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ABSTRACT
Objective: Studies using diffusion tensor imaging (DTI) toeéstigate white matter (WM)

microstructure in youths with conduct disorder (Ciaye reported disparate findingge
investigated WM alterations in a large sample aftiig with CD, and examined the influence

of sex and callous-unemotional (CU) traits.

Method: DTI-data were acquired from 124 youths with CD {&®ale youth) and 174
typically-developing (TD) youths (103 female youtiged 9-18 years. Tract-based spatial
statistics tested for effects of diagnosis andi®extiagnosis interactions. Associations with
CD symptoms, CU traits, a task measuring impublgidand the impact of comorbidity and

age- and puberty-related effects were examined.

Results: Youths with CD exhibited higher axial-diffusivitg the corpus callosum and lower
radial-diffusivity and mean-diffusivity in the amier thalamic radiation relative to TD
youths. Female and male youth with CD exhibited oge changes within the internal
capsule, fornix, posterior thalamic radiation amttinate fasciculus. Within the CD group,
CD symptoms and callous traits exerted opposinguentes on corpus callosum axial-
diffusivity, with callous traits identified as thaique clinical feature predicting higher axial-
diffusivity and lower radial-diffusivity within thecorpus callosum and anterior thalamic
radiation, respectively. In an exploratory analysispus callosum axial-diffusivity partially
mediated the association between callous traitsirapdlisive responses to emotional faces.
Results were not influenced by symptoms of comorhgbrders and no age- or puberty-
related interactions were observed.

Conclusion: WM alterations within the corpus callosum représereliable neuroimaging
marker of CD. Sex and callous traits are imporfactors to consider when examining WM

in CD.



Key words: conduct disorder, callous-unemotioraltgr diffusion tensor imaging (DTI), sex

differences, FemNAT-CD.

INTRODUCTION

Conduct disorder (CD) is characterized by aggressimtisocial and
oppositional/defiant behaviors during childhood adélescencdeand impairments across
social, cognitive, and affective domafmbleta-analytic evidence from functional (fMRI) and
structural (SMRI) MRI studies has shown abnormairakresponsésand volume reductiofis
across a number of cortical and subcortical regaitisal for emotion processing and
regulation, decision-making, executive functiond ampathy. However, diffusion tensor
imaging (DTI) findings on white matter (WM) microgtture in youths with antisocial
behavior have been inconsistent in both the natmdeloci of reported effects.
Methodological factors, as well as demographic @milcal features of the samples, may

have contributed to the inconsistent findings axuk lof replicatior?.

The current study used DTI to investigate WM mitmasture in the largest sample of
female and male youths with CD recruited to-dat @mpared them to age- and puberty-
matched typically-developing (TD) female and madety. Tract-based spatial statistics
(TBSSY were used to examine WM microstructure atwhele-brain level and within
specific regions-of-interest (ROIs). We adopted this approach because weahadbri
hypotheses regarding the loci of expected groupréifices, and wanted to compare our
results to existing DTI literature on CD in whictth approaches have been used. However,
we also sought to identify previously undetectddcet§ owing to our large and mixed sex
sample. To measure diffusion within WM tracts, fi@eal anisotropy (FA) was computed,

reflecting differences in microstructural propestgich as axon density and degree of



myelination’ FA is a function of axial diffusivity (AD) and réal diffusivity (RD) values,

such that FA increases when AD increases and/od&ieases, and vice-versa. When
observing changes/differences in FA, the changé®imnd/or RD can help with the
biological interpretation. For example, greaterragensity will manifest as increased FA and
decreased RD. Axonal breakdown will lead to de@@d&3A and decreased AD, whereas
demyelination will show up as decreased FA andeim®ed RD.Mean diffusivity (MD) is

the rate of diffusion averaged over all orientasiamd is thought to provide a marker of
neuronal damage in cell bodies and axonal fib&¥e used these four indices to characterize

differences in microstructure across WM tracts leetavCD and TD groups.

The primary aim of the study was to test for eBeuit CD diagnosis on these DTI
indices. Recent studi€§’ have reported increased FA or AD within the unirfasciculus
and/or corpus callosum in youths with CD compace@® youths. Lower RD within the
uncinate fasciculdé and the corpus callosdirhas been reported in male youth with CD.
Finally, decreased MD within the right uncinateciaslus (defined as a ROI) was also
reported for female youth with CBcompared to TD controls. As such, we predictethéig
FA or AD and reduced RD or MD (believed to refleatreased microstructural integrijy
within the uncinate fasciculus and corpus callosuyouths with CD compared to TD
youths. However, we note that several studies hisgereported the opposite pattern of
results (i.e., reduced FA and AD, and increasedaR®MD) across a number of other WM
tracts**® Therefore, we also predicted differences in FA, RD and MD within other
association, commissural, projection and thalanaict$ but did not make predictions

regarding the direction of these effects.

