ~98% (for ADHD comorbidity) and ~59% (for substance use disorder [SUD] comorbidity) of the full sample. For
example, when considering participants with information available for all covariates (i.e., 1Q, current comorbidity of ADHD, SUD, Depression, Anxiety, and medication use),
the number of participants was reduced to n=1248, which is only half of the number retained when including each covariate one at a time (e.g., napbnp=2378). This substantial
reduction in sample size would have impacted the statistical power and the resulting findings would have been difficult to interpret. Finally, the participants with comprehensive
data on all covariates were mainly from two cohorts (naeco=574, NremnaT-c0=633), meaning the results would predominantly be based on these two large cohorts (i.e., not
‘unbiased’), thereby limiting the generalizability of our findings.

The majority of findings remained significant when adjusting (one at a time) for current comorbidities (ADHD, SUD, depression or anxiety), psychotropic medication use (all
binary-coded), or Q. It is particularly noteworthy that most group differences survived correcting for ADHD, a related disorder that is highly comorbid with CD and which is
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itself associated with (overlapping) alterations in brain structure.>? Supplemental Table S3 shows the sample sizes for the sensitivity analyses, which varied between cohorts.
These differences in sample size may have also influenced our ability to detect significant differences after False Discovery Rate correction.

In brief, both case-control differences in cortical thickness were robust to controlling for 1Q, ADHD or SUD but were affected by correcting for psychotropic medication use
(caudal anterior cingulate cortex) or anxiety and depression (banks of the superior temporal sulcus). In the case of surface area, total surface area and 14 of the 26 regional
surface area differences (56% of effects) remained significant across all of the sensitivity analyses. In the individual sensitivity analyses, 74-93% of case-control differences
were retained, with 82% (27/33) of effects remaining significant when adjusting for ADHD. Lastly, lower amygdala volume in the CD group was significant in all of the
sensitivity analyses. However, controlling for 1Q (nucleus accumbens, hippocampus), ADHD (hippocampus), and SUD (nucleus accumbens, thalamus) impacted some of the
subcortical volume results. Detailed findings are provided in the tables below.

Overall, these findings suggest that many of the observed group differences were not merely driven by internalising and externalising psychopathology, 1Q, and psychotropic
medication. However, it is notable that the fewest group differences were detected when controlling for SUD, albeit 21/33 effects remained significant. It is conceivable that
substance use (and SUD comorbidity) underlie some of the brain alterations observed in CD in line with findings of brain alterations associated with substance use and
dependence.®* However, it is also notable that analyses controlling for SUD were based on only 59% of the sample and hence, lower statistical power may have also
contributed to this pattern of findings. Correspondingly, we observed that many of the effects that were rendered non-significant when controlling for additional variables
counted amongst the weakest effects (i.e., smallest effect sizes and largest corrected p-values) in the main analyses, suggesting that the smaller sample size in (some of) the
sensitivity analyses and ensuing lower power likely contributed to a lack of differences in these outcomes when controlling for additional variables.

Table S7: Case-control differences in cortical thickness when individually adjusting for current comorbidities, 1Q or psychotropic medication use

current ADHD current SUD current depression current anxiety 1Q psychotropic medication
Region t d p FDR t d p FDR t d p FDR t d p FDR t d p FDR t d p FDR
Banks of the Superior Temporal Sulcus* -3.19  -0.13  0.0493 -3.37  -0.18 0.0269 -2.68 -0.12  0.0946 -2.54 -0.11  0.1247 -3.13 -0.14  0.0310 -3.62  -0.16 0.0105
Caudal Anterior Cingulate Cortex* 2.99 0.12  0.0493 2.92 0.15 0.0612 4.03 0.18  0.0020 3.45 0.16  0.0202 351 0.15 0.0159 2.86 0.13  0.0760
Caudal Middle Frontal Gyrus -041  -0.02 0.7921 0.02 0.00  0.9820 -0.27  -0.01 0.8375 -0.04 0.00 0.9682 -0.62  -0.03 0.7235 -0.30 -0.01 0.8550
Cuneus Cortex 0.14 0.01  0.9021 0.61 0.03 0.7254 0.55 0.02  0.7739 0.49 0.02 0.8217 0.88 0.04  0.6492 0.28 0.01  0.8550
Entorhinal Cortex 245 0.10  0.1267 1.72 0.09 0.3421 1.96 0.09  0.2526 2.53 0.12  0.1247 1.88 0.08 0.4210 171 0.08 0.2871
Frontal Pole 0.27 0.01  0.8576 0.60 0.03 0.7254 0.29 0.01  0.8375 0.72 0.03 0.7222 -0.58  -0.03 0.7235 -0.54  -0.02 0.7346
Fusiform Gyrus -1.28 -0.05 0.4416 -1.20 -0.06 0.4216 -1.45 -0.07  0.3973 -0.75 -0.03 0.7222 -1.35 -0.06  0.4969 -1.58 -0.07 0.2871
Inferior Parietal Cortex -0.87 -0.04 0.6646 -0.54 -0.03 0.7254 -1.17 -0.05  0.4220 -0.85 -0.04 0.7222 -1.01 -0.04  0.6450 -1.63 -0.07  0.2871
Inferior Temporal Gyrus -0.24  -0.01 0.8613 -051  -0.03 0.7254 -0.04 0.00 0.9719 0.19 0.01  0.9575 -0.62  -0.03 0.7235 -0.23  -0.01 0.8639
Insula -1.12 -0.05 0.5440 -1.23 -0.06 0.4216 -0.53 -0.02  0.7739 -0.08 0.00 0.9621 -0.28 -0.01 0.8015 -0.46 -0.02 0.7561
Isthmus-Cingulate Cortex 0.79 0.03  0.6877 1.32 0.07  0.4078 1.70 0.08  0.3393 1.86 0.08 0.3163 0.43 0.02  0.7513 0.54 0.02  0.7346
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Lateral Occipital Cortex 0.44 0.02 07921 -0.09 0.00 0.9547 -0.42  -0.02 0.7862 -0.08 0.00 0.9621 0.23 0.01  0.8196 -0.70  -0.03  0.7320
Lateral Orbitofrontal Cortex -1.46 -0.06 0.4217 -1.94 -0.10  0.2647 -2.15 -0.10  0.1890 -1.59 -0.07  0.4927 -1.59 -0.07  0.4902 -1.87 -0.08 0.2871
Lingual Gyrus -1.89  -0.08 0.2599 -1.29  -0.07 0.4078 -1.44  -0.06 0.3973 -1.11  -0.05 0.6470 -0.94  -0.04 0.6450 -201  -0.09 0.2871
Medial Orbitofrontal Cortex -0.68 -0.03 0.7538 -1.08 -0.06 0.4696 -1.27 -0.06  0.3973 -0.62 -0.03 0.7772 -1.33 -0.06  0.4969 -1.82 -0.08 0.2871
Middle Temporal Gyrus -1.42  -0.06 0.4217 -1.54  -0.08 0.3421 -125  -0.06 0.3973 -1.02  -0.05 0.6470 -1.53  -0.07  0.4902 -146  -0.06 0.3373
Paracentral Lobule -0.54  -0.02 0.7921 -1.17  -0.06 0.4271 -0.95  -0.04 0.5452 -0.78  -0.04 0.7222 -1.00 -0.04 0.6450 -0.89  -0.04 0.6571
Parahippocampal Gyrus 0.35 0.01  0.8194 -0.22 -0.01 0.8854 -0.27 -0.01 0.8375 -0.40 -0.02  0.8447 -0.56 -0.02 0.7235 -0.75 -0.03 0.7233
Pars Opercularis -1.3 -0.05 0.4416 -149  -0.08 0.3421 -1.33  -0.06 0.3973 -0.97  -0.04 0.6470 -1.00 -0.04 0.6450 -051  -0.02 0.7346
Pars Orbitalis -0.84  -0.03 0.6646 -151  -0.08 0.3421 -0.97  -0.04 05452 -052  -0.02 0.8217 -0.60 -0.03 0.7235 -0.81  -0.04 0.7013
Pars Triangularis -2.24 -0.09  0.1466 -1.95 -0.10  0.2647 -1.89 -0.09  0.2565 -1.33 -0.06  0.6470 -2.54 -0.11  0.1312 -1.89 -0.08 0.2871
Pericalcarine Cortex 0.45 0.02 07921 -0.60 -0.03 0.7254 0.12 0.01  0.9322 0.21 0.01  0.9575 0.47 0.02  0.7513 0.16 0.01 08722
Postcentral Gyrus -1.95 -0.08  0.2553 -1.52 -0.08 0.3421 -2.14 -0.10 0.1890 -1.99 -0.09 0.2756 -1.58 -0.07  0.4902 -1.89 -0.08 0.2871
Posterior-Cingulate Cortex 247 0.10 0.1267 2.10 0.11  0.2647 2.55 0.12  0.0946 2.45 0.11  0.1247 171 0.07  0.4902 1.81 0.08 0.2871
Precentral Gyrus -1.43  -0.06 0.4217 -2.06 -0.11 0.2647 -1.36 -0.06 0.3973 -0.97  -0.04 0.6470 -1.42  -0.06 0.4965 -1.70  -0.08 0.2871
Precuneus Cortex -0.44 -0.02 0.7921 -0.88 -0.05 0.5800 -0.44 -0.02 0.7862 -0.39 -0.02  0.8447 -0.93 -0.04 0.6450 -0.92 -0.04 0.6571
Rostral Anterior Cingulate Cortex -0.12  -0.01 0.9021 -0.21  -0.01 0.8854 0.84 0.04 0.5817 0.98 0.04 0.6470 0.34 0.01 0.7791 -0.53  -0.02 0.7346
Rostral Middle Frontal Gyrus -0.59 -0.02 0.7921 -0.49 -0.03 0.7254 -0.66 -0.03 0.7124 -0.12 -0.01 0.9621 -0.77 -0.03 0.6752 -0.59 -0.03 0.7346
Superior Frontal Gyrus 1.52 0.06  0.4217 0.53 0.03 0.7254 0.86 0.04 05817 1.23 0.06 0.6470 0.40 0.02  0.7513 0.89 0.04 06571
Superior Parietal Cortex 0.47 0.02 07921 -0.25 -0.01 0.8854 0.45 0.02  0.7862 0.48 0.02 0.8217 0.79 0.03  0.6752 0.59 0.03  0.7346
Superior Temporal Gyrus -1.66 -0.07  0.3787 -1.56 -0.08 0.3421 -1.54 -0.07  0.3927 -0.98 -0.05 0.6470 -1.46 -0.06  0.4965 -1.62 -0.07 0.2871
Supramarginal Gyrus -1.29  -0.05 0.4416 -152  -0.08 0.3421 -1.66  -0.08 0.3393 -1.19  -0.05 0.6470 -0.86  -0.04 0.6492 -1.28  -0.06 0.4365
Temporal Pole -233  -0.10 0.1399 -230 -0.12 0.2548 -2.62  -0.12  0.0946 -223  -010 0.1797 -211  -0.09 0.3044 -161  -0.07 0.2871
Transverse Temporal Cortex -0.92  -0.04 0.6574 -0.98  -0.05 0.5223 -1.40  -0.06 0.3973 -1.10  -0.05 0.6470 -0.41  -0.02 0.7513 -0.20 -0.01 0.8639
Mean Cortical Thickness -1.08  -0.04 0.5464 -1.29  -0.07 0.4078 -1.24  -0.06 0.3973 -0.74  -0.03 0.7222 -1.07  -0.05 0.6450 -1.14  -0.05 0.5226
N significant (out of 35) 2 1 1 2 2 1

All statistical models included group, sex and age. The provided statistics are for the group effect. * indicates that this outcome showed a significant group difference in the
main analysis (conduct disorder vs. typically-developing) after False Discovery Rate correction (N = 2). A negative Cohen's d indicates conduct disorder < controls; a
positive Cohen's d indicates conduct disorder > controls. Regions with a significant group difference post False Discovery Rate correction are indicated in bold. d=Cohen's d.

FDR=False Discovery Rate.
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Table S8: Case-control differences in surface area when individually adjusting for current comorbidities, 1Q or psychotropic medication use

