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Abstract

Background.—Neurobiological differences linked to socioemotional and cognitive processing
are well-documented in youth with disruptive behavior disorders (DBDs), especially youth with
callous-unemotional (CU) traits. The current study expanded this literature by examining gray
matter volume (GMV) differences among DBD youth with CU traits (DBDCU+), without CU
traits (DBD-only), and typically developing (TD) youth.
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Methods.—Data were from the first full sample release of the Adolescent Brain and Cognitive
Development Study (M, age=9.49; 49% female). We tested whether GMVs of 11 regions of
interest selected a priori (differentiated between our three groups: DBDCU+ (/7=288), DBD-only
(m7=362), and TD (/7=915). Models accounted for demographic confounders, ADHD, and
intracranial volume. We examined two potential moderators of the relationship between GMVs
and group membership: sex and clinically-significant anxiety (i.e., primary vs. secondary CU traits
subtype).

Results.—DBDCU+ youth had lower right amygdala GMV and DBD-only youth had lower
bilateral amygdala GMV relative to TD youth. DBDCU+ youth had lower bilateral hippocampal
GMYV and DBD-only youth had lower left hippocampal GMV relative to TD youth. DBDCU+
youth evidenced lower left insula GMV relative to TD youth. Finally, DBD-only youth had lower
left superior frontal gyrus and lower right caudal anterior cingulate cortex GMV relative to TD
youth. There was no moderation of associations between GMV and group membership by sex.

Conclusions.—Our findings implicate structural aberrations in both the amygdala and
hippocampus in the etiology of DBDs, with minimal evidence for differences based on the
presence or absence of CU traits.

Keywords

ABCD; amygdala; antisocial behavior; callous-unemotional traits; gray matter volume;
hippocampus

Introduction

Childhood disruptive behavior disorder (DBD) problems, including aggression,
rulebreaking, and violence cast a long shadow, predicting risk for persistent antisocial
behavior, substance abuse, depression, and crime across the lifespan (1, 2). Clinically-
significant DBDs are diagnosed as oppositional defiant disorder (ODD; irritability, anger,
and defiant behavior) and conduct disorder (CD; behavior that violates the rights of others or
age-appropriate norms or rules) (3). Prevalence estimates for CD and ODD range from 3%
to 12% (4), making them common, with boys more likely to be affected than girls (5, 6). The
financial implications of DBDs are significant, particularly in relation to greater use of
educational, health, and psychosocial services (1), as well as the impact on crime (7).
Furthermore, even best-practice psychosocial interventions bring about only modest
reductions in DBDs (8). Thus, DBDs constitute a major public health concern owing to their
prevalence, poor prognosis, and associated costs.

The presence of callous-unemotional (CU) traits appears to identify a qualitatively distinct
subgroup of children with DBDs, who may require personalized treatment strategies (9). CU
traits refer to low empathy and guilt, reduced emotional sensitivity to others, and apathy
towards rules and school (10). Across development and beginning as young as age 3, CU
traits predict severe and stable DBD symptoms (10, 11). Moreover, children with DBDs and
high CU traits (DBDCU+) appear to show distinct etiological risk factors relative to children
with DBD symptoms only (DBD-only) (10, 12). A promising avenue of research has
explored neurobiological differences in brain regions linked to the socioemotional and
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cognitive processes that are impaired among children with DBDs and CU traits. This
research is founded on several prominent neurobiological models, including the Violence
Inhibition Mechanism model, which proposes that psychopathy (and, by extension, CU
traits) arises from disruption to the learning systems involved in pairing emotionally aversive
stimuli (e.g., distress of others) with outcomes (13-16). Empirical studies have thus
examined the functioning of amygdala, which is implicated in emotion processing and fear
conditioning (17), the insula and anterior cingulate cortex (ACC), linked with empathy (18),
and the orbitofrontal cortex (OFC), associated with emotion regulation (19) in relation to
DBDs and CU traits. The results of functional magnetic resonance imaging (fMRI) studies,
particularly for DBDCU+ youth, implicate aberrant functioning of the amygdala (20, 21),
insula (22, 23), and ACC (24) reactivity during emotion processing tasks and in OFC
reactivity during contingency-based learning tasks relative to typically developing (TD)
youth (25, 26, also see 27, and 28 for reviews).