Our second aim was to test for sex-by-diagnosesaations. Given known sex

differences in the CD phenotypgits etiology!’ as well as rates of WM maturation in TD



youths'® WM diffusivity may differ between female and mateuth with CD. To date,

however, most studies on CD have focused only de gauth:*%31°

or female youth

alone!! Three studie$***°have included mixed-sex samples but were undensmirte test

for sex-by-diagnosis interactions, thereby contifigito the inconsistencies in the literature.
These data highlight the need to investigate siitida across the sexes as well as testing for
potential sex-specific effectdn this context, we made reopriori hypotheses regarding

differences between male and female youth with €®ims of the location or direction of

changes across the DTI indices.

Our third aim was to examine the impact of callongmotional (CU) traits (i.e.,
reduced empathy and guilt, combined with shallovetons and the callous use of others;
see the “limited prosocial emotions” specifier &P in DSM-5) on WM alterations
associated with CD. Indeed, several studi®have failed to account for heterogeneity
within CD in relation to CU traits, which might haontributed to inconsistent findings
across studies. Two recent studies showed thatr&td influenced the pattern of WM
differences in youths with CB:*2Furthermore, fMRI and sMRI studies have reveahed t
the unique variance associated with CD symptomsCAhdraits shows opposing
relationships with neural activity and gray mattetume in cortica® and subcortical
structures*2 Interestingly, two recent fMRI studies of empathyouths reported that the
callous subcomponent of CU traits was the strongestictor of group differences in neural
respons® and connectivity’ Hence, we hypothesized that CD symptoms and Ots (@
the callous subcomponent) might show opposing &stsmaes with WM microstructure in

youths with CD.

In addition to our three central aims, we condudtteal follow-up analyses and one

exploratory analysis. First, disorders that fredlyero-occur with CD (e.g., attention-



deficit/hyperactivity disorder (ADHD), mood and aety disorders and substance abuse) are
also associated with WM alterations in the cormlbbsum and the uncinate fascicufds?

We therefore systematically assessed the impastroptoms of comorbid disorders in our
sample, predicting that group differences in WM nostructure might be partly explained by
these symptoms. Second, given the large age rdrayg eample (9-18 years) and
suggestions that relationships between CD and WM diféer by agé®?°or pubertal stag¥,
we tested for age-by-diagnosis and puberty-by-aiagnnteractions. Finally, given that self-
reported impulsivity has been shown to positivedyrelate with FA within the corpus
callosum in CD youth&® we conducted an exploratory analysis aiming temcthis finding

by relating WM microstructure to performance onoaiective, laboratory-based measure of
impulsivity: the emotional Go/No-Go tadkWe hypothesized that in youths with CD, corpus

callosum FA or AD would be positively correlatedivimpulsive responses on this task.
METHOD
Participants and Measures

A total of 124 (59 female) youths with CD and 17083 female) TD youths aged 9—
18 years were included as part of the Neurobioklgy Treatment of Adolescent Female
Conduct Disorder study (FemNAT-CD), a European nuilé study investigating sex
differences in CD (https://www.femnat-cd.eu/). Thiparticipants (16 with CD) were
included in a previous DTI study comparing CD arifémale youth* However, excluding
those participants (N=30) did not alter the mafe@t (data available upon request).
Participants and their parents/main-caregivers weeeviewed separately using the Kiddie-
Schedule for Affective Disorders and SchizophrdPiesent and Lifetime version (K-SADS-
PL%*). Interviews were conducted by trained staff ahesite to assess for CD and other

common comorbid disorders using DSM-IV-TR critei&urther details regarding



participant demographics, socioeconomic statusysmmn/exclusion criteria and inter-rater

reliability of diagnoses are provided in Supplemgrdvailable online.

CU traits were assessed using the parent-repaehtowy of Callous-Unemotional
traits (ICU)° a standardized measure including callaws14), uncaringd=.79), and
unemotional subscaleg<.85). An estimate of full-scale 1Q was obtainethgghe two-
subtest (vocabulary and matrix reasoning) versidghe@Wechsler Abbreviated Scale of
Intelligencé’ or the same subtests from the Wechsler Intelligewale for Childrer
Participants were classified as either pre/earlyllate/post pubertal using the Pubertal
Development Scal&. Across all sites, written informed consent/asseas obtained from all
participants and their parergscording to site-specific ethical requirementg Sapplement
2 and 3, available online, for information on imgaicn procedures for missing data and

ethical approvals).
Emotional Go/No-Go Task

Impulsivity was operationalized using the numbecaimission errors (false-alarm
rates expressed as a %) on an emotional Go/No<k¥ {asee Supplement 4 and Figure S1,
available online, for further details regardingktdgsign, response coding, convergent

validity check and testing procedures).
DTI Data Acquisition and Pre-processing

Diffusion-weighted images were acquired across sias (Tables S1-S2, available
online) and subsequently pre-processed using thirIBNboftware Library (FSL) diffusion

t40

toolkit™ (see Supplements 5 and 6, available online, faildatgarding site qualification

procedures, acquisition parameters, image proggssiovement and distortion correction).