current ADHD current SUD current depression current anxiety 1Q psychotropic medication
Region t d p FDR t d p FDR t d p FDR t d p FDR t d p FDR t d p FDR
Banks of the Superior Temporal Sulcus* -3.18  -0.13  0.0038 -141  -0.07  0.2397 -298 -0.13  0.0057 -3.27  -0.15  0.0026 -252  -011  0.0274 -293  -0.13 0.0076
Caudal Anterior Cingulate Cortex* -2.66 -0.11  0.0139 -3.00 -0.16  0.0107 -3.53 -0.16  0.0015 -3.58 -0.16  0.0011 -2.30 -0.10  0.0396 -2.84 -0.12  0.0094
Caudal Middle Frontal Gyrus* -3.10 -0.13  0.0045 -2.30 -0.12  0.0442 -3.60 -0.16  0.0013 -3.68 -0.17  0.0009 -2.43 -0.11  0.0312 -2.73 -0.12  0.0125
Cuneus Cortex* -142  -0.06 0.1708 -0.28  -0.01 0.8255 -1.36  -0.06 0.2098 -1.79  -0.08  0.0947 -1.12  -0.05 0.3191 -231  -0.10 0.0292
Entorhinal Cortex* -1.88 -0.08 0.0844 -2.62 -0.14  0.0263 -2.52 -0.12  0.0189 -3.19 -0.15  0.0030 -2.75 -0.12  0.0175 -3.33 -0.15  0.0025
Frontal Pole* -421  -0.17  0.0002 -3.82 -0.20 0.0017 -461 -021 <0.0001 -421 -0.19 0.0002 -3.89 -0.17 0.0010 -5.08  -0.22 <0.0001
Fusiform Gyrus* -3.33 -0.14  0.0027 -1.69 -0.09 0.1513 -3.37 -0.15  0.0025 -3.45 -0.16  0.0016 -2.89 -0.13  0.0150 -4.12 -0.18  0.0002
Inferior Parietal Cortex* -572  -0.24 <0.0001 -451 -0.24 0.0002 -561 -026 <0.0001 -584 -0.27 <0.0001 -581 -0.25 <0.0001 -580 -0.26 <0.0001
Inferior Temporal Gyrus* -448  -0.19 0.0001 -285 -0.15 0.0139 -456  -0.21 <0.0001 -479  -0.22 <0.0001 -3.76  -0.16  0.0012 -466  -0.21 <0.0001
Insula* -3.32 -0.14  0.0027 -1.47 -0.08  0.2259 -2.99 -0.14  0.0057 -2.90 -0.13  0.0067 -2.48 -0.11  0.0286 -2.49 -0.11  0.0203
Isthmus-Cingulate Cortex* -271 -011 0.0125 -253  -0.13 0.0314 -3.26  -0.15  0.0030 -3.21  -0.15 0.0029 -279  -012  0.0169 -3.01 -0.13  0.0061
Lateral Occipital Cortex* -1.94  -0.08 0.0758 -042  -0.02 0.7585 -1.82  -0.08 0.0962 -1.75  -0.08  0.0964 -1.36  -0.06  0.2269 -2.37  -0.10 0.0260
Lateral Orbitofrontal Cortex* -3.47 -0.14  0.0023 -2.08 -0.11  0.0699 -2.77 -0.13  0.0100 -2.84 -0.13  0.0076 -2.86 -0.12  0.0151 -3.35 -0.15  0.0025
Lingual Gyrus* -1.60  -0.07 0.1284 -0.69  -0.04 05739 -2.34  -0.11  0.0298 -221  -0.10  0.0400 -1.45  -0.06 0.1989 -2.37  -0.10 0.0260
Medial Orbitofrontal Cortex -1.78 -0.07  0.1015 -0.08 0.00 0.9390 -0.80 -0.04  0.4479 -0.81 -0.04  0.4409 -0.75 -0.03  0.5114 -2.01 -0.09  0.0573
Middle Temporal Gyrus* -577  -024 <0.0001 -348 -0.18 0.0026 -511  -023 <0.0001 -538 -025 <0.0001 -430 -0.19 0.0003 -5.27  -0.23 <0.0001
Paracentral Lobule -157  -0.07 0.1305 -1.08  -0.06 0.3954 -1.14  -0.05 0.2850 -1.78  -0.08  0.0947 -0.32  -0.01 0.7526 -0.55 -0.02 0.5818
Parahippocampal Gyrus* -3.39 -0.14  0.0025 -3.74 -0.20 0.0017 -3.24 -0.15 0.0031 -3.43 -0.16  0.0016 -3.48 -0.15  0.0022 -3.54 -0.15 0.0015
Pars Opercularis -233  -0.10 0.0320 -0.29  -0.02 0.8255 -1.04 -005 0.3283 -1.05 -0.05 0.3220 -0.48  -0.02 0.6931 -1.28  -0.06 0.2189
Pars Orbitalis* -2.39 -0.10 0.0280 -0.85 -0.04  0.5110 -1.86 -0.08  0.0917 -1.83 -0.08  0.0906 -1.79 -0.08  0.1165 -2.05 -0.09  0.0549
Pars Triangularis -1.65  -0.07 0.1243 -0.79  -0.04 0.5358 -140 -0.06 0.2038 -1.05  -0.05 0.3220 -1.15  -0.05 0.3120 -1.32 -0.06 0.2118
Pericalcarine Cortex -0.72  -0.03  0.5000 0.98 0.05 0.4435 -0.33  -0.02 0.7599 -052  -0.02 0.6035 -0.38  -0.02 0.7211 -142  -0.06 0.1813
Postcentral Gyrus* -3.41 -0.14  0.0025 -3.36 -0.18  0.0035 -3.31 -0.15 0.0028 -3.61 -0.17  0.0011 -2.59 -0.11  0.0241 -2.58 -0.11  0.0176
Posterior-Cingulate Cortex* -1.67  -0.07 0.1230 -2.38  -0.12  0.0403 -2.79  -0.13  0.0097 -292  -0.13  0.0066 -1.75  -0.08 0.1211 -1.93  -0.08 0.0669
Precentral Gyrus* -3.22 -0.13  0.0035 -3.63  -0.19  0.0020 -3.80 -0.17  0.0007 -3.72  -0.17  0.0009 -2.14  -0.09 0.0543 -3.18  -0.14  0.0040
Precuneus Cortex* -2.84 -0.12  0.0100 -2.45 -0.13  0.0362 -3.03 -0.14  0.0055 -3.34 -0.15  0.0021 -2.67 -0.12  0.0203 -3.78 -0.17  0.0006
Rostral Anterior Cingulate Cortex -161  -0.07 0.1284 -0.70  -0.04 0.5739 -1.48  -0.07 0.1786 -2.05 -0.09 0.0563 -146  -0.06  0.1989 -1.57  -0.07 0.1410
Rostral Middle Frontal Gyrus* -2.77 -0.12  0.0114 -1.85 -0.10 0.1123 -3.17 -0.14  0.0036 -3.18 -0.14  0.0030 -2.32 -0.10  0.0396 -3.05 -0.13  0.0058
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Superior Frontal Gyrus* -385 -0.16 0.0006 -377 -020 00017 -430 -020 00001  -440 -0.20 0.0001  -359 -0.16 00019  -436 -0.19 0.0001
Superior Parietal Cortex* 227 010 00351 -221 -012 00537 -1.73 -0.08 01119  -224 -010 0.0380  -1.60 -0.07 01598  -250 -0.11  0.0203
Superior Temporal Gyrus* -387 -0.16 00006 -233 -0.12 00437 -369 -017 00010 -3.70 -017 0.0009 -355 -0.16 00019  -399 -0.18  0.0003
Supramarginal Gyrus* 276 012 00114  -293 -016 00122 272 -012 00109 -257 -012 00163 -226 -0.10 00422 -268 -0.12 0.0138
Temporal Pole -040 -002 06872 -024 -001 08305 -018 -0.01 08588  -0.76 -003 04625  -044 -0.02 06969  -092 -0.04 0.3693
Transverse Temporal Cortex -051  -0.02 0.6263 -1.14  -0.06 0.3716 -1.29  -0.06 0.2310 -1.25  -0.06 0.2454 -1.07  -0.05 0.3340 -1.04 -0.05 0.3164
Total Surface Area* 554 023 <00001 -359 -0.19 00020 -514 -023 <00001 -526 -0.24 <0.0001 -385 -017 00010 -508 -0.22 <0.0001
N significant (out of 35) 23 17 22 24 20 25
All statistical models included group, sex, age and total intracranial volume (except for total surface area). Provided statistics are for the group effect. * indicates that this
outcome showed a significant group difference in the main analysis (conduct disorder vs. typically-developing) after False Discovery Rate correction (n = 27). A negative
Cohen's d indicates conduct disorder < controls; a positive Cohen's d indicates conduct disorder > controls. Regions with a significant group difference post False Discovery
Rate correction are indicated in bold. d=Cohen’s d. FDR=False Discovery Rate.
Table S9: Case-control differences in subcortical volume and total intracranial volume when individually adjusting for current comorbidities, 1Q or psychotropic
medication use

current ADHD current SUD current depression current anxiety 1Q psychotropic medication
Region t d p FDR t d p FDR t d p FDR t d p FDR t d p FDR t d p FDR
Amygdala* -2.88  -0.12  0.0181 -307  -0.16 0.0174 -345  -0.16  0.0029 -353  -0.16  0.0027 253 011  0.0454 -368  -0.16 0.0019
Caudate -0.84  -0.04 0.5341 -1.32 007  0.3000 -1.22  -0.06 0.2974 -121  -0.06 0.3019 -1.14 005 0.3984 -129 006 0.2736
Hippocampus* -1.73  -0.07 0.1331 281 -015  0.0200 295  -0.13  0.0066 -300  -0.14  0.0054 -2.08  -0.09 0.0751 331 -0.14  0.0025
Nucleus Accumbens* -2.82  -0.12 0.0181 231 -012  0.0554 -2.94  -0.13  0.0066 -327  -0.15  0.0029 -2.28  -0.10  0.0601 -349  -015  0.0019
Pallidum 0.41 0.02 06841 1.03 0.05  0.4056 0.97 0.04  0.3811 0.60 0.03  0.6263 0.61  0.03 06186 0.17 0.01  0.8627
Putamen -049  -0.02 0.6841 0.20 0.01  0.8448 0.02 0.00  0.9826 -043  -0.02 0.6685 -0.26  -0.01  0.7962 -1.00  -0.04  0.3601
Thalamus* 271 -011  0.0181 -177  -0.09  0.1533 -3.39  -0.15  0.0029 -341  -015  0.0027 -2.86  -0.12  0.0345 -3.08  -0.14  0.0041
Total Intracranial Volume -1.96  -0.08  0.0994 091  -0.05 04125 -1.71  -0.08  0.1402 -151  -0.07  0.2089 -1.04  -0.04 0.3984 127 -0.05 0.2736
N significant (out of 8) 3 3 4 4 2 4

All statistical models included group, sex, age and total intracranial volume (except for when total intracranial volume was the outcome). Provided statistics are for the group
effect. * indicates that this outcome showed a significant group difference in the main analysis (conduct disorder vs. typically-developing) after False Discovery Rate
correction (N = 4). A negative Cohen's d indicates conduct disorder < controls; a positive Cohen's d indicates conduct disorder > controls. Regions with a significant group
difference post False Discovery Rate correction are indicated in bold. d=Cohen's d. FDR=False Discovery Rate
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Appendix 7 - Full results of hemisphere-specific analyses (CD vs. TD)

While the previous literature did not provide consistent evidence for lateralisation of brain differences in CD, we repeated the main analysis for each hemisphere separately in
an exploratory fashion. Models included group (CD vs. TD), sex, age, and total intracranial volume (in the case of regional surface area and subcortical volumes). For the
hemisphere-specific analyses, the False Discovery Rate correction was applied across hemispheres (i.e., 70 outcomes for surface area and cortical thickness, respectively,
comprising 34 regional outcomes per hemisphere and left and right total/mean values, and 15 outcomes for (subcortical) volume, comprising 7 regional outcomes per hemisphere
and total intracranial volume). Applying a more lenient correction within each hemisphere separately did not affect decisions regarding significance based on p < 0.05. In
summary, the majority of significant group differences identified in the main analysis could also be observed in both hemispheres separately (i.e., one of the two effects on
cortical thickness, 19 of the 27 surface area effects and two of the four effects on subcortical volumes). When only one of the hemispheres showed a significant difference, the
coefficient in the other hemisphere was always in the same direction. For surface area, two additional regions showed a hemisphere-specific group difference: Youths with CD
showed lower surface area in the right medial orbitofrontal cortex (with a very small and non-significant positive effect in the left hemisphere) and the left pars triangularis

compared to controls. Detailed results can be found in Tables S10-12 (below).

Table S10: Hemisphere-specific case-control differences in cortical thickness

group group
effect effect

left hemisphere

right hemisphere

Region left right n CD nTD t d p p FDR nCD nTD t d p p FDR
Banks of the Superior Temporal Sulcus* yes no 1066 1112 -3.54 -0.15 0.0004 0.0143 1123 1204 -1.57 -0.07 0.1169 0.4981
Caudal Anterior Cingulate Cortex* yes yes 1068 1145 3.56 0.15 0.0004 0.0143 1122 1174 3.34 0.14 0.0009 0.0199
Caudal Middle Frontal Gyrus no no 1125 1175 -0.34 -0.01 0.7310 0.8253 1122 1182 -0.91 -0.04 0.3647 0.6382
Cuneus Cortex no no 1090 1143 -0.28 -0.01 0.7815 0.8548 1088 1132 1.02 0.04 0.3063 0.5795
Entorhinal Cortex no no 1080 1120 2.28 0.10 0.0230 0.2098 1074 1126 1.34 0.06 0.1792 0.4981
Frontal Pole no no 1133 1201 0.68 0.03 0.4993 0.7282 1140 1216 -0.45 -0.02 0.6547 0.7767
Fusiform Gyrus no no 1122 1176 -0.94 -0.04 0.3492 0.6267 1125 1190 -2.13 -0.09 0.0334 0.2340
Inferior Parietal Cortex no no 1093 1140 -0.86 -0.04 0.3917 0.6688 1106 1154 -1.33 -0.06 0.1850 0.4981
Inferior Temporal Gyrus no no 1066 1112 -0.46 -0.02 0.6452 0.7767 1102 1157 -0.77 -0.03 0.4416 0.7025
Insula no no 1074 1107 -1.64 -0.07 0.1004 0.4981 1041 1067 0.05 0.00 0.9576 0.9576
Isthmus-Cingulate Cortex no no 1153 1217 0.69 0.03 0.4901 0.7282 1145 1220 0.77 0.03 0.4395 0.7025
Lateral Occipital Cortex no no 1122 1171 0.46 0.02 0.6481 0.7767 1124 1175 -0.39 -0.02 0.6986 0.8150
Lateral Orbitofrontal Cortex no no 1148 1221 -1.03 -0.04 0.3024 0.5795 1091 1173 -2.34 -0.10 0.0193 0.2098
Lingual Gyrus no no 1137 1191 -1.47 -0.06 0.1410 0.4981 1110 1171 -0.68 -0.03 0.4973 0.7282
Medial Orbitofrontal Cortex no no 1122 1165 -0.62 -0.03 0.5385 0.7467 1106 1179 -1.35 -0.06 0.1765 0.4981
Middle Temporal Gyrus no no 1049 1086 -1.41 -0.06 0.1578 0.4981 1127 1160 -1.40 -0.06 0.1624 0.4981
Paracentral Lobule no no 1160 1221 -1.25 -0.05 0.2132 0.5330 1163 1220 -1.37 -0.06 0.1718 0.4981
Parahippocampal Gyrus no no 1157 1228 0.08 0.00 0.9325 0.9476 1162 1225 -1.19 -0.05 0.2344 0.5469
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Pars Opercularis no no 1153 1210 0.08 0.00 0.9341 0.9476 1138 1194 -1.80 -0.07 0.0723 0.4600
Pars Orbitalis no no 1159 1223 -0.62 -0.03 0.5335 0.7467 1156 1208 -0.50 -0.02 0.6149 0.7690
Pars Triangularis no no 1155 1219 -0.83 -0.03 0.4079 0.6798 1141 1199 -2.21 -0.09 0.0270 0.2098
Pericalcarine Cortex no no 1100 1145 0.33 0.01 0.7433 0.8259 1067 1106 0.54 0.02 0.5904 0.7690
Postcentral Gyrus no no 1078 1124 -2.75 -0.12 0.0060 0.1043 1060 1113 -1.20 -0.05 0.2305 0.5469
Posterior-Cingulate Cortex no no 1139 1212 1.16 0.05 0.2470 0.5578 1149 1208 2.61 0.11 0.0091 0.1270
Precentral Gyrus no no 1099 1150 -1.33 -0.06 0.1838 0.4981 1095 1140 -1.61 -0.07 0.1068 0.4981
Precuneus Cortex no no 1153 1221 -1.06 -0.04 0.2882 0.5764 1143 1215 -0.60 -0.02 0.5507 0.7467
Rostral Anterior Cingulate Cortex no no 1095 1139 0.20 0.01 0.8384 0.8892 1107 1181 0.23 0.01 0.8151 0.8778
Rostral Middle Frontal Gyrus no no 1123 1187 -0.74 -0.03 0.4587 0.7136 1121 1189 -0.51 -0.02 0.6092 0.7690
Superior Frontal Gyrus no no 1120 1184 1.00 0.04 0.3164 0.5829 1134 1190 0.59 0.02 0.5547 0.7467
Superior Parietal Cortex no no 1108 1150 -0.17 -0.01 0.8668 0.9056 1098 1149 111 0.05 0.2671 0.5666
Superior Temporal Gyrus no no 1024 1064 -1.08 -0.05 0.2823 0.5764 1085 1138 -1.66 -0.07 0.0973 0.4981
Supramarginal Gyrus no no 1045 1075 -1.28 -0.06 0.2002 0.5191 1059 1104 -1.71 -0.07 0.0878 0.4981
Temporal Pole no no 1076 1134 -1.36 -0.06 0.1732 0.4981 1104 1180 -2.23 -0.09 0.0257 0.2098
Transverse Temporal Cortex no no 1153 1220 -0.50 -0.02 0.6152 0.7690 1153 1229 -0.37 -0.02 0.7119 0.8169
Mean Cortical Thickness no no 1169 1233 -1.11 -0.05 0.2656 0.5666 1168 1232 -1.39 -0.06 0.1651 0.4981
N significant (out of 35) 2 1