To determine whether morphological differences underpin the functional brain and
behavioral impairments associated with DBD and CU traits, studies have also explored
regional gray-matter volumes (GMV) using structural magnetic resonance imaging (SMRI).
An image-based meta-analysis of 13 studies established that relative to TD youth, children
with DBDs exhibit reduced GMV in the amygdala, insula, OFC, superior frontal gyrus
(SFG), and ACC (29). However, only 5 of the 13 studies included in that meta-analysis
considered CU traits (29). Thus, it is plausible that unmeasured CU traits in past studies
could contribute to the observed GMV differences between children with DBDs versus TD.
Indeed, several studies published more recently than the meta-analysis offer a more
complicated picture. For example, in a study of 134 adolescent arrestees, no associations
were found between CU traits and CD symptoms and amygdala, insula, and OFC GMV,
although CU traits were related to lower insula and amygdala gray matter concentration
(30). In contrast, among youth recruited from the community including a subsample (7=77)
with clinically-significant externalizing problems, reduced amygdala GMV was associated
with higher CU traits (31). This mixed pattern of findings imply the need for further
investigation of the GMV profiles of children based on DBD symptoms and/or CU traits. In
addition, most studies of GMV and DBDs have focused on adolescents or samples with
wide age ranges. Given that a host of physical, social, and neural changes relevant to CP and
GMV development are heralded by the onset of puberty (32), an examination of GMV in
late-childhood could provide insight into which children are most at risk for severe and
persistent DBD symptoms and CU traits prior to the onset of puberty.

In the current study, we sought to advance what is known about GMV differences, DBDs,
and CU traits using data from the first full baseline release of the landmark Adolescent Brain
and Cognitive Development (ABCD) Study, a longitudinal investigation of brain
development and child health beginning at ages 9-10 years of age. Using the ABCD sample,
we generated stringently-defined diagnostic subgroups of children classified based on DBD
symptoms and CU traits (DBDCU+, DBD-only, and TD youth) that were larger in size than
any other prior studies. The richness of the ABCD data also allowed us to account for salient
demographic and psychiatric confounders to isolate whether differences in GMVs
differentiated between youth on the basis of DBD symptoms of CU traits. First, we included
age in models given that increases in GMV continue up to around age 12 (33). Second, we
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accounted for race and ethnicity to address the need for studies to explore brain-behavior
associations in racially diverse samples (34) and because there is evidence that some “well-
established” findings, including the link between amygdala hyporeactivity and CU traits do
not replicate in African-American (35) and Hispanic (36) samples. Third, in light of
evidence for structural and functional brain differences among children growing up in
adverse contexts (37, 38), we accounted for parental education as a proxy for socioeconomic
status. Fourth, we included child 1Q scores given evidence for neuropsychological deficits
among youth with DBDs (39). Fifth, we included sex as a covariate since males show higher
rates of DBDs (6). Moreover, we also examined whether sex moderated associations
between GMV and DBD groups since prior studies have identified sex-specific associations
between brain structure and CU traits and DBD symptoms (40, 41). Sixth, to account for
potential confounding effects of ADHD, which has been linked both to DBD severity (42)
and specific brain morphological differences (43), we included ADHD diagnosis as a
covariate. Finally, a burgeoning area of research indicates that DBDCU+ youth can be
disambiguated further based on internalizing psychopathology. Specifically, research
indicates heterogeneity among youth high on CU traits based on negative emotionality and
heightened anxiety (“secondary CU traits™) versus dampened emaotional reactivity and low
levels of anxiety (“primary CU traits”) (44-47). As an exploratory analysis, we also therefore
examined anxiety moderated associations between GMV and DBDCU+ group membership.