Statistical Analyses



We used ANOVAs (post-hoc pairwise comparisons \Bibimferroni correction,
p<.05) and Chi-Square tests to compare diagnosiigpg (CD vs. TD) on demographic and

clinical variables (Table 1 and Supplement 1, add online).
[Table 1 herg]

Within FSL*° separate general linear models with a 2 (diagn6$dsvs. TD) x 2
(sex: malevs. female) factorial design were fitted to the FA, ARD and MD diffusion
indices to test for main effects of diagnosis aextigy-diagnosis interactions. Age and 1Q
were included as covariates of no interest (se@l®apent 7, available online, for results of
analyses without including 1Q as a covariate ofrmerest and for an IQ-matched
subsample). Additional factorial analyses were camted entering mean-centered age as
continuous covariates into the GLM. This enablegstigation of age-related differences
between CD and TD youths (age-by-diagnosis intenag} as well as potential interactions
with sex (age-by-diagnosis-by-sex interactions)aly, in separate analyses, puberty scores
were included as continuous covariates enablingstigation of potential puberty-related
differences between youths with CD and TD youths otential interactions with sex. For
the models testing for age and puberty effectsy# included as a covariate of no interest
(see Supplement 8, available online, for furtheéaitk. Details of how between-site
variability was accounted for within all statisticaodels are provided in Supplement 9,
available online. All analyses (whole-brain andioegof-interest) were also conducted on

mode of anisotropy, but no significant effects welbserved (see Table S3).

At a whole-brain level, areas showing significalftedences were identified using
threshold-free cluster enhancement (TFCE; p<0.05illyaVise Error (FWE) corrected for
multiple comparisons; 5000 permutations). We noé for our weakest effect (the observed

sex-by-diagnosis interaction in the left internabsule) we re-ran the analysis with 10000



permutations to ensure that the p-value stilliethin the 95% Cls around alpha = 0.05 of

[0.0459, 0.0544].

Two WM atlase$**were used to label significant results. We alstet for
differences in FA, AD, RD and MD within specifib#r tracts previously implicated in CD.
These masks were created using the JHU-ICBM-DTW81 atlas™ and included
association, commissural and projection pathwagstified by (see Table S4, available
online, for full list of tracts). The same thresth@as used for the voxel-wise permutation-
based ROI analyses (see also Table S3, availabfeepfor False-Discovery-Rate corrected
and uncorrected ROI results). Contrast-wise FA, RD,and MD values at a whole-brain
and ROI level were extracted using tHeneantstool in FSL, enabling cluster-based
statistical analysis and multiple regression aredy€ohen’sl effect sizes based on group-
means and standard-deviations are reported fan#ie effects and sex-by-diagnosis

interactions.

Consistent with previous wofR bivariate correlations (see Table S5, available
online) and regression analyses were conductetthéo€D group only within regions
showing main effects of diagnosis or sex-by-diaggwgeractions. Multiple regression
analyses were conducted in two steps to investibatassociation between significant
cluster-wise differences and dimensional meastiiest, CD symptoms (derived from the K-
SADS-PI** and CU traits (ICU total score) or ICU subscdl@allousness, Uncaring,
Unemotional) were entered. Second, symptom coudrdsrmorbid ADHD, oppositional
defiant disorder, generalized anxiety disorder rauagbr depressive disorder, alcohol
use/abuse and substance use/abuse, as well asarenebhandedness, were added to assess
their influence. Zero-order correlation coefficiemtere calculated to estimate associations
between WM differences observed between groupsgi@DTD) and impulsivity, as

measured using the emotional Go/No-Go t&sk.



RESULTS
Whole-Brain Results

Youths with CD exhibited significantly higher AD£®2) within the body of the
corpus callosum (posterior aspect) in the rightisphere compared to TD youths (Figure
1A). No areas of reduced AD and no sex-by-diagnosesactions were identified. Youths
with CD also showed lower RD in bilateral antetioalamic radiation (left, p<.01; right,
p=.01) compared to TD youths (Figure 2A) and loM& in the left anterior thalamic
radiation (p=.01) (Figure 2BNo areas showing higher RD or MD were identifiedt a sex-
by-diagnosis interaction in RD was observed withi left internal capsule (posterior limb;
p=.04), bordering the corticospinal tract (Figue.3Underlying this interaction, CD female
youth showed higher RD than TD female youth, whe@B male youth had lower RD than
TD male youth (Figure 3A). No significant main effe or sex-by-diagnosis interactions
were observed for FA. Finally, no significant twaywor three-way interactions were
observed between age, diagnosis and sex or puldegnosis and sex for any DTI index (all

p-values >.19; see Supplement 8 and Figure S2aalaionline).
[Figures 1-3 here]
Regression Analyses: Effects of CD symptoms, CU traits, and Comorbid Symptoms

In the corpus callosum, unique variance associatdgdCD symptoms, after
controlling for ICU total score, negatively preddtAD (3=-.21, p=.02), whereas unique

variance associated with CU traits did not sigatfity predict AD in this region after



controlling for CD symptoms3€.15, p=.12; Table S6, available online). After woling for
CD symptoms, and the uncaring and unemotional sldsof the ICU, unique variance
associated with callous traits positively predicédal (f=.33, p<.01; Figure 1B and Table S7,
available online). CD symptoms still negativelydioted AD when controlling for ICU
subscale score$=£ -.20, p=.03) (Figure 1B and Table S7, availabigne). Controlling for
symptoms of comorbid disorders did not alter threselts and the unique variance of those

symptoms did not significantly predict AD (all p3;1Tables S6 and S7, available online).