All statistical models included group, sex and age. Provided statistics are for the group effect. * indicates that this outcome showed a significant group difference in the main
analysis (conduct disorder vs. typically-developing) after False Discovery Rate correction (N = 2). The columns referring to ‘group effect right/left' indicate whether the
region shows a significant difference between conduct disorder and typically-developing youth post False Discovery Rate adjustment when using the right and left

hemisphere, respectively. A negative Cohen's d indicates conduct disorder < controls; a positive Cohen's d indicates conduct disorder > controls. Regions with a significant

group difference post False Discovery Rate correction are indicated in bold. CD=conduct disorder. TD=typically-developing. d=Cohen's d. FDR=False Discovery Rate

Table S11: Hemisphere-specific case-control differences in surface area

group group left hemisphere right hemisphere

effect effect
Region left right nCD nTD t d p p FDR nCD nTD t d p p FDR
Banks of the Superior Temporal Sulcus* yes yes 1067 1116 -2.46 -0.11 0.0139 0.0231 1122 1202 -2.68 -0.11 0.0075 0.0145
Caudal Anterior Cingulate Cortex* no yes 1062 1143 -1.30 -0.06 0.1932 0.2253 1125 1176 -3.74 -0.16 0.0002 0.0010
Caudal Middle Frontal Gyrus* yes yes 1126 1177 -2.81 -0.12 0.0050 0.0099 1126 1188 -3.12 -0.13 0.0018 0.0042
Cuneus Cortex* yes no 1091 1142 -2.56 -0.11 0.0106 0.0189 1086 1125 -0.95 -0.04 0.3447 0.3830
Entorhinal Cortex* yes yes 1078 1123 -2.44 -0.10 0.0150 0.0244 1072 1127 -2.17 -0.09 0.0303 0.0451
Frontal Pole* yes yes 1138 1199 -3.58 -0.15 0.0004 0.0014 1142 1214 -3.82 -0.16 0.0001 0.0008
Fusiform Gyrus* yes yes 1126 1173 -3.64 -0.15 0.0003 0.0012 1129 1191 -3.46 -0.14 0.0005 0.0017
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Inferior Parietal Cortex* yes yes 1094 1143 -5.77 -0.24  <0.0001 <0.0001 1110 1158 -5.41 -0.23  <0.0001 <0.0001

Inferior Temporal Gyrus* yes yes 1069 1111 -3.45 -0.15 0.0006 0.0017 1107 1162 -5.00 -0.21  <0.0001 <0.0001
Insula* yes no 1073 1104 -3.51 -0.15 0.0005 0.0015 1045 1065 -1.62 -0.07 0.1051 0.1367
Isthmus-Cingulate Cortex* yes yes 1152 1218 -3.18 -0.13 0.0015 0.0037 1143 1220 -2.60 -0.11 0.0095 0.0180
Lateral Occipital Cortex* yes yes 1118 1170 -2.31 -0.10 0.0211 0.0321 1123 1176 -2.32 -0.10 0.0203 0.0321
Lateral Orbitofrontal Cortex* yes yes 1146 1218 -3.27 -0.13 0.0011 0.0029 1093 1172 -3.65 -0.15 0.0003 0.0012
Lingual Gyrus* no yes 1137 1192 -1.87 -0.08 0.0615 0.0896 1105 1174 -2.58 -0.11 0.0100 0.0184
Medial Orbitofrontal Cortex no yes 1122 1163 0.56 0.02 0.5728 0.5985 1109 1176 -3.32 -0.14 0.0009 0.0025
Middle Temporal Gyrus* yes yes 1053 1094 -5.63 -0.24  <0.0001 <0.0001 1134 1164 -4.29 -0.18  <0.0001 0.0002
Paracentral Lobule no no 1161 1217 -1.44 -0.06 0.1488 0.1827 1161 1220 -0.44 -0.02 0.6583 0.6775
Parahippocampal Gyrus* yes yes 1159 1224 -3.13 -0.13 0.0018 0.0042 1162 1226 -3.59 -0.15 0.0003 0.0014
Pars Opercularis no no 1150 1214 -0.74 -0.03 0.4622 0.4978 1134 1195 -1.47 -0.06 0.1419 0.1807
Pars Orbitalis* yes no 1161 1225 -3.66 -0.15 0.0003 0.0012 1157 1211 -1.43 -0.06 0.1533 0.1851
Pars Triangularis yes no 1156 1222 -2.31 -0.09 0.0211 0.0321 1149 1205 -1.05 -0.04 0.2930 0.3308
Pericalcarine Cortex no no 1099 1147 -1.62 -0.07 0.1055 0.1367 1064 1106 -0.60 -0.03 0.5482 0.5815
Postcentral Gyrus* yes yes 1079 1126 -3.51 -0.15 0.0005 0.0015 1061 1115 -2.84 -0.12 0.0045 0.0094
Posterior-Cingulate Cortex* no no 1135 1215 -1.72 -0.07 0.0864  0.1209 1148 1208 -1.67 -0.07 0.0957 0.1288
Precentral Gyrus* yes yes 1100 1153 -3.41 -0.14 0.0007 0.0019 1096 1140 -2.91 -0.12 0.0036 0.0077
Precuneus Cortex* yes yes 1156 1221 -2.55 -0.10 0.0108 0.0189 1147 1217 -3.86 -0.16 0.0001 0.0007
Rostral Anterior Cingulate Cortex no no 1094 1141 -1.69 -0.07 0.0907 0.1246 1109 1181 -1.72 -0.07 0.0852 0.1209
Rostral Middle Frontal Gyrus* yes yes 1126 1189 -3.02 -0.13 0.0025 0.0057 1123 1192 -2.96 -0.12 0.0031 0.0068
Superior Frontal Gyrus* yes yes 1123 1190 -4.04 -0.17 0.0001 0.0004 1132 1190 -4.27 -0.18 <0.0001  0.0002
Superior Parietal Cortex* no yes 1107 1150 -1.36 -0.06 0.1731 0.2054 1101 1151 -2.48 -0.10 0.0133 0.0228
Superior Temporal Gyrus* yes yes 1026 1067 -3.53 -0.15 0.0004 0.0015 1083 1140 -4.48 -0.19 <0.0001 0.0001
Supramarginal Gyrus* yes no 1047 1082 -3.29 -0.14 0.0010 0.0027 1061 1107 -1.46 -0.06 0.1454 0.1818
Temporal Pole no no 1079 1133 -0.43 -0.02 0.6678 0.6775 1109 1183 -0.40 -0.02 0.6893 0.6893
Transverse Temporal Cortex yes yes 1169 1234 -5.99 -0.24 <0.0001 <0.0001 1170 1234 -5.91 -0.24 <0.0001 <0.0001
Total Surface Area* no no 1156 1219 -1.20 -0.05 0.2291 0.2629 1158 1225 -0.86 -0.04 0.3875 0.4239
N significant (out of 35) 24 23

All statistical models included group, sex, age and total intracranial volume (except for total surface area). Provided statistics are for the group effect. * indicates that this
outcome showed a significant group difference in the main analysis (conduct disorder vs. typically-developing) after False Discovery Rate correction (N = 27). The columns
referring to 'group effect right/left' indicate whether the region shows a significant difference between conduct disorder and typically-developing youth post False Discovery
Rate adjustment when using the right or left hemisphere, respectively. A negative Cohen's d indicates conduct disorder < controls; a positive Cohen's d indicates conduct
disorder > controls. Regions with a significant group difference post False Discovery Rate correction are indicated in bold. CD= conduct disorder. TD=typically-developing.
d=Cohen’s d. FDR=False Discovery Rate.
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Table S12: Hemisphere-specific case-control differences in subcortical volumes

group group

left hemisphere

right hemisphere

effect  effect
Region left right nCD nTD t d p p FDR nCD nTD t d p p FDR
Amygdala* no yes 1133 1198 -1.95 -0.08 0.0511 0.0928 1143 1196 -351 -0.15 0.0005 0.0035
Caudate no no 1131 1172 -0.86 -0.04 0.3903 0.4879 1060 1091 -1.11 -0.05 0.2692 0.3671
Hippocampus* yes yes 1149 1215 -247 -0.10 0.0135 0.0338 1166 1225 -3.08 -0.13 0.0021 0.0085
Nucleus Accumbens* yes no 1155 1210 -3.06 -0.13 0.0023 0.0085 1164 1240 -1.91 -0.08 0.0557 0.0928
Pallidum no no 1080 1106  0.22 0.01 0.8246 0.8710 1162 1226 -0.16 -0.01 0.8710 0.8710
Putamen no no 1059 1096 -1.25 -0.05 0.2127 0.3190 1143 1198 -0.52 -0.02 0.6045 0.6975
Thalamus* yes yes 1111 1175 -353 -0.15 0.0004 0.0035 1130 1198 -2.65 -0.11 0.0080 0.0240
N significant (out of 8) 3 3

All statistical models included group, sex, age and total intracranial volume. Provided statistics are for the group effect. Results for total intracranial volume are not included

as this value cannot be split by hemisphere. Results for this outcome can be found in Table S6 (main findings). *indicates that this outcome showed a significant group
difference in the main analysis (conduct disorder vs. typically-developing) after False Discovery Rate correction (N = 4). The columns referring to 'group effect left/right'
indicate whether the region shows a significant difference between conduct disorder and typically-developing youth post False Discovery Rate adjustment when using the

right or left hemisphere, respectively. A negative Cohen's d indicates conduct disorder < controls; a positive Cohen's d indicates conduct disorder > controls. Regions with a
significant group difference post False Discovery Rate correction are indicated in bold. CD=conduct disorder. TD=typically-developing. d=Cohen's d. FDR=False Discovery

Rate
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Appendix 8 - Additional information on ComBat and comparisons to analyses without ComBat
adjustment

As evidence suggests that adjusting for site/scanner effects using Radua and colleagues’ modified ComBat
function is more powerful than traditional meta-analysis or mixed effect model mega-analyses that include site as
a random effect,*” we used this approach prior to performing the statistical analyses to adjust for site/scanner
related heterogeneity. ComBat models included group (CD vs. TD), age, and sex for the adjustment of global
outcomes and additionally included (post ComBat) total intracranial volume for regional outcomes. We adjusted
across 61 scanners from 15 studies. To assess the validity of applying the modified ComBat functions to correct
for scanner differences, we performed additional analyses, which are outlined below. Overall, these analyses
supported the results derived from our main analyses.

Firstly, we tested for scanner effects in the data prior to and after ComBat adjustment by including scanner as an
additional variable in the linear model (61 scanners were included overall). Prior to ComBat adjustment, most
outcomes showed a significant scanner effect. After ComBat adjustment, no outcome showed a significant scanner
effect. Relatedly, due to concerns surrounding compatibility between FreeSurfer versions,> we also explored
whether FreeSurfer version (5.3 vs. 6.0) was a significant predictor post ComBat adjustment and whether
including the FreeSurfer version in the model impacted the group differences identified in the main analyses. All
previously identified group differences remained significant and FreeSurfer version was not a significant predictor
for any outcome, except pallidum volume (prior to FDR correction). However, CD and TD youth did not differ
in pallidum volume regardless of whether FreeSurfer version was included in the model or not. Hence, our findings
suggest that differences between FreeSurfer versions seem to have been successfully adjusted by ComBat and that
remaining differences did not influence our main findings.

Secondly, we performed the main analysis on the data prior to ComBat adjustment without including site/scanner
in the model. The results were highly overlapping with the main analyses with only some minor deviations for
cortical thickness and subcortical volumes. For example, the two regions that significantly differed between CD
and TD youth in thickness (banks of the superior temporal sulcus and caudal anterior cingulate cortex) were only
significant at the nominal significance level but did not survive FDR correction. For subcortical volume, an
additional region became significant with the CD group additionally showing lower putamen volume compared
to TD group.

Lastly, we performed the main analysis on the data prior to ComBat adjustment and added scanner as an additional
(dummy-coded) variable in the linear model. The results of these analyses were 100% overlapping with the main

findings reported in the manuscript (i.e., those using ComBat adjustment).

The full results of the described analyses are available on request.
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Appendix 9 - Group-by-sex and group-by-age interactions

To explore whether differences between youths with CD and TD participants were moderated by sex or age, we separately added a group-by-sex or group-by-age interaction
term into the main statistical model. Notably, while the group-by-sex analyses were pre-registered and accompanied by specific hypotheses (see main manuscript), the group-
by-age analyses were investigated on an exploratory basis. Following multiple comparison correction, there was no significant group-by-sex or group-by-age interaction effect
for any outcome, suggesting that sex and age did not moderate group differences in brain structure.