In the current study, we focused on cortical and subcortical regions of interest (ROIs)
identified a prioriif they featured in prominent theoretical models of the development of
DBDs, CU traits, and psychopathy (13, 15, 16, 27), were reported as differing between DBD
versus TD youth in an earlier image-based meta-analysis (29) and other recent studies (30,
31), or were available within the ABCD study (48). Accordingly, we explored GMVs of the
following ROIs: amygdala, anterior cingulate cortex (caudal; ACC-C), anterior cingulate
cortex (rostral; ACC-R), fusiform gyrus, hippocampus, inferior frontal gyrus (IFG), insula,
orbitofrontal cortex (OFC), superior frontal gyrus (SFG), superior temporal gyrus (STG),
and ventromedial prefrontal cortex (vmPFC) (see Figure 1). We hypothesized that relative to
TD youth, youth with DBDs (i.e., with and without CU traits) would have significantly
reduced GMV across these ROIs, but that GMV reductions would be particularly
pronounced among DBDCU+ youth, especially youth with low anxiety (i.e., primary CU
traits). We hypothesized that these effects would remain after accounting for the
demographic and psychiatric confounders as detailed above.

Participants and procedures

Participants in this study are enrolled in the ongoing longitudinal ABCD Study (https://
abcdstudy.org/) and included in the annual 2.0 data release (https://data-
archive.nimh.nih.gov/abcd). The ABCD study recruited 11,874 healthy children, aged 9 to
10-years-old (mean age = 9.49 years) from across the United States (48% female; 57%
Caucasian, 15% African American, 20% Hispanic, 8% Other), to be followed into early
adulthood. The study aims to transform our understanding of brain development and links to
substance use and other health outcomes (49). Participants across 21 study sites were
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recruited through public and private elementary schools (including charter schools) with
sampling approaches intended to yield a final sample that closely approximates national
sociodemographics (48). The human research protections programs and institutional review
boards at universities participating in the ABCD project approved all experimental and
consenting procedures, and all participants (assent) and their legal guardian provided written
agreement to participate (consent). Additional ABCD study information is provided in
Garavan, Bartsch (48).

Disruptive Behavior Disorders (DBD).—We quantified DBD using two measures.
First, parents completed a self-administered computerized version of the Child Behavior
Checklist (CBCL; 50). As part of the current study, we utilized the DSM-oriented conduct
problems (a=.77) and oppositional defiant problems (a=.80) subscales of the CBCL.
Second, parent’s completed a self-administered computerized version of the Schedule for
Affective Disorders and Schizophrenia for school-age children (K-SADS-PL DSM-5; 51),
which generates CD and ODD diagnoses in accordance with DSM diagnostic criteria in
children and adolescents from 6 to 18 years of age. The traditional interview-based K-SADS
are a reliable and widely-used measure of psychopathology in children and adolescents (51,
52). Importantly, research has demonstrated strong between current episode diagnoses using
the computerized self-administered version and the paper-and-pencil version of the
KSADS-5, with high percent agreement (range=88%-96%) and kappas in the good-to-
excellent range (53, also see 54).

Callous-Unemotional (CU) Traits.—We quantified CU traits using a measure derived
and validated in a prior study using ABCD Study data (55) which includes one item from the
CBCL (“lack of guilt after misbehaving™) (50) and three [reverse-scored] from the Strengths
and Difficulties Questionnaire (SDQ; 56) (“is considerate of others’ feelings”, “is helpful if
someone is hurt or upset”, “offers to help others™) (a=.73). In addition to a more traditional
summed score approach, maximum a posteriori (MAP) scale scores were derived for CU
traits, accounting for which items are endorsed by whom, providing person-specific factor

scores for CU traits (55).