In the anterior thalamic radiation, neither CD syomps nor total ICU scores
predicted RD (all p>.07; Table S8, available onlifdter controlling for CD symptoms, and
the uncaring and unemotional subscales of the I@due variance associated with callous
traits negatively predicted RD (lefi=-.27, p=.03; rightp=-.30, p=.01; Figure 2A and Table
S9, available online). Adding comorbid disorder gyoms did not alter these results and the
unique variance of those symptoms did not signifilyegpredict RD (Tables S8-S9, available
online). In the left anterior thalamic radiatiorither CD symptoms nor ICU total or ICU
subscale scores significantly predicted MD (allQ®s.Table S10-S11, available online).
Controlling for symptoms of comorbid disorders dimt alter these results and the unique
variance of those symptoms did not significantlgdict RD (all p>.12; Tables S10-S11,

available online).

To explore the sex-by-diagnosis interaction obseémvithin the posterior limb of the
left internal capsule, regression analyses werducted on female and male youth with CD
separately. A significant negative relationship Wasd between unique variance associated
with CD symptoms and RB£-.21, p=.04) for male youth with CD, but not femgbuth
(B=.22, p=.1) when controlling for ICU total scoreaflle S12, available online). After
controlling for ICU subscale scores, unique vareaassociated with CD symptoms and RD

was also observed for male youf={.22, p=.04) but not female youtp~«06, p=.66) with

10



CD (Figure 3B and Table S13, available online). @alhng for symptoms of comorbid
disorders did not alter these results and the @miguiance of those symptoms did not

significantly predict RD in male youth (all p>.1bables S12-S13, available online).

ROI Results

Sex-by-diagnosis interactions were observed in Ahiwthe left fornix and the left
posterior thalamic radiation (see Figure 4A and #Bpectively). Female youth with CD
showed lower AD in the fornix compared to TD femwgdeith, whereas male youth with CD
showed a non-significant increase in AD comparetiRanale youth, whilst the opposite
pattern (TD female youth<CD female youth; TD madeih>CD male youth) was observed
within the left posterior thalamic radiation. A sificant sex-by-diagnosis interaction was
also observed for left uncinate fasciculus MD (@méle youth>TD female youth; CD male
youth<TD male youth; see Figure 4C). No furthermeffects or interactions were observed
in the other ROIs for any DTI-index (Table S4, dafalle online). No associations were
detected between CD symptoms, CU traits or thedGscale scores, or any of the
comorbid disorder symptoms and WM microstructuréhinithe left fornix, left posterior

thalamic radiation or left uncinate fasciculus.
[Figure 4 here)
Associations between WM Microstructure and I mpulsivity

In a subset of the CD group for whom data werelabig (n=107), commission errors
to emotional ‘no-go’ stimuli on the ‘Go/No-Go’ taskere positively correlated with AD in
the corpus callosumr£0.24, p=.01) (Figure S3, available online). Funthere, callous traits
were positively correlated with commission errareimotional ‘no-go’ stimulin=0.18,

p=.05; Figure S3, available online). Given thiseat of results and evidence linking the

11



corpus callosum to impulsivity in CH,an exploratory post-hoc mediation analysis was
conducted to assess whether, in CD youths, comdissam AD values mediated the
relationship between callous traits and impulsesponses (commission errors) to emotional
faces. Callous traits, corpus callosum AD values@mmission errors to emotional ‘no-go’
stimuli were modeled as the independent, mediatntydependent variables, respectively.
Given that CD symptoms negatively predicted ADhie torpus callosum when controlling
for ICU subscale scores, CD symptoms was includesl @variate (sé&or a similar
approach). Bootstrap-mediation analysis (with 5600tstrap resamples of the data with
replacement) was implemented with the SPSS PROQE&S0** Rather than providing
formal p-values, statistical significance with apdet at .05 is indicated by the 95% ClIs not
crossing zero. Corpus callosum AD partially medidtes relationship between callous traits
and impulsive responses to emotional faces, bstetfiect was small (indirect effect=0.14,