Table S13: Group-by-sex and group-by-age interactions in cortical thickness

Group*Sex interaction Group*Age interaction
Region nTD n CD
p pFDR  sr? t p pFDR  sr?
male female male female

Banks of the Superior Temporal Sulcus* 790 437 830 331 0.82 04116 0.8794 <0.01 0.77 0.4423 0.9969 <.01
Caudal Anterior Cingulate Cortex* 788 439 829 330 -0.38 0.7037 0.8794 <0.01 -0.63 0.5266 0.9969 <.01
Caudal Middle Frontal Gyrus 784 440 827 329 1.05 0.293 0.8794 <0.01 0.57 05686 0.9969 <.01
Cuneus Cortex 773 437 823 328 1.09 0.2758 0.8794 <0.01 -0.96 03370 0.9969 <.01
Entorhinal Cortex 774 425 822 321 -1.07 0.2868 0.8794 <0.01 2.83 0.0046 0.1622 <.01
Frontal Pole 788 440 826 330 0.58 0.5603 0.8794 <0.01 -1.35 0.1762 0.9969 <.01
Fusiform Gyrus 776 439 828 327 -0.38 0.7016 0.8794 <0.01 1.48 0.1398 0.9969 <.01
Inferior Parietal Cortex 770 435 829 329 114 0.2558 0.8794 <0.01 -0.50 0.6167 0.9969 <.01
Inferior Temporal Gyrus 770 428 802 327 -0.74 0457 0.8794 <0.01 093 0.3503 0.9969 <.01
Insula 763 428 818 330 -2.07 0.0383 0.8794 <0.01 0.14 0.8911 0.9969 <.01
Isthmus-Cingulate Cortex 794 440 835 330 15 0.1342 0.8794 <0.01 -2.03 0.0429 0.7507 <.01
Lateral Occipital Cortex 778 432 822 329 113 0.2596 0.8794 <0.01 -0.01 09924 0.9969 <.01
Lateral Orbitofrontal Cortex 791 439 828 332 0.06 0.9533 0.9887 <0.01 0.02 09826 0.9969 <.01
Lingual Gyrus 783 435 831 332 -0.01 09934 0.9934 <0.01 0.34 0.7359 0.9969 <.01
Medial Orbitofrontal Cortex 785 437 824 329 0.95 0.3408 0.8794 <0.01 -0.66 0.5093 0.9969 <.01
Middle Temporal Gyrus 778 430 821 326 -0.85 0.3978 0.8794 <0.01 -0.21 0.8349 09969 <.01
Paracentral Lobule 793 441 838 332 -0.53 05953 0.8794 <0.01 0.73 04641 09969 <.01
Parahippocampal Gyrus 794 440 838 332 -1.81 0.0708 0.8794 <0.01 -1.66 0.0969 0.9969 <.01
Pars Opercularis 791 441 838 332 -0.05 0.9605 0.9887 <0.01 029 0.7723 0.9969 <.01
Pars Orbitalis 791 441 836 332 0.73 04685 0.8794 <0.01 -0.89 03714 0.9969 <.01
Pars Triangularis 790 440 837 332 0.77 0.4407 0.8794 <0.01 -0.52 0.6051 0.9969 <.01
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Pericalcarine Cortex 761 432 818 326 0.56 0.5734 0.8794 <0.01 -0.61 05445 0.9969 <.01

Postcentral Gyrus 750 431 807 328 -0.28 0.7789 0.8794 <0.01 -0.13 0.8972 0.9969 <.01
Posterior-Cingulate Cortex 793 439 836 332 0.62 0.5376 0.8794 <0.01 -0.33 0.7384 0.9969 <.01
Precentral Gyrus 767 433 818 327 -0.63 0.5309 0.8794 <0.01 -0.39 0.6958 0.9969 <.01
Precuneus Cortex 793 441 836 330 0.38 0.7061 0.8794 <0.01 0.64 05205 0.9969 <.01
Rostral Anterior Cingulate Cortex 791 440 829 332 -0.32  0.7479 0.8794 <0.01 -1.08 0.2821 0.9969 <.01
Rostral Middle Frontal Gyrus 784 440 821 329 0.32 0.7502 0.8794 <0.01 -0.24 0.8067 0.9969 <.01
Superior Frontal Gyrus 777 440 823 331 0.31 0.7538 0.8794 <0.01 0.78 0.4366 0.9969 <.01
Superior Parietal Cortex 766 433 822 328 135 0.177 0.8794 <0.01 -0.07 09452 0.9969 <.01
Superior Temporal Gyrus 767 419 815 322 0.32 0.7509 0.8794 <0.01 0.00 0.9969 0.9969 <.01
Supramarginal Gyrus 761 431 817 327 128 0199 0.8794 <0.01 0.78 0.4349 0.9969 <.01
Temporal Pole 779 425 818 320 -0.74 0461 0.8794 <0.01 0.27 0.7842 0.9969 <.01
Transverse Temporal Cortex 794 442 836 332 0.65 0.5183 0.8794 <0.01 044 0.6609 0.9969 <.01
Mean Cortical Thickness 792 442 837 332 0.25 0.8057 0.8812 <0.01 -0.10 0.9231 0.9969 <.01

All statistical models included group (conduct disorder vs. typically-developing), sex, age and a group-by-sex or group-by-age interaction term. Depicted statistics are for the
respective interaction term. Effect sizes are indicated as squared semi-partial correlations. * indicates that this outcome showed a significant group difference in the main
analysis (conduct disorder vs. typically-developing) after False Discovery Rate correction (N = 2). TD=typically-developing controls. CD=conduct disorder group.
sr’=squared semi-partial correlation coefficient.

Table S14: Group-by-sex and group-by-age interactions in surface area

Group-by-sex interaction Group*Age interaction
Region nTD n CD
t p p FDR sr? t p pFDR  sr?
male female male female

Banks of the Superior Temporal Sulcus* 790 437 831 331 -0.08 0935 0.9745 <0.01 -1.69 0.0907 0.4534 <.01
Caudal Anterior Cingulate Cortex* 788 439 829 331 -0.2 0.844 09745 <0.01 -0.08 0.9332 0.9697 <.01
Caudal Middle Frontal Gyrus* 785 440 827 329 0.48 0.6325 0.9609 <0.01 -0.79 04308 09131 <.01
Cuneus Cortex* 772 437 821 328 0.65 05146 0.9609 <0.01 -2.08 0.0375 04374 <01
Entorhinal Cortex* 776 425 822 321 -0.16 0.8762 0.9745 <0.01 -153 01256 05494 <01
Frontal Pole* 788 440 826 332 0.07 09441 09745 <0.01 -0.74 04612 09131 <.01
Fusiform Gyrus* 775 439 830 327 0.33 0.7413 0.9609 <0.01 -0.37 0.7126 0.9697 <.01
Inferior Parietal Cortex* 773 435 829 330 0.7 0.486 0.9609 <0.01 0.35 07266 0.9697 <.01
Inferior Temporal Gyrus* 770 428 805 327 -0.53 05956 0.9609 <0.01 -0.13  0.8942 0.9697 <.01
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Insula* 763 428 818 330 -0.5 0.6155 0.9609 <0.01 -128 0.1990 0.6130 <.01

Isthmus-Cingulate Cortex™ 794 440 835 330 -0.2 08444 09745 <0.01 -0.69 04923 009131 <01
Lateral Occipital Cortex* 777 433 821 329 0.85 0.3936 0.9609 <0.01 -1.30  0.1922 0.6130 <.01
Lateral Orbitofrontal Cortex* 791 439 829 332 -0.86 0.3918 0.9609 <0.01 028 0.7774 09697 <.01
Lingual Gyrus* 783 435 828 332 0.86 0.3875 0.9609 <0.01 -2.86 0.0043 0.1498 <.01
Medial Orbitofrontal Cortex 784 437 825 329 -0.83  0.4082 0.9609 <0.01 0.25 07998 0.9697 <.01
Middle Temporal Gyrus* 781 430 825 327 -0.53 0.5944 0.9609 <0.01 -1.16 0.2481 0.6678 <.01
Paracentral Lobule 792 441 838 332 -0.48 0.6317 0.9609 <0.01 -1.85 0.0648 0.4534 <.01
Parahippocampal Gyrus* 793 440 838 332 1.75 0.0798 0.9609 <0.01 -0.38 0.7045 0.9697 <.01
Pars Opercularis 792 441 837 332 0.36 0.7182 0.9609 <0.01 -0.68 0.4957 09131 <.01
Pars Orbitalis* 792 441 836 332 -148 0.1381 0.9609 <0.01 -1.40 0.1605 0.6130 <.01
Pars Triangularis 792 440 836 332 -1.88 0.0604 0.9609 <0.01 -0.84 04025 009131 <01
Pericalcarine Cortex 762 432 817 326 -0.53 0.5936 0.9609 <0.01 -2.23  0.0259 0.4374 <.01
Postcentral Gyrus* 754 431 808 328 0.36 0.716 0.9609 <0.01 -045 0.6533 0.9697 <.01
Posterior-Cingulate Cortex* 793 440 835 332 -0.35 0.7275 0.9609 <0.01 -0.21 0.8329 0.9697 <.01
Precentral Gyrus* 768 434 817 327 -0.03 0.9745 09745 <0.01 -0.35 0.7267 09697 <.01
Precuneus Cortex* 794 441 836 331 052 0.6012 0.9609 <0.01 -0.06 0.9552 0.9697 <.01
Rostral Anterior Cingulate Cortex 790 440 829 332 -0.81 0.4181 0.9609 <0.01 0.08 09333 09697 <.01
Rostral Middle Frontal Gyrus* 787 440 822 330 -0.67 0.5041 0.9609 <0.01 0.26 0.7946 0.9697 <.01
Superior Frontal Gyrus* 779 440 822 331 -1.5 01329 09609 <0.01 -0.04 0.9697 0.9697 <.01
Superior Parietal Cortex* 766 433 820 328 098 0.3275 09609 <0.01 -0.36  0.7223 0.9697 <.01
Superior Temporal Gyrus* 769 420 816 322 0.72 0.4738 0.9609 <0.01 -1.93 0.0538 0.4534 <.01
Supramarginal Gyrus* 765 431 818 328 0.08 09368 0.9745 <0.01 125 0.2102 0.6130 <.01
Temporal Pole 780 425 819 320 -1.64 0.1017 0.9609 <0.01 -1.75 0.0799 0.4534 <.01
Transverse Temporal Cortex 793 442 836 332 0.04 09681 09745 <0.01 -0.83 04049 009131 <.01
Total Surface Area* 793 441 838 332 -0.94 0.3489 0.9609 <0.01 -0.05 09640 0.9697 <.01

All statistical models included group (conduct disorder vs. typically-developing), sex, age, total intracranial volume (except in the case of total surface area), and a group-by-
sex or group-by-age interaction term. Depicted statistics are for the respective interaction term. Effect sizes are indicated as squared semi-partial correlations. * indicates that
this outcome showed a significant group difference in the main analysis (conduct disorder vs. typically-developing) after False Discovery Rate correction (N = 27).
TD=typically-developing controls. CD= conduct disorder group. sr=squared semi-partial correlation coefficient.
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Table S15: Group-by-sex and group-by-age interactions in subcortical volume and total intracranial volume

Group*Sex interaction

Group*Age interaction

Region nTD nCD
p p FDR sr? t p pFDR  sr?
male female male female

Amygdala* 790 443 835 338 -043 06691 0.8760 <0.01 -225 0.0242 01776 <.01
Caudate 77 425 825 326 0.12 09036 0.9036 <0.01 046 0.6474 0.6482 <.01
Hippocampus* 803 445 842 338 -0.98 0.3252 0.8448 <0.01 -1.73 0.0835 02227 <.01
Nucleus Accumbens* 803 446 842 338 -0.63 05258 0.8448 <0.01 -0.63 0.5313 0.6482 <.01
Pallidum 801 440 841 333 0.30 0.7665 0.8760 <0.01 -1.09 0.2779 05557 <.01
Putamen 791 437 839 323 1.13 0.2589 0.8448 <0.01 -201 0.0444 01776 <.01
Thalamus* 794 434 821 335 -0.63 0528 0.8448 <0.01 -0.86 0.3921 0.6274 <.01
Total Intracranial Volume 807 446 846 339 -1.10 0.2728 0.8448 <0.01 0.46 0.6482 0.6482 <.01

All statistical models included group (conduct disorder vs. typically-developing), sex, age, total intracranial volume (except in the case of total intracranial volume as the
outcome), and a group-by-sex or group-by-age interaction term. Depicted statistics are for the respective interaction term. Effect sizes are indicated as squared semi-partial
correlations. * indicates that this outcome showed a significant group difference in the main analysis (conduct disorder vs. typically-developing) after False Discovery Rate
correction (N = 4). TD=typically-developing controls. CD=conduct disorder group. sr>=squared semi-partial correlation coefficient.
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Appendix 10 - Full results of the subgroup analyses: CD age-of-onset

Table S16: Age-of-onset subgroup effects on cortical thickness

N

F p p FDR
Region TD CO-CD AO-CD
Banks of the Superior Temporal Sulcus* 1227 454 279 5.18 0.0057 0.1001
Caudal Anterior Cingulate Cortex*2 1227 454 278 6.65 0.0013 0.0464
Caudal Middle Frontal Gyrus 1224 454 278 0.01 0.9945  0.9945
Cuneus Cortex 1210 451 277 0.91 0.4012 0.6660
Entorhinal Cortex 1199 448 276 3.64 0.0263 0.3073
Frontal Pole 1228 453 279 0.91 0.4033  0.6660
Fusiform Gyrus 1215 454 277 1.25 0.2874 0.5589
Inferior Parietal Cortex 1205 452 280 0.18 0.8332 0.8837
Inferior Temporal Gyrus 1198 436 279 0.27 0.7652 0.8482
Insula 1191 455 276 1.76 0.1722 0.4892
Isthmus-Cingulate Cortex 1234 457 280 1.60 0.2018 0.4892
Lateral Occipital Cortex 1210 453 279 0.09 0.9171 0.9441
Lateral Orbitofrontal Cortex 1230 457 280 2.42 0.0891 0.4457
Lingual Gyrus 1218 456 278 1.91 0.1490 0.4892
Medial Orbitofrontal Cortex 1222 453 279 1.58 0.2067 0.4892
Middle Temporal Gyrus 1208 445 279 0.63 0.5328  0.6660
Paracentral Lobule 1234 458 282 2.54 0.0790 0.4457
Parahippocampal Gyrus 1234 458 282 0.69 0.5019 0.6660
Pars Opercularis 1232 458 282 0.68 0.5058  0.6660
Pars Orbitalis 1232 457 282 0.74 0.4787  0.6660
Pars Triangularis 1230 458 281 3.05 0.0478 0.4179
Pericalcarine Cortex 1193 449 275 2.18 0.1131 0.4892
Postcentral Gyrus 1181 444 273 1.56 0.2097 0.4892
Posterior-Cingulate Cortex 1232 458 281 2.68 0.0691 0.4457
Precentral Gyrus 1200 449 274 1.40 0.2463 0.5070