Group Classification.—We assigned children to groups using data from the full baseline
sample (AV=11,874). First, DBD was classified based on children having a T-score >66 on
the CBCL’s DSM-oriented CP oroppositional defiant problems scales, or K-SADS CD or
ODD diagnosis (77=1,561). From this overarching DBD group, youth were further
categorized into two subgroups based on the presence of high versus low CU traits. DBD
youth were classified with high CU traits if they received summed scores >=4 on the
summed CU traits measure and CU MAP scores >=90™ percentile (DBDCU+, /=288).
DBD youth who endorsed no items on the measure of CU traits (i.e., summed scores=0),
were classified into the DBD-only group (/7=362). Finally, the designation of TD was
applied to youth obtaining T-scores=50 across all CBCL scales and summed scores of zero
on the measure of CU traits (#7=915) (Table 1).
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Demographic and psychiatric confounders.—First, models were explored only
accounting for intracranial volume but no other covariates (Model 1). Second, to establish
specificity in the relationship between cortical and subcortical GMVs and group
membership, we ran models that accounted for intracranial volume and demographic
variables that are known to be related both to DBDs and CU traits, as well as brain structure
and function: sex, race, age, parent education, and 1Q (Model 2). Third, all models were
explored accounting for intracranial volume, demographic variables, and ADHD diagnosis
indexed via children being above the clinical-cutoff on the CBCL DSM-oriented ADHD
subscale (Model 3; note that results were similar when children above the clinical cut-off for
ADHD were excluded altogether, /=263, Model 4). Fourth, to address the primary versus
secondary CU traits distinction, we examined whether there were GMV differences among
the DBDCU+ group contingent on having a T-score >66 on the CBCL’s DSM-oriented
anxiety problem scale, or receiving a K-SADS anxiety diagnosis (51, 52). Finally, although
imaging parameters were made as similar as possible across imaging vendors within the
ABCD study, some variation was unavoidable due to hardware and software constraints.
Following ABCD guidelines, all models also accounted for nesting within families (i.e.,
sibling pairs) and for site differences. This additional step involved the CLUSTER
correction procedures for sibling pairs and stratification sampling by study site in Mplus vs.7
(see Analytic Strategy).

Imaging Measures

Acquisition.—The ABCD Study is a collaborative effort, including a Coordinating Center,
21 data acquisition sites across the United States, and a Data Analysis and Informatics
Center (DAIC). The ABCD DAIC performs centralized processing and analysis of MRI data
from each modality, leveraging validated methods used in other large-scale studies (see 57).

sMRI preprocessing and brain segmentation.—Cortical surface reconstruction and
subcortical segmentation was performed using FreeSurfer v5.3.0 and included skull
stripping, N3 intensity inhomogeneity correction, white matter segmentation, initial mesh
creation, correction of toplogical defects, generation of optimal white and pial surfaces, and
nonlinear registration to a spherical surface-based atlas based on the alignment of sulcal-
gyral patterns (58). More details of the preprocessing steps and brain segmentation
procedures are provided in Supplemental Methods (and in more detail in 57).

sMRI Morphometric Analysis.—While a range of morphometric measures are available
within the ABCD data, given our hypotheses, we focused specifically on gray matter
volume. Image intensity measures include Tqw, Tow, and T;w and T,w cortical contrast
(normalized difference between gray and white matter intensity values). Intensity values
were sampled at a distance of £0.2 mm along the normal vector at each surface location and
cortical contrast were calculated from the gray and white matter values. Averages were
calculated for each cortical parcel in the default FreeSurfer parcellation scheme using
unsmoothed, surface-based maps of morphometric and image intensity measures (58).
Weighted averages were calculated for each fuzzy-cluster parcel defined based on genetic
correlation of surface area using smoothed surface maps (~66 mm FWHM, matching the
level of smoothing used for derivation of the fuzzy cluster parcels) (59). Averages of the
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unsmoothed intensity measures for the volumetric ROIs were calculated, in addition to the
volume of each structure. ROIs were selected from those derived within the Freesurfer
parcellation scheme made available within the ABCD study (see 57 for more information, as
well as the Supplemental Methods and Table S1).

Analytic Strategy

Results

To explore whether GMV ROls predicted group membership (i.e., TD, DBDCU+, or DBD-
only), we employed multinomial logistic regression analysis controlling for intracranial
volume, demographic covariates, and ADHD diagnosis. In exploratory analysis, we
examined whether regional GMV differences differentiated primary versus secondary
DBDCU+ youth. We also explored whether sex moderated associations between GMV ROIs
and group classifications, using the Wald XZ statistic to assess unique contribution of
interaction terms between sex and GMV ROls. All models were specified using maximum
likelihood estimation with robust standard errors (MLR) and using a Monte Carlo numerical
integration algorithm (60). Complex sampling and recruitment procedures implemented in
the ABCD study (e.g. cluster correction for sibling pairs, stratification by study site) were
accounted for using the cluster option and Type=Complex command available in Mplus vs.7
(60).