95% ClIs=[0.0019, 0.3734]; Figure S3, available ro)i
DISCUSSION

This study extends our understanding of WM micragtire in youths with CD in
several important ways. First, consistent with pradictions, we demonstrated that
compared to TD youths, female and male youths @iBhshow higher AD within the body
of the corpus callosum and lower RD bilaterallyuplower MD on the left) in the anterior
thalamic radiation. Our whole-brain and ROI anadyalso revealed that female and male
youths with CD exhibit opposite changes in WM matracture within the left uncinate
fasciculus and multiple projection pathways in lgfe hemisphere. Second, partially
supporting our predictions, we demonstrated thibdusitraits and CD symptoms exerted
opposite effects on AD within the corpus calloswith callous traits identified as the unique
clinical feature predicting higher AD and lower Riithin the corpus callosum and anterior

thalamic radiation, respectively. Furthermore, BiIgAD values in the corpus callosum were
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associated with higher levels of impulsive respsriseemotional faces and partially
mediated the association between callous traitdrapdisive responses, but this effect was
small. Finally, no age-by-diagnosis or puberty-liggmosis interactions were observed and,
contrary to predictions, no significant group diéfieces or sex-by-diagnosis in FA were

observed and none of the findings were influengedylnptoms of comorbid disorders.

This study is the first to show that female andevadolescents with CD exhibit
common alterations in WM microstructure within thedy of the corpus callosum and the
anterior thalamic radiation. For the corpus callosaonsistent with the results of previous
studies on CD with male onfy;** female only* or mixed-sex samplé$;**we observed
higher AD values (lower diffusivity) within thisdct across sexes. The corpus callosum,
which connects homologous regions across the héerisg, is the largest WM tract and
commissural pathway in the brain, and is thus eéfarinterhemispheric communicatioh.
Disrupted interhemispheric communication has bespaated with anger and aggression;
behaviors that are characteristic of CD individuldgportantly, the corpus callosum is
structurally and functionally heterogeneous acitssthree sub-divisions: the genu, body, and
splenium?’ The observed group difference was located ceptirathe posterior part of the
body of the corpus callosum, which connects preakrggions (premotor area,
supplementary motor area), as well as the insoialsposterior cingulate and somatosensory
cortices?’ As such, that sub-division connects regions inedlin response inhibition and
socioemotional processif’® consistent with the observed association betwegsus
callosum AD and commission errors to emotional $aoghe CD group. Interestingly, our
exploratory analysis revealed that higher AD witthia corpus callosum partially mediated
the relationship between callous traits and theb®rmof commission errors to emotional ‘no-
go’ stimuli, implicating corpus callosum alteratgim the association between callous traits

and impulsive responses to emotional faces in yowith CD. We note, however, that
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previous research using this task has identifiedmgsion errors to emotional no-go stimuli

as an index of emotion (dys)regulatitin.

Youths with CD also exhibited lower RD (lower diiuity) bilaterally within the
anterior thalamic radiation, a result consisterihyist one study using a mixed-sex sample
where greater CD severity was associated with asae@ FA (lower diffusivity) within this
tract* The anterior thalamic radiation forms part of lingbic system and connects the
mediodorsal and anterior thalamic nuclei with tbesdlateral, ventrolateral, orbitofrontal
and anterior cingulate corticéSThese prefrontal regions are implicated in workimgmory,
affective decision-making, and empathy; notablytize with CD also show impairments in
these domain§Given our results and the prominent role of theaimus as a ‘relay station’
and ‘gatekeeper’ of sensory information betweerestiizal and cortical regiord future
studies should clarify to what extent impairmertiseyved in CD and structural/functional
alterations within those prefrontal regions migftect ‘downward consequences’ of WM

differences within the anterior thalamic radiation.

The observed sex-by-diagnosis interactions weteiges] to association (uncinate
fasciculus) and projection pathways (posterior limlthe internal capsule, the fornix, and the
posterior thalamic radiation) in the left hemisghérhe MD effect in the left uncinate
fasciculus is consistent with those observed iwiptes studies that reported increased FA in
male youth with CB'**3and one study on a mixed-sex saniplaken together, these
results reinforce the view that the orbitofrontattex—amygdala circuitry might be central to
the pathophysiology of CD and to some of its aggedi emotional and decision-making
impairments, as suggested by a neurocognitive nafd@D? Most previous studies of CD
have not observed group differences in the praadtiacts we identified (although see
111419 The internal capsule contains both ascendimgn(fthalamus to cortex) and

descending fibers (from fronto-parietal cortex &s&l ganglia and corticospinal tract) and is
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considered a ‘neuroanatomical backbone’ suppogdergeptual, motor and higher-order
cognitive functiong” The fornix forms part of the limbic system and geats the medial
temporal lobe and hippocampus to the mammillaryidsodnd hypothalamus, thereby playing
a central role in memory formation and retrie¥aFinally, the posterior thalamic radiation,
which connects the posterior parts of the thalawitisthe occipital and the parietal cortices,
is a critical component of the visual system. Gasults, along with those of two previous
studies:**° provide novel evidence that the relationship betw&€D and WM microstructure
partly differs by sex, but given the novelty ofgkdindings, future studies should seek to

replicate them and investigate their origins amttfional significance.