Precuneus Cortex 1234 456 281 0.25 0.7755 0.8482



Rostral Anterior Cingulate Cortex 1231 455 277 1.49 0.2253 0.4929

Rostral Middle Frontal Gyrus 1224 449 276 0.74 0.4787 0.6660
Superior Frontal Gyrus 1217 457 280 0.64 0.5297 0.6660
Superior Parietal Cortex 1199 452 277 0.47 0.6273 0.7571
Superior Temporal Gyrus 1186 444 276 0.80 0.4474  0.6660
Supramarginal Gyrus 1192 447 275 1.59 0.2034 0.4892
Temporal Pole 1204 449 273 1.95 0.1422 0.4892
Transverse Temporal Cortex 1236 458 281 0.72 0.4862 0.6660
Mean Cortical Thickness 1234 456 282 0.39 0.6750 0.7875

All statistical models included group (typically-developing vs. childhood-onset conduct disorder vs. adolescent-onset conduct disorder), sex and age. The F statistic indicates
the overall group effect. Regions with a significant group effect post False Discovery Rate correction are indicated in bold. * indicates that this outcome showed a significant
group difference in the main analysis (conduct disorder vs. typically-developing) after False Discovery Rate correction (N = 2). 2The pairwise comparison for the only region
(caudal anterior cingulate cortex) with a significant subgroup effect on CT indicated that the childhood-onset group showed significantly higher thickness in this region
compared to both controls and the adolescent-onset group. After Bonferroni correction for multiple comparisons, only the difference to the controls remained significant.
TD=typically-developing controls. CO-CD=childhood-onset conduct disorder. AO-CD=adolescent-onset conduct disorder
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Table S17: Age-of-onset subgroup effects on surface area

N

pairwise comparisons

Region - cocD  AGCD F p p FDR pairwise comparisons Bonferroni adjusted
Banks of the Superior Temporal Sulcus* 1227 455 279 1.98 0.1377 0.1662

Caudal Anterior Cingulate Cortex* 1227 455 278 2.06 0.1280 0.1659

Caudal Middle Frontal Gyrus* 1225 453 279 3.42 0.0328 0.0592

Cuneus Cortex* 1209 449 277 257 0.0765 0.1162

Entorhinal Cortex* 1201 448 276 4.05 0.0176 0.0402 AO-CD<TD AO-CD<TD
Frontal Pole* 1228 455 279 10.95 <0.0001 0.0002 CO-CD & AO-CD<TD CO-CD & AO-CD<TD
Fusiform Gyrus* 1214 456 277 341 0.0331 0.0592

Inferior Parietal Cortex* 1208 453 280 1194 <0.0001 0.0002 CO-CD & AO-CD<TD CO-CD & AO-CD<TD
Inferior Temporal Gyrus* 1198 439 279 5.79 0.0031 0.0099 CO-CD & AO-CD<TD AO-CD<TD
Insula* 1191 456 276 5.37 0.0047 0.0138 AO-CD<TD & CO-CD AO-CD<TD
Isthmus-Cingulate Cortex* 1234 457 280 4.85 0.0079 0.0214 CO-CD & AO-CD<TD AO-CD<TD
Lateral Occipital Cortex* 1210 452 279 2.28 0.1023 0.1377

Lateral Orbitofrontal Cortex* 1230 458 280 6.22 0.0020 0.0071 CO-CD & AO-CD<TD CO-CD & AO-CD<TD
Lingual Gyrus* 1218 454 278 1.90 0.1505 0.1755

Medial Orbitofrontal Cortex 1221 454 279 0.87 0.4176 0.4567

Middle Temporal Gyrus* 1211 450 279 10.00 <0.0001 0.0004 CO-CD & AO-CD<TD CO-CD & AO-CD<TD
Paracentral Lobule 1233 458 282 112 0.3281 0.3705

Parahippocampal Gyrus* 1233 458 282 6.40 0.0017 0.0071 CO-CD<TD CO-CD<TD

Pars Opercularis 1233 458 282 241 0.0905 0.1267

Pars Orbitalis* 1233 457 282 3.92 0.0200  0.0411 AO-CD<TD AO-CD<TD

Pars Triangularis 1232 457 281 2.53 0.0797 0.1162

Pericalcarine Cortex 1194 448 275 0.43 0.6504 0.6899

Postcentral Gyrus* 1185 445 273 7.90 0.0004 0.0022 AO-CD<TD & CO-CD AO-CD<TD
Posterior-Cingulate Cortex* 1233 458 281 2.01 0.1336 0.1662

Precentral Gyrus* 1202 448 274 3.39 0.0339  0.0592

Precuneus Cortex* 1235 457 281 6.30 0.0019 0.0071 AO-CD<TD & CO-CD AO-CD<TD
Rostral Anterior Cingulate Cortex 1230 455 277 0.35 0.7030 0.7030
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Rostral Middle Frontal Gyrus*
Superior Frontal Gyrus*
Superior Parietal Cortex*
Superior Temporal Gyrus*
Supramarginal Gyrus*
Temporal Pole

Transverse Temporal Cortex

Total Surface Area*

1227
1219
1199
1189
1196
1205
1235
1234

451
456
451
445
449
450
458
457

276
280
277
276
275
273
281
282

2.73
6.72
3.04
7.93
4.01
0.39
451
11.35

0.0657
0.0012
0.0482
0.0004
0.0184
0.6743
0.0111
< 0.0001

0.1046
0.0062
0.0804
0.0022
0.0402
0.6941
0.0278
0.0002

CO-CD & AO-CD<TD

CO-CD & AO-CD<TD
CO-CD & AO-CD<TD

AO-CD<TD & CO-CD
CO-CD & AO-CD<TD

CO-CD & AO-CD<TD

AO-CD<TD

AO-CD<CO-CD & TD
CO-CD & AO-CD<TD

All statistical models included group (typically-developing vs. childhood-onset conduct disorder vs. adolescent-onset conduct disorder), sex, age, and total intracranial volume
(except in the case of total surface area). The F statistic indicates the overall group effect. Regions with a significant group effect post False Discovery Rate correction are
indicated in bold. * indicates that this outcome showed a significant group difference in the main analysis (conduct disorder vs. typically-developing) after False Discovery
Rate correction (N = 27). TD=typically-developing controls. CO-CD=childhood-onset conduct disorder. AO-CD=adolescent-onset conduct disorder.

Table S18: Age-of-onset subgroup effects on subcortical volumes and total intracranial volume

N

pairwise comparisons

Region - cocD Ao.CD F p FDR pairwise comparisons Bonferroni adjusted
Amygdala* 1233 457 278 4.70 0.0092  0.0368 AO-CD<TD AO-CD<TD
Caudate 1202 445 272 4.22 0.0148 0.0395 CO-CD<AO-CD & TD CO-CD < AO-CD
Hippocampus* 1248 455 282 6.06 0.0024  0.0190 AO-CD<CO-CD & TD AO-CD<TD
Nucleus Accumbens* 1249 457 282 3.68 0.0255 0.0510
Pallidum 1241 454 281 0.21 0.8089 0.8835
Putamen 1228 450 272 0.12 0.8835  0.8835
Thalamus* 1228 442 272 344 0.0323  0.0517
Total Intracranial Volume 1253 458 283 1.52 0.2199 0.2932

All statistical models included group (typically-developing vs. childhood-onset conduct disorder vs. adolescent-onset conduct disorder), sex, age, and total intracranial volume
(except in the case of total intracranial volume as the outcome). The F statistic indicates the overall group effect. Regions with a significant group effect post False Discovery
Rate correction are indicated in bold. * indicates that this outcome showed a significant group difference in the main analysis (conduct disorder vs. typically-developing) after
False Discovery Rate correction (N = 4). TD=typically-developing controls. CO-CD=childhood-onset conduct disorder. AO-CD=adolescent-onset conduct disorder.
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Figure S27-1: Mean plots depicting pairwise comparisons for regions with a significant age-of-onset

subgroup effect
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comparisons. CD=conduct disorder. TD=typically-developing.
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Figure S27-2: Mean plots depicting pairwise comparisons for regions with a significant age-of-onset

subgroup effect (continuation of Figure S26-1)
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Figure S27-3: Mean plots depicting pairwise comparisons for regions with a significant age-of-onset
subgroup effect

Entorhinal Cortex* Pars Orbitalis*
r p=.011 ! w0 f p=.008 '
410 = | ) = 3
. 400
< &
E E 760
E E
g 2
< 0 T
8 <3
o o=
€ €
5 E
@ 380 @
740
370
360
controls childhood-onset CD adolescent-onset CD controls childhood-onset CD adolescent-onset CD
(N=1201) (N = 448) (N = 276) (N =1233) (N = 457) (N =282)
Childhood-onset CD < TD
Parahippocampal Gyrus*
. | T — | -
720 p=.001
i ]:
£
= 700
£
@
]
=
=
@
680
controls childhood-onset CD adolescent-onset CD
(N=1233) (N = 458) (N =282)
Adolescent-onset CD < childhood-onset CD + TD
Postcentral Gyrus* Precuneus Cortex*
r p<.001 ! f p=.001 1
4,200
4,300 - T 1 § | = ra—
) p=.017t p p=.047%
=
E E
- £ 4100
= 4.200 @
2 =4
< <
s &
& e}
5 5
@ @
. 4,000
controls childhood-onset CD adolescent-onset CD controls childhood-onset CD adolescent-onset GD
(N =1185) (N = 445) (N = 273) (N = 1235) (N = 457) (N =281)

Error bars denote the standard error of the mean. Only regions with a significant F-test for the group effect post
False Discovery Rate corrections are depicted. Uncorrected p-values for the pairwise comparisons are shown, ¥
indicates that the p-value is no longer significant after applying a Bonferroni correction across the three
comparisons. CD=conduct disorder. TD=typically-developing.

62



Figure S27-4: Mean plots depicting pairwise comparisons for regions with a significant age-of-onset
subgroup effect (continuation of Figure S26-3)
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Appendix 11 - Full results of the subgroup analyses: Callous-unemotional traits

Table S19: Callous-unemotional traits subgroup effects on cortical thickness

N

F p p FDR
Region TD low-CU high-CU
Banks of the Superior Temporal Sulcus* 1227 268 363 3.96 0.0192 0.3360
Caudal Anterior Cingulate Cortex* 1227 269 364 6.33 0.0018 0.0639
Caudal Middle Frontal Gyrus 1224 266 364 0.70 0.4984 0.7291
Cuneus Cortex 1210 269 359 0.96 0.3819  0.7182
Entorhinal Cortex 1199 260 355 2.10 0.1232 0.5345
Frontal Pole 1228 270 362 0.29 0.7497 0.9032
Fusiform Gyrus 1215 266 363 112 0.3272 0.7182
Inferior Parietal Cortex 1205 270 362 1.23 0.2937 0.7182
Inferior Temporal Gyrus 1198 261 358 0.17 0.8451 0.9032
Insula 1191 266 353 0.13 0.8761  0.9032
Isthmus-Cingulate Cortex 1234 269 364 0.40 0.6714  0.9032
Lateral Occipital Cortex 1210 266 357 0.13 0.8774 0.9032
Lateral Orbitofrontal Cortex 1230 271 363 2.22 0.1093 0.5345
Lingual Gyrus 1218 272 365 0.26 0.7749 0.9032
Medial Orbitofrontal Cortex 1222 266 361 0.98 0.3740 0.7182
Middle Temporal Gyrus 1208 267 355 0.76 0.4677 0.7291
Paracentral Lobule 1234 271 367 1.67 0.1877  0.5474
Parahippocampal Gyrus 1234 272 367 1.92 0.1472 0.5345
Pars Opercularis 1232 272 367 0.69 0.5000 0.7291
Pars Orbitalis 1232 271 365 0.49 0.6131  0.8583
Pars Triangularis 1230 272 366 1.79 0.1680 0.5345
Pericalcarine Cortex 1193 266 354 0.71 0.4928 0.7291
Postcentral Gyrus 1181 262 353 1.96 0.1411 0.5345
Posterior-Cingulate Cortex 1232 272 364 111 0.3296 0.7182
Precentral Gyrus 1200 266 355 2.04 0.1303  0.5345
Precuneus Cortex 1234 270 365 0.25 0.7763 0.9032
Rostral Anterior Cingulate Cortex 1231 269 364 1.84 0.1585 0.5345
Rostral Middle Frontal Gyrus 1224 268 358 1.02 0.3618 0.7182
Superior Frontal Gyrus 1217 270 362 1.90 0.1504 0.5345
Superior Parietal Cortex 1199 267 356 0.25 0.7822 0.9032
Superior Temporal Gyrus 1186 257 353 0.80 0.4501 0.7291
Supramarginal Gyrus 1192 263 358 0.18 0.8333 0.9032
Temporal Pole 1204 261 351 212 0.1203  0.5345
Transverse Temporal Cortex 1236 271 367 0.00 0.9996 0.9996
Mean Cortical Thickness 1234 272 367 0.94 0.3899 0.7182

All statistical models included group (typically-developing vs. low-CU conduct disorder vs. high-CU conduct
disorder), sex and age. The F statistic indicates the overall group effect. * indicates that this outcome showed a
significant group difference in the main analysis (conduct disorder vs. typically-developing) after False
Discovery Rate correction (N = 2). TD=typically-developing controls. low-CU= conduct disorder youth with
scores on the Inventory of Callous-Unemotional traits below the normative cut-off. high-CU= conduct disorder
youth with scores on the Inventory of Callous-Unemational traits above the normative cut-off (cut-offs based on
Kemp et al.8).
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Table S20: Callous-unemaotional traits subgroup effects on surface area

N

pairwise comparisons

Region - low-CU_high-CU F p p FDR pairwise comparisons Bonferroni adjusted
Banks of the Superior Temporal Sulcus* 1227 268 363 8.79 0.0002 0.0008 low-CU & high-CU <TD low-CU & high-CU < TD
Caudal Anterior Cingulate Cortex* 1227 269 364 3.90 0.0205 0.0326 low-CU & high-CU < TD

Caudal Middle Frontal Gyrus* 1225 266 364 4.96 0.0071 0.0178 low-CU & high-CU < TD low-CU < TD
Cuneus Cortex* 1209 269 359 4.23 0.0147 0.0268 high-CU < TD high-CU < TD
Entorhinal Cortex* 1201 260 355 4.36 0.0129 0.0250 low-CU & high-CU < TD

Frontal Pole* 1228 270 362 7.93 0.0004 0.0016 low-CU & high-CU <TD low-CU & high-CU < TD
Fusiform Gyrus* 1214 266 363 7.64 0.0005 0.0019 high-CU < TD high-CU < TD
Inferior Parietal Cortex* 1208 270 362 14.05 <0.0001 <0.0001 low-CU & high-CU < TD low-CU & high-CU < TD
Inferior Temporal Gyrus* 1198 261 358 1090  <0.0001  0.0001 low-CU & high-CU < TD low-CU & high-CU < TD
Insula* 1191 266 353 4.59 0.0102  0.0215 high-CU < TD high-CU < TD
Isthmus-Cingulate Cortex* 1234 269 364 3.45 0.0318 0.0464 high-CU < TD