Descriptive statistics for study variables are presented in Table 1. Groups did not differ on
the basis of race, ethnicity, parental education, or intrcranial volume. However, males were
more likely to be in the DBDCU+ and DBD-only groups relative to the TD group. Second,
IQ was higher among TD youth relative to both DBDCU+ and DBD-only youth. Third, rates
of psychopathology were the highest among DBDCU+ youth relative to both TD youth and
DBD-only youth, with the exception of K-SADS anxiety disorder diagnoses, which had
equivalent rates among the DBDCU+ and DBD-only groups. These findings reinforced our
strategy of using multinomial logistic regression analyses to examine associations between
regional GMVs and DBD/CU traits subgroup membership with and without covariates
included.

First, children with lower amygdala GMVs were more likely to have a DBD diagnosis than
TD children. Specifically, we found that children in the DBDCU+ group had lower right
amygdala volumes relative to TD youth and that children in the DBD-only group had lower
bilateral amygdala volumes compared to TD youth, controlling for demographic covariates
and ADHD (Tables 2 and S2). In contrast to our hypothesis, however, this effect was not
more pronounced on the basis of CU traits. That is, there were no significant differences
between the DBDCU+ group and DBD-only groups.

Second, children with lower hippocampal volumes were more likely to be in the DBDCU+
(bilateral hippocampus) and DBD-only (left hippocampus) groups relative to TD youth
(Tables 2 and S2). However DBDCU+ and DBD-only groups did not differ significantly
from each other.
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Third, DBDCU+ youth evidenced lower left insula GMV relative to TD youth, although
there were no significant differences between DBDCU+ and DBD-only youth. Fourth,
DBDCU+ youth also evidenced lower right OFC GMV relative to TD youth, although this
difference was rendered non-significant after accounting for ADHD diagnosis (Tables 2 and
S2). Finally, children with lower left SFG GMV were more likely to be in the DBD-only
group relative to the TD group.

Beyond these differences, no other GMV differences were found, including no significant
differences between DBDCU+ youth and DBD-only youth in any analyses. With regards to
the primary versus secondary DBDCU+ distinction, no significant between-group
differences emerged with one exception: within the overall DBDCU+ group, lower
hippocampal volume predicted membership of the primary DBDCU+ group relative to both
the TD and secondary DBDCU+ groups (Table S3). There were also no effects that were
significantly moderated by sex (results available on request).

Discussion

The current study identified morphometric differences across several brain regions that were
associated with DBDs and CU traits. We leveraged the large-scale ABCD baseline release to
derive phenotypically-narrow groups, categorized as DBDCU+, DBD-only, and TD. In
support of study hypotheses, youth with DBDs showed reduced amygdala GMVs relative to
TD youth. Thus, atypical development of the amygdala, specifically a relative reduction in
amygdala volume relative to total intracranial volume, is implicated in the emergence of
DBDs, over and above demographic covariates and comorbid ADHD. One way that such
aberrations in structure might impact the emergence of DBDs is via functional impairments
in core socioemotional and learning processes that are known to be mediated via the
amygdala (17). This inference, while not tested in the current study, is consistent with
findings of fMRI studies showing disrupted functioning of the amygdala during the
processing of cues or emotion among youth with DBDs (20, 21). In contrast to our
hypotheses however, lower amygdala volume did not differentiate between DBDCU+ and
DBD-only youth. This finding is consistent with prior reports that found no association
between CU traits and amygdala GMV (30, 61), but inconsistent with other reports noting
specificity in associations between CU traits and lower amygdala GMV (31). Nevertheless,
in a meta-analysis of 13 studies, the most reliable finding was that reduced GMV of the left
amygdala specifically differentiated youth with childhood-onset DBD problems from TD
youth, which aligns with the age of our sample. Thus, reduced amygdala GMV may be a
more general marker of risk for early-onset and life-course persistent forms of DBD
symptomatology, which could also be a proxy for severity and represent what is being
captured by measures of CU traits when studies do not also account for age-of onset of DBD
symptoms.