Building on, and extending, previous behavioral aadroimaging studiesywe
demonstrated that amongst youths with CD, the wniguiance associated with CD
symptoms and callous traits exhibited opposing@asons with corpus callosum WM
microstructure, with callous traits identified &g wnique clinical feature predicting the
group differences in AD observed within the corpaBosum and in RD in the bilateral
anterior thalamic radiation. From a theoreticahs& these results: (i) identify novel WM
correlates of CD, supporting the view that youtlth WD constitute a heterogeneous group
with different neurocognitive profilesS;?® and, (ii) could help explain some of the
inconsistent results reported in previous DTI stadiFinally, our finding that callous traits
were the strongest predictor of the group diffeesnis consistent with two fMRI studies
examining neural responses to others’ pain in youtith conduct problems. The first
showed that callous traits predicted lower antdnsula and anterior cingulate cortex
response&® while the second reported that callous traits igted reduced functional
connectivity of the amygdala and insula with theesior cingulate corteX’ These results,
together with recent psychometric, experimentdhaberal, genetic, and meta-analytic

evidence demonstrating that the ICU subscalesaste @sociated with distinct phenotypic
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and etiological characteristics as well as extetnalelate3>* highlight the importance of
considering the distinct dimensions underlying @ traits construct as operationalized by
the ICU?® This line of research may inform future reseanct @inical work. Future studies
should also examine how different clinical presgates of CD (e.g., aggressive versus non-

aggressive) might relate to WM differences.
Neur odevelopmental considerations

Despite the fact that CD is considered a neurodeveéntal disorde¥. and the
hypothesis that the relationship between CD and kMbtostructure may differ with age’:?°
no age- or puberty-related interactions were olegkrvhis tentatively suggests that the
magnitude of differences between groups that wertdyere reflects similar developmental
trajectories across the age range (9-18 year$)dibr CD and TD youths. Thus, it is possible
that any neurodevelopmental changes might havadreccurred by age 9. In any case, this
developmental trend is different from the deviamd age-related trajectories reported for
autism spectrum disordetsanother neurodevelopmental disorder. However sesestional
or correlational designs preclude drawing any vigdfdrences regarding
(neuro)developmental processéhjghlighting the pressing need for prospectiveglardinal
studies of CD. Second, our results and those ofique studies suggest that CD might be
characterized by a unique pattern of lower diffugithigher AD, lower RD and MD as
reported here) compared to other neurodevelopmeis@aiders such as ADHD (lower FA
with TBSS®) and autism spectrum disorders (lower FA, high&Rlwhere meta-analyses
have identified higher WM diffusivit§®°® DTI studies in youths with depressioh,
generalized anxiety disord&and substance misdséave also consistently reported higher
diffusivity (lower FA) in those clinical groups ags a range of WM tracts that includes the
uncinate fasciculus and corpus callosum. The fattthese results are in the opposite

direction to those reported here may explain wieythique pattern of findings in CD youths
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were not influenced by symptoms of comorbid dismsdd=inally, the adult condition of
antisocial personality disorder, for which a diagis@f CD by age 15 is requirédhas also
been associated with WM differences in the sanwdthat we identified. However, in
contrast to our findings, there is a consistentepatof higher diffusivity (e.g. lower AD) in

in adults with antisocial personality disordef,and those with psychopathynterestingly, a
recent study in adults with antisocial personaligorder found a negative correlation
between AD in the corpus callosum and self-reparmgallsivity °° Taken together, these
data highlight the need for prospective longitutistadies to clarify the association between
WM microstructure and the developmental coursesgére antisocial behavior and

associated personality traits.

Despite the strengths of our study, which includgeuse of a much larger sample than
has been included in previous DTI studies of CDugs matched on pubertal status, and a
systematic examination of the influence of of ggéyerty, 1Q, and clinical variables on the
findings, some limitations should be noted. As vathprevious DTI studies of CD, the cross-
sectional design prevents us from inferring wheWwdf differences are a cause or a
consequence of the disord@Relatedly, until replicated, the results of ouplexatory
mediation analysis should be interpreted as praehnyi given that the observed effect was
small and mediation analyses are more suited witlaginal dat&* We also note that,
because faces are the targets in the Go/No-Gauteskheré’ this paradigm might conflate
emotional processing (known to be impaired in®DBith impulsivity. However, because
corpus callosum AD values did not correlate witly parformance indices (accuracy or
reaction time) on the Emotion Hexagon f&sk which participants have to identify
emotional facial expressions (see Supplement 4lage online), we believe that our
interpretation of the association between AD valmes$ commission errors is consistent with

an impulsivity account, albeit when target stimark emotional faces. The ROI analysis
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approach of using atlas-derived probability mapsxivact tract means from the voxel-wise
skeleton, whilst common (e’g), is not optimal due to the use of an atlas-isfémather than
individually-calculated trajectory to define thadts. Furthermore, the results of our ROI
analysis should be interpreted cautiously, as tineection for multiple comparisons was
applied to each DTI-index separately, rather transs all four indices simultaneously.
Indeed, when we tested for group differences/isteras within all ROIs (n=16) across all
four DTI-indices (i.e. 16*4 = 64 tests), the reatROI results did not survive this highly
conservative multiple comparison procedure. Howewbeen the findings were corrected for
multiple comparisons within each DTI-index (i.et fA, AD, RD and MD only; 16 tests)
then all reported ROI results were significant.aflyy diffusivity measures can be influenced
by factors such as partial volume, fiber crossifigots, fiber alignment, myelination density
of the tract, tract coherence, or a combinatioargf/all of these factors, which are unrelated
to ‘WM integrity’.®® In this context, the interpretability of any obsza group differences is
challenging. Thus, we have been careful to desacnibbeesults as differences in specific DTI

metrics and the nature of diffusivity without sgecieference to WM ‘integrity®?