Lateral Occipital Cortex* 1210 266 357 418 0.0155  0.0268 high-CU < TD high-CU <TD
Lateral Orbitofrontal Cortex* 1230 271 363 5.48 0.0043 0.0116 low-CU & high-CU < TD low-CU <TD
Lingual Gyrus* 1218 272 365 5.75 0.0033 0.0104 high-CU < TD high-CU < TD
Medial Orbitofrontal Cortex 1221 266 361 1.52 0.2191 0.2474

Middle Temporal Gyrus* 1211 267 355 13.92 <0.0001 <0.0001 low-CU & high-CU < TD low-CU & high-CU < TD
Paracentral Lobule 1233 271 367 0.94 0.3913 0.4176

Parahippocampal Gyrus* 1233 272 367 7.20 0.0008 0.0027 high-CU < TD high-CU < TD

Pars Opercularis 1233 272 367 0.85 0.4271 0.4397

Pars Orbitalis* 1233 271 365 4.14 0.0161 0.0268 high-CU < TD high-CU < TD

Pars Triangularis 1232 272 366 2.49 0.0830 0.1037

Pericalcarine Cortex 1194 266 354 2.49 0.0829  0.1037

Postcentral Gyrus* 1185 262 353 4.58 0.0104 0.0215 low-CU < TD low-CU<TD
Posterior-Cingulate Cortex* 1233 272 364 2.73 0.0655 0.0917

Precentral Gyrus* 1202 266 355 3.79 0.0227  0.0346 low-CU<TD

Precuneus Cortex* 1235 270 365 4.57 0.0104 0.0215 high-CU < TD high-CU <TD
Rostral Anterior Cingulate Cortex 1230 269 364 251 0.0815 0.1037
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Rostral Middle Frontal Gyrus* 1227 268 358 5.47 0.0043 0.0116 high-CU < TD high-CU < TD

Superior Frontal Gyrus* 1219 270 362 1157 <0.0001 0.0001 high-CU < low-CU + TD high-CU < TD
Superior Parietal Cortex* 1199 267 356 2.32 0.0987 0.1176

Superior Temporal Gyrus* 1189 257 353 10.74  <0.0001 0.0001 high-CU <low-CU + TD high-CU < TD
Supramarginal Gyrus* 1196 263 358 2.30 0.1008  0.1176

Temporal Pole 1205 261 351 0.52 0.5921 0.5921

Transverse Temporal Cortex 1235 271 367 0.93 0.3937 0.4176

Total Surface Area* 1234 272 367 12.81  <0.0001 <0.0001 low-CU & high-CU < TD low-CU & high-CU < TD

All statistical models included group (typically-developing vs. low-CU conduct disorder vs. high-CU conduct disorder), sex, age, and total intracranial volume (except in the
case of total surface area). The F statistic indicates the overall group effect. Regions with a significant group effect post False Discovery Rate correction are indicated in bold.
* indicates that this outcome showed a significant group difference in the main analysis (conduct disorder vs. typically-developing) after False Discovery Rate correction (N =
27). TD=typically-developing controls. low-CU= conduct disorder youth with scores on the Inventory of Callous-Unemotional traits below the normative cut-off. high-
CU=conduct disorder youth with scores on the Inventory of Callous-Unemotional traits above the normative cut-off (cut-offs based on Kemp et al.8).

Table S21: Callous-unemotional traits subgroup effects on subcortical volumes and total intracranial volume

N F p p FDR pairwise comparisons pg(i)rnv;giigg:‘%?;i;g;
Region TD low-CU  high-CU
Amygdala* 1233 275 370 4.42 0.0122 0.0430 high-CU < TD high-CU < TD
Caudate 1202 268 357 1.11 0.3282 0.3750
Hippocampus* 1248 277 374 3.88 0.0207  0.0430 high-CU < TD high-CU < TD
Nucleus Accumbens* 1249 275 374 3.85 0.0215 0.0430 low-CU <TD
Pallidum 1241 272 371 0.18 0.8362 0.8362
Putamen 1228 269 362 1.80 0.1663  0.2218
Thalamus* 1228 268 359 4.22 0.0148 0.0430 low-CU < TD low-CU < TD
Total Intracranial Volume 1253 277 375 3.19 0.0412 0.0660

All statistical models included group (typically-developing vs. low-CU conduct disorder vs. high-CU conduct disorder), sex, age, and total intracranial volume (except in the
case of total surface area). The F statistic indicates the overall group effect. Regions with a significant group effect post False Discovery Rate correction are indicated in bold.
* indicates that this outcome showed a significant group difference in the main analysis (conduct disorder vs. typically-developing) after False Discovery Rate correction (N
= 4). TD=typically-developing controls. low-CU= conduct disorder youth with scores on the Inventory of Callous-Unemotional traits below the normative cut-off. high-
CU=conduct disorder youth with scores on the Inventory of Callous-Unemotional traits above the normative cut-off (cut-offs based on Kemp et al.8).
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Figure S28-1: Mean plots depicting pairwise comparisons for regions with a significant callous-
unemotional traits subgroup effect (using the Inventory of Callous-Unemotional traits normative cut-off

approach)
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Error bars denote the standard error of the mean. Only regions with a significant F-test for the group effect post
False Discovery Rate corrections are depicted. Uncorrected p-values for the pairwise comparisons are shown,
indicates that the p-value is no longer significant after applying a Bonferroni correction across the three
comparisons. CD=conduct disorder. TD=typically-developing. CU=callous-unemotional traits. CD Low-ICU =
Youths with CD below the normative cut-off on the Inventory of Callous-Unemotional traits. CD High-ICU =
Youths with CD on/above the normative cut-off on the Inventory of Callous-Unemotional traits.
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Figure S28-2: Mean plots depicting pairwise comparisons for regions with a significant callous-
unemotional traits subgroup effect (continuation of Figure S27-1)
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Error bars denote the standard error of the mean. Only regions with a significant F-test for the group effect post
False Discovery Rate corrections are depicted. Uncorrected p-values for the pairwise comparisons are shown,
indicates that the p-value is no longer significant after applying a Bonferroni correction across the three
comparisons. CD=conduct disorder. TD=typically-developing. CU=callous-unemotional traits. CD Low-ICU =
Youths with CD below the normative cut-off on the Inventory of Callous-Unemotional traits. CD High-ICU =
Youths with CD on/above the normative cut-off on the Inventory of Callous-Unemotional traits.
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Figure S28-3: Mean plots depicting pairwise comparisons for regions with a significant callous-
unemotional traits subgroup effect (continuation of Figure S27-2)
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False Discovery Rate corrections are depicted. Uncorrected p-values for the pairwise comparisons are shown,
indicates that the p-value is no longer significant after applying a Bonferroni correction across the three
comparisons. CD=conduct disorder. TD=typically-developing. CU=callous-unemotional traits. CD Low-ICU =
Youths with CD below the normative cut-off on the Inventory of Callous-Unemotional traits. CD High-ICU =
Youths with CD on/above the normative cut-off on the Inventory of Callous-Unemotional traits.
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Figure S28-4: Mean plots depicting pairwise comparisons for regions with a significant callous-
unemotional traits subgroup effect (continuation of Figure S27-3)
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indicates that the p-value is no longer significant after applying a Bonferroni correction across the three
comparisons. CD=conduct disorder. TD=typically-developing. CU=callous-unemotional traits. CD Low-ICU =
Youths with CD below the normative cut-off on the Inventory of Callous-Unemotional traits. CD High-ICU =
Youths with CD on/above the normative cut-off on the Inventory of Callous-Unemotional traits.
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Figure S28-5: Mean plots depicting pairwise comparisons for regions with a significant callous-
unemotional traits subgroup effect (continuation of Figure S27-4)
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comparisons. CD=conduct disorder. TD=typically-developing. CU=callous-unemotional traits. CD Low-ICU =
Youths with CD below the normative cut-off on the Inventory of Callous-Unemotional traits. CD High-ICU =
Youths with CD on/above the normative cut-off on the Inventory of Callous-Unemotional traits.
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Appendix 12 - Assessing the robustness of the findings

1. Leave-one-out analyses

Due to varying sample sizes across cohorts (ranging from 22 to 635 participants), there were concerns that individual samples might have been driving the pattern of our
findings. Therefore, to test the robustness of findings and to ensure that our findings were not unduly influenced by individual cohorts, we additionally performed leave-one-
out analyses whereby we iteratively repeated the main CD vs. TD comparisons excluding one sample (of fifteen) each time. Table S22 shows the findings for all outcomes that
differed significantly between youth with CD and TD participants in the main analysis. The table provides the ranges and means of the uncorrected p-values and Cohen’s d
values. The last two columns indicate whether the effect was observed across all leave-one-out analyses and if not, by which sample exclusion it was affected. We focus on
uncorrected p-values in these analyses given the smaller sample sizes in these comparisons.

In summary, 23 of the 33 significant group differences are replicated in each of the fifteen leave-one-out analyses, including both differences in cortical thickness, lower surface
area in 19 outcomes including total and inferior parietal surface, and lower volume in the amygdala and thalamus. In those cases where significant group differences were not
observed across all leave-one-out analyses, they were usually rendered non-significant when excluding one of the largest samples, particularly FemNAT-CD (accounting for
21.6% of the CD group) and Boys Town (accounting for 16.2% of the CD group), indicating that this might be due to a reduction in statistical power. Although the ABCD
sample contributed 24.1% of CD participants, the removal of this sample only rendered the smallest effect in surface area (i.e., lower posterior-cingulate cortex SA in the CD
group) non-significant. Overall, the results of the leave-one-out analyses provide further support for the main findings, indicating wide-spread structural brain alterations in
youth with CD, particularly in surface area.

Table S22: Results of the leave-one-out analyses for outcomes differed significantly between youth with conduct disorder and typically-developing participants

main analysis leave-one-out analyses
Region p p FDR d p mean p min p max d mean d min d max sigr;::‘i;:ﬁr;tyzggoss influential samples*
Cortical Thickness
Caudal Anterior Cingulate Cortex 0.0001  0.0034 0.16 0.0003  0.0000  0.0024 0.16 0.14 0.17 yes -
Banks of the Superior Temporal Sulcus ~ 0.0010 0.0178 -0.13 0.0025 0.0002 0.0144 -0.13 -0.17 -0.12 yes -
Surface Area
Inferior Parietal Cortex <0.0001 <0.0001 -0.26 <0.0001 <0.0001 <0.0001 -0.26 -0.27 -0.24 yes -
Total Surface Area <0.0001 <0.0001 -0.24 <0.0001 <0.0001 <0.0001 -0.24 -0.26 -0.23 yes -
Middle Temporal Gyrus <0.0001 <0.0001 -0.22 <0.0001 <0.0001 0.0001 -0.22 -0.26 -0.18 yes -
Frontal Pole <0.0001 <0.0001 -0.20 <0.0001 <0.0001  0.0001 -0.20 -0.21 -0.18 yes -
Inferior Temporal Gyrus <0.0001 <0.0001 -0.20 <0.0001 <0.0001  0.0005 -0.20 -0.23 -0.16 yes -

72



Superior Frontal Gyrus <0.0001 <0.0001 -0.19 0.0001  <0.0001  0.0004 -0.19 -0.20 -0.17 yes -

Superior Temporal Gyrus <0.0001  0.0002 -0.17 0.0001 <0.0001  0.0002 -0.17 -0.18 -0.16 yes -

Fusiform Gyrus 0.0001  0.0003 -0.17 0.0003  <0.0001  0.0027 -0.17 -0.19 -0.13 yes -

Postcentral Gyrus 0.0001 0.0004 -0.16 0.0004 <0.0001 0.0020 -0.16 -0.18 -0.14 yes -
Parahippocampal Gyrus 0.0001 0.0004 -0.16 0.0003  <0.0001  0.0016 -0.16 -0.18 -0.14 yes -

Precentral Gyrus 0.0002  0.0005 -0.16 0.0007  <0.0001  0.0062 -0.16 -0.18 -0.13 yes -

Lateral Orbitofrontal Cortex 0.0002 0.0005 -0.15 0.0010 0.0001 0.0107 -0.15 -0.18 -0.12 yes -

Precuneus Cortex 0.0003 0.0008 -0.15 0.0006 0.0002 0.0019 -0.15 -0.16 -0.13 yes -

Caudal Middle Frontal Gyrus 0.0007  0.0016 -0.14 0.0022  0.0003  0.0198 -0.14 -0.16 -0.10 yes -
Isthmus-Cingulate Cortex 0.0008 0.0020 -0.14 0.0020 0.0005 0.0107 -0.14 -0.14 -0.11 yes -

Insula 0.0011  0.0024 -0.13 0.0025  0.0008  0.0146 -0.13 -0.16 -0.11 yes -

Rostral Middle Frontal Gyrus 0.0011 0.0023 -0.13 0.0041 0.0003 0.0381 -0.13 -0.15 -0.09 yes -
Supramarginal Gyrus 0.0019 0.0037 -0.13 0.0034 0.0008 0.0133 -0.13 -0.15 -0.12 yes -

Banks of the Superior Temporal Sulcus ~ 0.0029 0.0053 -0.12 0.0075 0.0001 0.0351 -0.12 -0.18 -0.10 yes -

Entorhinal Cortex 0.0040 0.0067 -0.12 0.0192 0.0018 0.2235 -0.12 -0.13 -0.06 no FemNAT-CD
Caudal Anterior Cingulate Cortex 0.0039 0.0067 -0.12 0.0092 0.0017 0.0568 -0.12 -0.13 -0.09 no FemNAT-CD
Lateral Occipital Cortex 0.0053  0.0085 -0.12 0.0144  0.0007  0.1045 -0.12 -0.16 -0.07 no Boys Town

Pars Orbitalis 0.0071 0.0107 -0.11 0.0129 0.0023 0.0608 -0.11 -0.14 -0.09 no FemNAT-CD
Lingual Gyrus 0.0148 0.0216 -0.10 0.0302 0.0006 0.1636 -0.10 -0.16 -0.06 no Boys Town, CSU-Yao
Superior Parietal Cortex 0.0239  0.0335 -0.09 0.0348  0.0119  0.1148 -0.09 -0.11 -0.07 no CSU-Yao, FemNAT-CD
Cuneus Cortex 0.0254 0.0337 -0.09 0.0424 0.0030 0.1879 -0.09 -0.14 -0.06 no Boys Town, FemNAT-CD
Posterior-Cingulate Cortex 00260 00337  -0.09 00370 00126 00946  -0.09  -010  -0.08 no ABCD, Boys TOW”*C%SU‘Y""O' FemNAT-
Subcortical Volume

Thalamus 0.0009  0.0055 -0.14 0.0026  0.0004  0.0206 -0.14 -0.16 -0.10 yes -

Amygdala 0.0014 0.0055 -0.13 0.0037 0.0006 0.0241 -0.13 -0.15 -0.09 yes -
Hippocampus 0.0031 0.0082 -0.12 0.0105 0.0017 0.0982 -0.12 -0.14 -0.08 no FemNAT-CD
Nucleus Accumbens 0.0052  0.0103 -0.11 0.0124  0.0029  0.0772 -0.11 -0.13 -0.08 no Boys Town

23/33 effects robust across all analyses
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All statistical models included group, sex and age. A negative Cohen's d indicates conduct disorder < controls; a positive Cohen's d indicates conduct disorder > controls. The
depicted leave-one-out analyses show the resulting p-values and Cohen's ds after iteratively rerunning the analyses excluding one sample (out of 15) at a time. Due to the
smaller sample sizes in the leave-one-out analyses, the uncorrected p-values are considered and a group difference was considered robust across all leave-one-out analyses if
the group effect was significant prior to False Discovery Rate correction across all analyses. If the effect was not robust across all leave-one-out analyses, the column ‘influential
samples' indicates the samples whose exclusion rendered the group difference non-significant. Results for regions that did not show a significant group difference in the main
analyses are available on request.