Lower hippocampal volume also differentiated between DBD youth relative to TD youth,
particularly DBDCU+ youth and a primary DBDCU+ subgroup. Our findings suggest that
aberrant structural development of the hippocampus may underpin a DBD phenotype
characterized specifically by low anxiety, callousness, and uncaring. Indeed, lower volume
of the left hippocampus differentiated between primary DBDCU+ relative to secondary
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DBDCU+ youth. In support of this interpretation, prior studies have reported that reduced
hippocampal GMYV is associated with psychopathy among incarcerated adults (62) and
psychopathic traits in an adult community sample (63), as well as differentiating between
incarcerated youth with high psychopathic traits and healthy controls (64). As CU traits are
purported to map onto the affective deficits associated with psychopathy (10, 44, 45), these
results implicate structural aberrations of the hippocampus as underlying a DBD phenotype
characterized by low empathy, low guilt, uncaring, and shallow affect.

Several other study findings warrant consideration. First, reduced left insula GMV
differentiated between DBDCU+ youth relative to TD youth. This finding is challenging to
interpret alongside prior studies that have reported mixed findings for the association
between insula GMV and DBDCU+. Although lower insula GMV were shown to
differentiate between youth with DBDs in a meta-analysis of 13 studies, this relationship did
not appear to be driven by concurrent CU traits (29). Moreover, higher insula GMV
predicted CU traits among youth with low DBD symptoms (30) and among male
adolescents (40). Given that increases in GMV continue up to around age 12 (33), studies
are needed to longitudinally assess large followed from early childhood through to
adolescence to explore how developmental or pubertal stage moderates the nature of any
association between insula GMV and DBD symptoms versus CU traits over time. Second,
lower SFG GMV differentiated between youth in the DBD-only group relative to the TD
group. In their meta-analysis, Rogers and DeBrito also reported that youth with DBDs
evidenced reduced GMV in the SFG (29). Together, these findings suggest that atypical
development of the SFG may be involved in the development of DBDs. One way that
structural differences may manifest is via the purported role of the SFG in social cognition,
including perspective-taking, which is disrupted among youth with DBDs (10). Future
studies capable of assessing both functional and structural imaging, as well as behavioral
measures, are needed to test this assertion. Finally, in contrast to hypotheses, we did not find
GMV differences among DBDCU+ or DBD-only youth relative to TD youth in the ACC,
fusiform gyrus, IFG, OFC, SFG, or vmPFC. Further, we found no significant moderation in
the associations between GMV ROls and groups on the basis of sex. That is, variability in
regional GMVs did not explain group membership differently in girls versus boys.

Several limitations of the current study should be considered, which may help to explain
some of the null findings. First, there is complexity in GMV development during the
transition to adolescence, including evidence for substantial heterogeneity in developmental
trajectories (32). Thus, the examination of individual differences in GMV and group
membership at a single time-point of late-childhood, as necessitated by our cross-sectional
design, may have masked important differences in how individual differences in GMV
trajectories differentiate youth with DBDs/CU traits, as well as contributed to some of the
inconsistent findings reported between studies, including ours, based on sample age or sex
(32). Follow-up studies that take advantage of future waves of ABCD data collection are
paramount for addressing how individual differences GMV change across development
impact DBDs and CU traits. Second, although we accounted for various demographic
covariates, developmental trajectories of GMV are influenced by other concomitant factors
that also predict DBD symptoms and CU traits, including relationship quality and early life
stress (32, 65), for which we did not account. Third, while we focused on regional GMV
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(i.e., function of both surface area and cortical thickness; 66), future studies using the ABCD
dataset could examine questions that were beyond our scope, including examining
environmental versus genetic influences on surface area and cortical thickness (cf., 66) that
could differentially be related DBD symptoms or CU traits.

In conclusion, our findings suggest that reduced GMV of the amygdala and hippocampus
may be indicative of risk for DBDs, with lower hippocampal volume a specific marker of
risk for DBDCU+, particularly a primary DBDCU+ variant. Our findings add to a growing
account of the structural abnormalities associated with DBDs, with some evidence for
heterogeneity on the basis of CU traits and anxiety. Future studies conducted within a
prospective longitudinal design can establish whether these GMV reductions represent
predictive biomarkers of youth at risk for persistent antisocial behavior, which could inform
personalized and mechanistic interventions to address neurobiologically-mediated deficits in
socioemotional processing among DBD youth based on structural abnormalities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 2.