In summary, female and male youths with CD exhlabihmon increases in AD in the
corpus callosum and common reductions in RD andiivitbe anterior thalamic radiation,
relative to TD youths. However, sex-specific efseat CD on WM microstructure were
observed within the left uncinate fasciculus amgjgution pathways in the left hemisphere.
Importantly, while the results were not influendgdsymptoms of comorbid disorders,
unique variance associated with CD symptoms arldusatraits exhibited opposing
influences on corpus callosum AD, with calloustalentified as the unique clinical feature
predicting higher AD and lower RD within the corpradlosum and anterior thalamic
radiation, respectively. Finally, AD in the corpzalosum partially mediated the association

between callous traits and impulsive responsemtienal faces in youths with CD. These
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data suggest that there are sex differences ingtmobiological basis of CD, and provide

further evidence that callous traits may deling@atkstinct subtype of CD.
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TABLE 1 Demographic and Clinical Characteristics of Youttish Conduct Disorder (CD)
and Typically-Developing (TD) Participants
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Note: Where appropriate, group (CD/TD) and sex éffi@inale) differences, sex-by-
diagnosis interactions and subsequent post-hazweste computed using ANOVAs and Chi
square tests. Means with different superscriptb @d c) denote significant differences

Statistical analysis

Characteristic/ 1. Female 2.Female 3. Male 4. Male Group Sex Group X
Variable Youth Youth Youth Youth (CD/TD) (M/F) Sex
CD TD CD TD effects effects interactions

(n=59) (n=103) (n=65) (n=71)

Mean SD Mean SD Mean SD Mean SD F p F p F p

Age (years)  15.1 19 141 26 1422 145 24 35 007 <1 0.941.4 0.24

Full-scale IQ  97.6 13.102.5 11.0 93.4 11.8 102.5 10.6 26.4 0.001 2.3 0.13 23 0.13

SES -04 08 009 09 -0170.6 0.24 0.7 13,5 0.0012.37 0.13 0.1 0.7

Lifetime CD 5% 25 02 04 6.2 25 03 06 81450.001 43 0.04 22 0.14
symptoms

Lifetime ODD 6.1»@ 2.7 0.2 06 58 28 0. 04 742.70.001 <1 0.6 <1 0.7
symptoms

Lifetime 6.» 63 0 03 94 64 0 0.2 241.90.001 12.1 0.00112.0 0.001
ADHD

symptoms

Lifetime GAD 1.3 17 04 04 08 14 004 0.2 63.1 0.0017.3 0.007 44 0.04
symptoms

Lifetime MDD 8.8 79 04 19 50 6.4 0.2 10 135.60.001 12.4 0.00110.6 0.001
symptoms

Total ICU 325 126 164 8.0 37.512.7 19.3 7.8 202.30.001 10.8 0.01 <1 0.4

Calloussubscale 11.3 6.2 4.2 34 137 65 47 25 202.60.001 69 0.01 2.8 0.1
of ICU

Uncaring 142 5.0 79 43 158 50 8.9 43 140.90.001 6.1 0.01 <1 0.5
subscale of ICU

Unemotional 72 39 42 25 80 32 56 29 525 0.0019.6 0.01 <1 0.5
subscale of ICU

Current N % N % N % N % ¥ p ¥ P Y P
DSM-IV

diagnoses

ODD 41 70 O 0O 48 74 0 0 1780001 35 0.06 <1 0.6
ADHD 26> 44 0 0 39 60 0 0 123.60.001 11.1 0.01 53 0.02
GAD 12 20 O 0 4 6 0O 0 237 000129 0.09 55 0.02
MDD 22 37 0 0O 18 28 0 O 648 0001 0.9 13 0.3

Alcohol abuse 2 3 0 0 1 2 0 0 43 0.05 <1 0.7 53.20

Drug abuse 3 5 0 0 4 6 0 0 101 0.01 <1 05 <1 0.8
(cannabis)

Medication 17 29 0 0O 13 20 O O 433 00041 07 13 03
PDS N % N % N % N % ¥ p P Y p
Pre/Early 3 5 7 7 12 18 17 24 65 0.2 31.2 00@®O0 06

(stages | and Il)

Mid/Late/Post 56> 95 96 93 53 82 54 76

(stages Il — V)

Age of onset”