2. Applying a more stringent multiple comparison correction

When we applied the multiple comparison correction (False Discovery Rate approach) across all outcomes (N=78; rather than per metric as done in the main analyses) for the
main CD vs. TD comparison, most previously significant findings remained significant. Differences in results included that an additional region showed significantly lower
thickness in youth with CD versus TD youth when correcting across all metrics at once (temporal pole, Cohen’s d = -0.10) and three regions no longer showed significantly
lower surface area (cuneus cortex, posterior cingulate cortex, superior parietal cortex). Notably, the latter counted amongst the smallest effects in surface area (all Cohen’s d =
-0.09).

3. Excluding participants over the age of 18 years old
In line with previous CD and ENIGMA studies,® a lack of (neuro)biological justification for a cut-off of adolescence at age 18,*° and as CD can still be diagnosed over the

age of 18 (if they do not meet the criteria for Antisocial Personality Disorder),” we included participants up to age 21 years in the current study (albeit the mean cohort age had
to be <18 years to be included). This resulted in the inclusion of 25 youths (14 CD, 11 TD) between 19 and 21 years from 5 different cohorts (BESD, Boys Town, Cambridge
Female, Cambridge Male, and CDKid). Re-running the main analysis without these 25 participants, resulted in largely unchanged findings (i.e., the same outcomes differed
significantly between youth with CD and TD participants before and after multiple comparison correction). Detailed results for these analyses are available on request.

4. Robust statistics

To further assess the robustness of findings, across all (main, sensitivity, and subgroup) analyses, we additionally assessed whether:
e bootstrapped 95% Cls around the group estimate (1000 resamples) included 0.
e heteroscedasticity-consistent standard errors (HC3) and p-values based on those resulted in the same conclusions.

Overall, conclusions based on analyses that were more robust to violations of normality and heteroscedasticity provided support for the main findings and interpretations.
Differences were rare and minor and did not change the overall pattern of findings. Detailed tables for these findings are available on request.

In brief, for the analyses comparing youth with CD to TD youth and relevant sensitivity analyses (e.g., those adjusting for comorbidities), consideration of robust statistics
produced highly overlapping results and resulted in the same conclusions. The main - albeit minor - deviation was observed in the age-of-onset analyses. In the original analyses,
within the 17 surface area outcomes that showed a significant group effect (childhood-onset vs. adolescent-onset vs. TD), 31 pairwise comparisons were significant prior to
applying a Bonferroni correction (23 post-correction). For two of these (i.e., the comparisons between the childhood-onset and the adolescent-onset CD subgroups in the insula
and precuneus) the bootstrapped 95% CI included 0 indicating that these differences were less robust. However, these findings do not go against the overall observed pattern
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or conclusion. At the most, they further weaken the support for brain structure differences between youth with childhood-onset and adolescent-onset CD as they reduce the
number of regions showing subgroup differences across all three metrics from seven to five. Additionally, in the analyses exploring group-by-age interactions, one participant
showed high leverage values (>0.35) for many cortical thickness outcomes. Removal of this participant did not impact the significance of findings.
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Appendix 13 - Conduct problems analyses

Background

Several previous studies have not investigated youth with a CD diagnosis but instead those with elevated conduct
problems (CP), which are measured via questionnaires rather than diagnostic interviews. Similar to research on
youth with CD, these studies have reported brain (structural alterations) in this population.®5* It is likely that the
elevated CP group is a combination of youth with subthreshold symptoms of CD and those with undiagnosed CD.
Given this heterogeneity and previous findings of brain alterations in this closely CD-related phenotype, we
therefore aimed to assess whether in a large sample of youth with questionnaire-assessed CPs but without
(ascertained) CD diagnosis, we would be able to replicate previous findings in CP samples and to assess whether
alterations observed in youth with CD would generalise to this more heterogeneous population. In this context,
additional analyses comparing cortical and subcortical brain structure in this group with a low CP control group
were performed. We predicted that compared to controls, those with elevated CP would display similar, albeit less
pronounced, structural alterations than youth with CD, given that this is a more heterogeneous group comprising
subthreshold and undiagnosed CD cases.

Methods

The CP analyses included data from 11 international cohorts, comprising 1,198 youth with elevated CP (491 girls)
and 1,177 control youth (521 girls), aged 6 - 18 years (see Table S23 for characteristics of the individual cohorts).
Importantly, six cohorts contributed participants to both the CD and CP analyses (ABCD, cVEDA, FemNAT-CD,
IMAGEN, MATRICS/Aggressotype, and Yale). However, the CD and CP groups did not have any overlapping
participants (see information on grouping approach). Overlap was allowed for the respective control groups.

Grouping approach

The elevated CP group included participants who scored above established cut-offs on the CP subscales of
validated questionnaires but who had either not undergone a formal diagnostic assessment or did not fulfil
diagnostic criteria for CD. Participants with a current diagnosis of CD were excluded to ensure that those with a
known diagnosis would not be driving any of the differences that we might observe in the CP versus control
comparison. However, youth with a past diagnosis of CD or a different current or past disruptive behaviour
disorders (e.g., ODD) were included in the CP group if they scored above the relevant cut-offs on dimensional
measures of CP.

For all but one sample (UCL-T1/2), group allocation was based on the DSM-oriented conduct problems subscale
of the Child Behavior Checklist (CBCL).% or the conduct problems subscale of the Strengths and Difficulties
Questionnaire (SDQ).5® When both measures were available, we used the CBCL as it is a more extensive measure
that captures a broader range of symptoms (17 items assessing conduct problems in the CBCL versus five items
on the SDQ). In the case of the CBCL, those above the borderline clinical cut-off were included in the CP group
(T-score > 65). For the SDQ, we allocated participants to the elevated CP group if they fell into the ‘high’ category
based on the four-band categorisation system (https://www.sdqinfo.org/) reflected in a score of > 4 on the parent
or teacher report version or a score of > 5 on the self-report version. For one sample (UCL-T1/T2), group
allocation was based on the CD scale of the Child and Adolescent Symptom Inventory (CASI-4R),? in line with
the original CP studies based on this sample. Youth were included in the elevated CP group if they were above
established cut-offs on the CASI-4R for either the parent- or teacher-report version (parent report = 4+ [ages 10—
12] and 3+ [ages 12-16] or teacher report = 3+ [ages 10-12], 4+ [ages 12-14], and 6+ [ages 15-16]).

Information on sample specific neuroimaging methods and conduct problems measures as well as inclusion
flowcharts can be found in Appendix 2 and Table S2.

Conduct problems analysis

The analyses followed the same approach as the main CD vs. TD analyses. In brief, individual participant data
from all sites were pooled in one analysis. Site effects were adjusted using ComBat prior to statistical analysis.
Group differences (CP vs. control) on cortical thickness, surface area, and subcortical volumes (hemisphere
means) were examined using general linear models with each global and regional brain measure handled as a
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separate outcome. Group was the predictor of interest, and all analyses were adjusted for sex and age (in years).
Total intracranial volume was corrected for in regional SA and subcortical volume analyses. An FDR correction
with g=0.05 was applied separately to cortical thickness, surface area, and subcortical outcomes. Cohen’s d was

calculated for all group effects based on the t-values from the general linear models.

Table S23: Characteristics of the Conduct Problems Cohorts

Controls Elevated Conduct Problems

Sample TotalN —n FM Me:ng((aSD) MeaInQ(SD) n F:M Me:\;]g?so) Mealr? (SD)
ABCD# 826 413 195:218 9.48 (0.50) 95.99 (15.41) 413 188:225 9.48 (0.50)  95.38 (15.44)
CVEDA® 402 208 61:147 13.25 (2.69) 194 55:139 13.26 (2.32)

FemNAT-CD?* 28 14 7:7 13.71 (2.70) 107.36 (13.61) 14 7.7 13.5(2.68) 102.31 (12.76)
Georgetown 85 40 20:20 13.1(2.30) 110.75(13.96) 45 16:29 13.98 (2.33) 97.76 (10.86)
IMAGEN?®® 683 341 167:174 13.94 (0.48) 342 169:173 13.96 (0.47)

KIND Lab girls study 41 30 30:0 9.53(1.20)  96.5(9.87) 11 11:0 10.18 (1.17)  95.91 (8.24)
MATRICS/Aggressotype®® 66 33 2:31 12.7(2.62) 102.95(11.62) 33 3:30 12.97 (2.65) 98.92 (10.77)
MTwWiNS*® 26 13 8:5 1354 (2.22) 109 (1.41) 13 8:5 13.54 (2.22) 99.33 (10.60)
SANDP 24 12 10:2 15.42 (0.51) 12 10:2 15.42 (0.51)

UCL-TL/T2 81 22 0:22 13.91 (1.60)  95.5(9.74) 59 0:59 14.15 (1.36)  96.54 (11.77)
Yale? 113 51 21:30 11.88 (1.87) 110.9(13.35) 62 24:38 10.85 (1.94) 107.6 (14.37)
Total (11 samples) 2375 1177  521:656  12.00 (2.49) 98.94 (15.50) 1198  491:707  12.10(2.45) 97.2 (14.77)

The reported values reflect n or mean (+ standard deviation). Information on sex and age were available for all
participants, whereas 1Q was not available for all samples or all participants within a sample. @ Multi-site/-scanner
sample.  Control group matched on age and sex (and IQ, if available) using propensity score matching.
F:M=female:male participant sex ratio. IQ=intelligence quotient.

Results

In summary, compared to the control group, the elevated CP group showed significantly lower total intracranial
volume and lower surface area in the superior temporal gyrus. We also observed greater surface area in the banks
of the superior temporal sulcus region in the elevated CP group, but this effect seemed to be driven by technical
issues with the ComBat adjustment for this specific region (see below). Additional differences corresponding to
those observed in youth with CD were identified prior to multiple comparisons correction, including lower total
and insular SA and lower amygdala volume. Please see Tables S24-26 below for the full results.

ComBat Issues with the banks of the superior temporal sulcus region

We observed that the ComBat algorithm we applied prior to performing the statistical analyses had a
disproportionate impact on the thickness and surface area of the left banks of superior temporal sulcus. We
therefore reran the conduct problems analyses in three ways 1) using data without ComBat adjustment and no site
correction, 2) using data without ComBat adjustment and including site/batch as linear covariate, and 3) rerunning
ComBat after excluding batches with fewer than 10 participants based on concerns surrounding the reliability of
ComBat when small batches are included.*® The latter resulted in the removal of 48 participants (24 with elevated
CP).

In the initial analyses, the elevated CP group showed lower surface area in the banks of the superior temporal
sulcus compared to the control group. However, using all three alternative approaches, the banks of the superior
temporal sulcus no longer differed between groups with indications of a non-significant effect in the opposite
direction. A similar pattern was observed for banks of the superior temporal sulcus thickness: The elevated CP
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group showed (non-significantly) greater thickness in this region in the initial analyses compared to the control
group, but significantly lower thickness prior to FDR correction across the three alternative approaches,
Importantly, conclusions for the other cortical or subcortical outcomes were not affected by this issue (nor were
the main CD analyses). However, group differences between the CP and control group in total intracranial volume
no longer survived correction for multiple comparisons when removing small batches albeit the effect sizes were
highly similar (all batches included: Cohen’s d = -0.11, pFDR = 0.044; after removal of small batches: Cohen’s d
=-0.11, pFDR = 0.054).