Confidence intervals and odd ratios for multinomial logistic regressions exploring whether GMVs or ROIs
predict membership in DBDCU+, DBD-only, and TD groups accounting for demographic covariates and
ADHD diagnosis.
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DBDCU% vs TD  DBDCU+2vsDBD-  DBD-onlyPvs TD
OR (95% Confidence only OR (95% Confidence
Interval) OR (95% Confidence Interval)
Interval)

Left Hemisphere
Anterior Cingulate Cortex (Caudal)

Anterior Cingulate Cortex (Rostral)

Amygdala

Fusiform Gyrus

Hippocampus

Inferior Frontal Gyrus

Insula

Orbitofrontal Cortex

Superior Frontal Gyrus

Superior Temporal Gyrus
Ventromedial Prefrontal Cortex
Riaht Hemisphere

Anterior Cingulate Cortex (Caudal)
Anterior Cingulate Cortex (Rostral)

Amygdala

Fusiform Gyrus

Hippocampus

Inferior Frontal Gyrus
Insula

Orbitofrontal Cortex
Superior Frontal Gyrus
Superior Temporal Gyrus

Ventromedial Prefrontal Cortex

1.02 (.87, 1.20)
1.00 (.84, 1.19)
1.18 (.98, 1.43)

1.02 (.85, 1.21)

1307 (1,07, 1.59)

1.14 (.96, 1.36)

1.217(1.00, 1.47)
1.12 (.94, 1.39)
1.14 (.94, 1.39)

0.89 (.74, 1.09)
1.02 (.86, 1.22)

1.14 (97, 1.33)
1.18 (.99, 1.40)
1.26(1.04, 1.52)
1.04 (.85, 1.27)

1.26 ¥(1.04, 1.53)
1.06 (.88, 1.28)
1.11 (.92, 1.35)
1.16 (.96, 1.39)
1.02 (.84, 1.23)
0.97 (.80, 1.17)
0.93 (.79, 1.10)

1.06 (.90, 1.26)
0.89 (.73, 1.08)
0.92 (.75, 1.14)

1.09 (.90, 1.31)
1.07 (.87, 1.33)

1.06 (.88, 1.28)
1.09 (.79, 1.24)

0.99 (.73, 1.14)
0.91 (.73, 1.14)

1.03 (.83, 1.27)
1.01 (.84, 1.22)

0.98 (.83, 1.16)

1.19 (.99, 1.43)
0.97 (.79, 1.20)

1.12 (.91, 1.39)
1.09 (.89, 1.35)

1.00 (.82, 1.21)
1.08 (.88, 1.33)
1.11 (.91, 1.36)
0.94 (.76, 1.16)
0.95 (.77, 1.18)
0.93 (.78, 1.12)

1

0.97 (.84, 1.11)
1.11 (.96, 1.30)

281 (1,07, 1.52)

0.94 (.80, 1.09)
1.217(1.02, 1.44)

1.08 (.92, 1.25)
1.11(.93,1.32)

1.13 (.94, 1.35)

*
1.25 (1.03,1.51)
0.87 (.73, 1.03)
1.01 (.88, 1.16)

1.167(1.01, 1.34)
0.99 (.86, 1.15)

130* 7 (110, 1.52)

0.93 (.79, 1.09)
1.15 (.97, 1.37)

1.06 (.91, 1.23)
1.03 (.86, 1.23)
1.04 (.89, 1.22)
1.08 (.91, 1.29)
1.02 (.85, 1.22)
1.00 (.86, 1.15)

Note. Significant findings are bolded.

*
p<.05

1duosnuen Joyiny

**p<.01. DBD+CU = High DBD/High CU Traits; DBD-only = High DBD/Low CU Traits; TD = Typically Developing.

aReference category is DBDCU+ youth

bReference category is DBD-only youth.

fd’l ndicates that effect remains significant when FDR-corrected (67). Each column represents a separate multivariate logistic regression and

presents odds ratios controlling for demographic covariates and ADHD diagnosis. Odds ratios are reported relative to the reference group. Odds
ratios > 1 indicate increased GMV among the non-reference group relative to the reference group (i.e., lower GMV in the reference group). For
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models with no covariates and demographic covariates only, as well as results when children with an ADHD diagnosis excluded, see Supplemental
2).
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