Discussion

In contrast to the widespread alterations observed in youth with CD, those with elevated CP displayed few
differences compared to controls, limited to lower total intracranial volume and surface area in the superior
temporal gyrus. Notably, some alterations, observed prior to multiple comparison correction, overlapped with
those found in youth with CD (e.g., lower total surface area). In this study, the CP group consisted of diverse
samples, including studies that specifically recruited youth high in CP, participants from population-based
samples with high CP, and controls from case-control cohorts that do not have a formal diagnosis but have elevated
CP. As not all of the studies from which these participants were derived included diagnostic assessments, the CP
group included both subclinical cases as well as those that might qualify for a diagnosis if they were assessed for
CD. This sample heterogeneity might have contributed to the more limited findings. Overall, the heterogenous
group of youth with elevated CP did not show the same widespread cortical and subcortical alterations that were
observed in a more homogenous group of youth diagnosed with CD, underscoring the importance of specific
group inclusion criteria depending on the focus of the study. It is also notable that the youth diagnosed with CD
are likely to have more severe antisocial behavior/more symptoms than the elevated CP subgroup. It has been
shown consistently that severity of CD matters in terms of the associated brain alterations.5”%

In the subgroup analyses (Figure 2 in the main manuscript), we found that youth with CD and high callous-
unemotional traits showed the largest number of regions that differed significantly from TD participants (albeit
those without callous-unemotional traits also showed many case-control differences). Taken together these
findings might indicate a gradient of severity in brain structural alterations, with the greatest level of alterations
found in youth with a diagnosis of CD and high callous-unemational traits, followed by youth with CD without
callous-unemotional traits and the fewest alterations observed in a group of youth defined by elevated conduct
problems.
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Table S24: Differences in cortical thickness between youth with elevated conduct problems and controls

control group elevated CP group
t p p FDR Cohen's d 95% CI

Region n M SD n M SD

Banks of the Superior Temporal Sulcus* 1173 2.81 0.22 1186 2.82 0.22 1.34 0.1815 0.4716 0.06 -0.03, 0.14
Z’;?e'fr‘;fnfzsij“(f’fesr;?;rs;zg;z)' Suleus 1149 21 0.14 1162 2.80 0.14 -1.97 0.0493 0.3920 -0.08 -0.16,0.00
Caudal Anterior Cingulate Cortex* 1171 2.85 0.20 1190 2.84 0.20 -1.31 0.1894 0.4716 -0.05 -0.13, 0.03
Caudal Middle Frontal Gyrus 1169 2.78 0.13 1179 2.78 0.13 -1.00 0.3188 0.5872 -0.04 -0.12, 0.04
Cuneus Cortex 1164 2.05 0.13 1181 2.05 0.13 -0.60 0.5512 0.7313 -0.02 -0.11, 0.06
Entorhinal Cortex 1157 3.47 0.30 1168 3.45 0.30 -1.55 0.1216 0.4716 -0.06 -0.15, 0.02
Frontal Pole 1172 3.08 0.24 1191 3.08 0.25 -0.66 0.5086 0.7121 -0.03 -0.11, 0.05
Fusiform Gyrus 1169 2.93 0.12 1182 2.93 0.12 -1.20 0.2313 0.4978 -0.05 -0.13,0.03
Inferior Parietal Cortex 1155 2.73 0.12 1170 2.72 0.12 -0.69 0.4917 0.7121 -0.03 -0.11, 0.05
Inferior Temporal Gyrus 1168 3.01 0.14 1183 3.01 0.14 -0.57 0.5704 0.7313 -0.02 -0.10, 0.06
Insula 1137 3.27 0.13 1149 3.26 0.13 -1.47 0.1419 0.4716 -0.06 -0.14, 0.02
Isthmus-Cingulate Cortex 1172 2.66 0.16 1188 2.66 0.17 0.54 0.5921 0.7313 0.02 -0.06, 0.10
Lateral Occipital Cortex 1167 2.36 0.12 1181 2.35 0.12 -0.46 0.6422 0.7313 -0.02 -0.1,0.06
Lateral Orbitofrontal Cortex 1173 291 0.14 1190 2.90 0.13 -1.98 0.0483 0.3379 -0.08 -0.16, 0.00
Lingual Gyrus 1172 2.22 0.11 1191 2.22 0.11 -0.73 0.4651 0.7078 -0.03 -0.11, 0.05
Medial Orbitofrontal Cortex 1162 2.70 0.14 1183 2.70 0.14 -0.85 0.3956 0.6576 -0.04 -0.12, 0.05
Middle Temporal Gyrus 1163 3.14 0.14 1184 3.13 0.14 -1.28 0.2021 0.4716 -0.05 -0.13, 0.03
Paracentral Lobule 1173 2.67 0.14 1191 2.66 0.14 -2.27 0.0231 0.3348 -0.09 -0.17,-0.01
Parahippocampal Gyrus 1173 2.95 0.22 1192 2.95 0.22 -0.15 0.8818 0.9077 -0.01 -0.09, 0.07
Pars Opercularis 1173 2.87 0.13 1190 2.87 0.13 -0.37 0.7130 0.7798 -0.02 -0.10, 0.07
Pars Orbitalis 1173 3.03 0.17 1191 3.02 0.17 -0.82 0.4134 0.6576 -0.03 -0.11, 0.05
Pars Triangularis 1172 2.76 0.13 1192 2.75 0.13 -1.62 0.1044 0.4716 -0.07 -0.15, 0.01
Pericalcarine Cortex 1162 1.73 0.13 1173 1.73 0.13 0.46 0.6477 0.7313 0.02 -0.06, 0.10
Postcentral Gyrus 1141 2.24 0.12 1161 2.23 0.12 -2.01 0.0441 0.3379 -0.08 -0.17,0.00
Posterior-Cingulate Cortex 1173 2.76 0.13 1192 2.75 0.13 -2.19 0.0287 0.3348 -0.09 -0.17,-0.01
Precentral Gyrus 1153 2.73 0.12 1175 2.72 0.12 -3.06 0.0023 0.0796 -0.13 -0.21, -0.05

Precuneus Cortex 1170 2.66 0.12 1185 2.65 0.12 -1.36 0.1745 0.4716 -0.06 -0.14, 0.02



Rostral Anterior Cingulate Cortex 1167 3.10 0.18 1186 3.10 0.18 -1.03 0.3027 0.5872 -0.04 -0.12,0.04

Rostral Middle Frontal Gyrus 1169 2.62 0.13 1184 2.61 0.13 -1.30 0.1940 0.4716 -0.05 -0.13, 0.03
Superior Frontal Gyrus 1169 3.04 0.14 1181 3.03 0.14 -1.17 0.2418 0.4978 -0.05 -0.13, 0.03
Superior Parietal Cortex 1156 241 0.12 1176 2.40 0.12 -1.41 0.1577 0.4716 -0.06 -0.14, 0.02
Superior Temporal Gyrus 1162 3.07 0.14 1181 3.07 0.14 -0.20 0.8378 0.8886 -0.01 -0.09, 0.07
Supramarginal Gyrus 1151 2.81 0.13 1155 2.81 0.13 -0.95 0.3436 0.6013 -0.04 -0.12, 0.04
Temporal Pole 1154 3.73 0.28 1163 3.73 0.28 0.10 0.9237 0.9237 0.00 -0.08, 0.09
Transverse Temporal Cortex 1173 2.68 0.18 1192 2.68 0.18 -0.51 0.6128 0.7313 -0.02 -0.10, 0.06
Mean Cortical Thickness 1172 2.72 0.09 1188 2.71 0.09 -1.83 0.0674 0.3934 -0.08 -0.16, 0.01

All statistical models included group, sex and age. A negative Cohen's d indicates elevated conduct problems group < controls; a positive Cohen's d indicates elevated
conduct problems group> controls. Means are adjusted for covariates. * indicates that this outcome showed a significant group difference in the main analysis (conduct
disorder vs. typically-developing) after False Discovery Rate correction (N = 2). CP=conduct problems.

Table S25: Differences in surface area between youth with elevated conduct problems and controls

control group elevated CP group
t p p FDR Cohen's d 95% CI

Region n M SD n M SD

Banks of the Superior Temporal Sulcus* 1173 1056.47  185.85 1187 1087.11  187.62 4.01 0.0001 0.0022 0.17 0.08, 0.25
Banks of the Superior Temporal Sulcus 1149 1058.85  113.94 1163 1054.55 115.04 -0.91 0.3640 0.8477 -0.04 -0.12, 0.04
(after removal of small batches)

Caudal Anterior Cingulate Cortex* 1170 730.57 98.27 1189 725.93 99.19 -1.15 0.2514 0.5999 -0.05 -0.13,0.03
Caudal Middle Frontal Gyrus* 1170 2382.32  287.63 1185 2353.07  290.36 -2.47 0.0136 0.1186 -0.10 -0.18, -0.02
Cuneus Cortex* 1166 1564.52  161.26 1181 1560.94  162.80 -0.54 0.5900 0.8260 -0.02 -0.10, 0.06
Entorhinal Cortex* 1156 389.59 65.51 1169 391.25 66.07 0.61 0.5404 0.8260 0.03 -0.06, 0.11
Frontal Pole* 1172 264.52 28.11 1192 264.41 28.37 -0.10 0.9210 0.9481 0.00 -0.08, 0.08
Fusiform Gyrus* 1169 3305.84  258.81 1186 3289.07 261.17 -1.57 0.1156 0.5059 -0.06 -0.15, 0.02
Inferior Parietal Cortex* 1156 5397.98 517.64 1176 5366.00 522.46 -1.49 0.1355 0.5270 -0.06 -0.14, 0.02
Inferior Temporal Gyrus* 1166 3393.61  321.56 1184 339856 32451 0.37 0.7083 0.8549 0.02 -0.07,0.10
Insula* 1136 2249.94  168.18 1149 2233.80  169.67 -2.30 0.0218 0.1528 -0.10 -0.18,-0.01
Isthmus-Cingulate Cortex* 1170 101050 114.98 1187 1015.95  115.99 1.15 0.2492 0.5999 0.05 -0.03,0.13

Lateral Occipital Cortex* 1167 5006.25  442.19 1179 499852  446.30 -0.42 0.6716 0.8549 -0.02 -0.10, 0.06



Lateral Orbitofrontal Cortex* 1171 2714.04  214.03 1189 271517  215.97 0.13 0.8977 0.9481 0.01 -0.08, 0.09

Lingual Gyrus* 1171 321477  328.31 1192 3216.91  331.27 0.16 0.8741 0.9481 0.01 -0.07, 0.09
Medial Orbitofrontal Cortex 1159 1853.30  150.87 1183 1849.94  152.23 -0.54 0.5893 0.8260 -0.02 -0.10, 0.06
Middle Temporal Gyrus* 1164 3478.64  303.07 1187 3457.34  305.93 -1.71 0.0881 0.4407 -0.07 -0.15, 0.01
Paracentral Lobule 1170 1479.84  140.65 1192 1477.62  141.94 -0.38 0.7014 0.8549 -0.02 -0.10, 0.06
Parahippocampal Gyrus* 1174 703.96 68.68 1191 701.62 69.31 -0.83 0.4063 0.8260 -0.03 -0.11, 0.05
Pars Opercularis 1171 1609.44  187.82 1193 1605.95  189.56 -0.45 0.6510 0.8549 -0.02 -0.10, 0.06
Pars Orbitalis* 1173 756.68 68.23 1192 754.74 68.85 -0.69 0.4888 0.8260 -0.03 -0.11, 0.05
Pars Triangularis 1173 1513.11  175.19 1192 1504.96  176.81 -1.13 0.2571 0.5999 -0.05 -0.13, 0.03
Pericalcarine Cortex 1162 1507.17  206.16 1175 1504.57  208.05 -0.30 0.7606 0.8873 -0.01 -0.09, 0.07
Postcentral Gyrus* 1143 4239.48  325.90 1162 4221.85  329.21 -1.30 0.1940 0.5999 -0.05 -0.14, 0.03
Posterior-Cingulate Cortex* 1173 1264.27  121.95 1194 1258.11  123.08 -1.23 0.2187 0.5999 -0.05 -0.13, 0.03
Precentral Gyrus* 1155 492590 347.31 1179 4908.88  350.61 -1.18 0.2362 0.5999 -0.05 -0.13,0.03
Precuneus Cortex* 1170 410045  348.13 1187 4108.51  351.33 0.56 0.5738 0.8260 0.02 -0.06, 0.10
Rostral Anterior Cingulate Cortex 1168 763.16 97.94 1186 760.38 98.83 -0.69 0.4909 0.8260 -0.03 -0.11, 0.05
Rostral Middle Frontal Gyrus* 1169 6233.62  534.99 1188 6232.33  539.68 -0.06 0.9530 0.9530 0.00 -0.08, 0.08
Superior Frontal Gyrus* 1168 7488.99  532.86 1181 7450.15 53791 -1.77 0.0772 0.4407 -0.07 -0.15, 0.01
Superior Parietal Cortex* 1157 5676.20  463.37 1173 5693.57  467.77 091 0.3651 0.7987 0.04 -0.04,0.12
Superior Temporal Gyrus* 1162 3914.48  283.91 1180 3875.38  286.35 -3.34 0.0009 0.0150 -0.14 -0.22, -0.06
Supramarginal Gyrus* 1149 4041.71  401.25 1157 4030.15  404.75 -0.69 0.4887 0.8260 -0.03 -0.11, 0.05
Temporal Pole 1155 450.93 42.93 1164 451.36 43.32 0.24 0.8095 0.9140 0.01 -0.07,0.09
Transverse Temporal Cortex 1173 407.82 45.75 1194 406.73 46.17 -0.58 0.5618 0.8260 -0.02 -0.10, 0.06
Total Surface Area™ 1172 88899.58 7174.60 1192  88067.93 7208.86 -2.83 0.0048 0.0556 -0.12 -0.20,-0.04

All statistical models included group, sex, age, and total intracranial volume (except in the case of total surface area). A negative Cohen's d indicates elevated conduct
problems group < controls; a positive Cohen's d indicates elevated conduct problems group> controls. Regions with a significant group difference post False Discovery Rate
correction are indicated in bold. Means are adjusted for covariates. * indicates that this outcome showed a significant group difference in the main analysis (conduct disorder
vs. typically-developing) after False Discovery Rate correction (N = 27), but please note that the effect in the banks of the superior temporal sulcus was in the opposite
direction to the one reported here. CP=conduct problems.
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Table S26: Differences in subcortical volume and total intracranial volumes between youth with elevated conduct problems and controls

control group

elevated CP group

t p p FDR Cohen's d 95% CI

Region n M SD n M SD

Amygdala* 1155 1674.48 153.68 1181 1660.68 155.02 -2.17 0.0300 0.1200 -0.09 -0.17,-0.01
Caudate 1149 3967.99 399.63 1159 3978.93 403.34 0.66 0.5105 0.8096 0.03 -0.05, 0.11
Hippocampus* 1163 4125.39 294.73 1183 4107.29 297.58 -1.49 0.1367 0.3645 -0.06 -0.14, 0.02
Nucleus Accumbens* 1171 645.94 81.35 1193 642.22 82.15 -1.11 0.2657 0.5315 -0.05 -0.13,0.03
Pallidum 1170 1781.01 162.84 1192 1782.56 164.39 0.23 0.8159 0.8159 0.01 -0.07,0.09
Putamen 1159 5815.55 522.25 1180 5826.64 527.23 0.51 0.6072 0.8096 0.02 -0.06, 0.10
Thalamus* 1167 7456.59 470.84 1189 7462.73 475.29 0.32 0.7515 0.8159 0.01 -0.07, 0.09
Total Intracranial Volume 1177 1489551.81 119185.32 1198 1476014.01 119769.06 -2.78 0.0056 0.0445 -0.11 -0.19, -0.03

All statistical models included group, sex, age, and total intracranial volume (except for when total intracranial volume was the outcome). A negative Cohen's d indicates

elevated conduct problems group < controls; a positive Cohen's d indicates elevated conduct problems group> controls. Regions with a significant group difference post False

Discovery Rate correction are indicated in bold. Means are adjusted for covariates. * indicates that this outcome showed a significant group difference in the main analysis

(conduct disorder vs. typically-developing) after False Discovery Rate correction (N = 4). CP=conduct problems.
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