Childhood 17 33 0 0 34 54 0 0 2.7 0.1

Adolescent 27 53 0 0 28 44 0 0

Missing 7 14 0 0 1 2 0 0

Handedness

Right 49 83 91 83 51 78 66 93 49 008 <1 09 3.9 0.1
Left 4 7 11 11 11 17 3 4

Ambidextrous 3 5 0 0 1 1.5 1 1

Missing 3 5 1 0.9 2 3 1 1

(pairwise comparisons with Bonferroni adjusted phiga are showm < .05). In addition to
the commonly comorbid disorders currently listed able 1 which were present in our
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sample, the following disorders were also scredoeds part of the K-SADS assessment:
Psychosis, mania, schizophrenia, autism spectrgordir, bipolar disorder, panic disorder,
separation anxiety disorder, phobia (simple/saaijmlfaphobia), obsessive compulsive
disorder, post-traumatic stress disorder, enuressypresis. Further information regarding
the presence of those disorders in our sampleaigade upon request. Diagnoses of CD and
comorbid disorders were made using the Kiddie-Saleeibr Affective Disorders and
Schizophrenia-Present and Lifetime version. ADHBXtention-deficit/hyperactivity

disorder; GAD = Generalized anxiety disorder; IClhwentory of Callous-Unemotional
traits; MDD = Major depressive disorder ODD = opgiosal defiant disorder; PDS =
Pubertal Development Scale; SES = socioeconomigssta

4 Not including the 10 participants with ODD plus Gmptoms

FIGURE 1 White Matter Microstructurein Corpus Callosum: Youths With Conduct
Disorder (CD) Compared With Typically-Developing (TD) Youths
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Note: (A) Voxels within the body of the corpus callim (coordinates=7,y=-27,z=24;
p=.02;k=41; d=.59) where axial diffusivity (AD) differed betwegmoups (CD>TD). All
voxels (shown in red-yellow) are thresholdeg<05, threshold-free cluster enhancement
(TFCE); Family-Wise Error (FWE)-corrected for mple comparisons. Findings overlaid
onto mean fractional anisotropy (FA) skeleton (ghée MNI (Montreal Neurosciences
Institute) space (X, y, z). Corpus callosum showhlue overlaid on to a 3D
MNI152_T1 1mm template. For viewing purposes, stiatl images were “thickenedB)
Partial regression plots showing unique associatimiween CD symptoms and mean AD in
the corpus callosumeft) and ICU callous subscale scores and mean ADeircdnpus
callosum fight) in CD youths only (n=124P andp values reflect the level of statistical
significance and the standardized regression aoefis, respectively. Shaded error bars
reflect 95% Cls. K-SADS-PL = Kiddie-Schedule forfédtive Disorders and Schizophrenia-

Present and Lifetime version; ICU = Inventory ofl@as-Unemotional traits.

FIGURE 2 White Matter Microstructurein Anterior Thalamic Radiation: Youths With
Conduct Disorder (CD) Compared With Typically-Developing (TD) Y ouths.

Note: (A Voxels within the anterior thalamic radiation {lahterior thalamic radiationx=-8,
y=-28,z=15; p<.01k=140;d=.41: right anterior thalamic radiatiox=13,y=-28,z=15;
p=.01;k=80; d=.27) where radial diffusivity (RD) differed betwegroups (CD < TD).
Partial regression plots show unique associatietwden ICU callous subscale scores and
mean RD within the leftl¢ft graph) and rightr{ght graph) anterior thalamic radiation in CD
youths only (n=124)P andp values reflect the level of statistical significarand the
standardized regression coefficients, respectivi&iaded error bars reflect 95% C(B)
Voxels within the left anterior thalamic radiatipe=-6 y=-20,z=16; p=.03k=52; d=.31)
where mean diffusivity (MD) differed between groy@D < TD). All voxels (shown in red-
yellow (top) and blue-light-blueliottom)) are thresholded at< .05, threshold-free cluster
enhancement (TFCE); Family-Wise Error (FWE)-comrddbr multiple comparisons.

Findings are overlaid onto the mean fractional @nigpy (FA) skeleton (green).

FIGURE 3 Sex-by-Diagnosis Interaction in Posterior Limb of Internal Capsule
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Note: (A) Voxels within the left internal capsube=€20,y=-12,z=5; p=.04;k=8; d=1.35)
revealing a sex-by-diagnosis interaction in radigélsivity (RD). All voxels (shown in red-
yellow) are thresholded at< .05, threshold-free cluster enhancement (TFE&NIily-Wise
Error (FWE)-corrected for multiple comparisons.dtigs are overlaid onto the mean
fractional anisotropy (FA) skeleton (green). Theeinal capsule (bilateral) is shown in blue
and the corticospinal tract (bilateral) is showry@&low overlaid on to a 3D
MNI152_T1 1mm template. Bar-graph shows white-matiéerences in the left internal
capsule cluster for female youth (t=3.26, df=1686, .005) and male youth (t=-2.71, df=134,
p=.04) with CD compared to TD contro(8) Inset (dashed line) partial regression plot
shows unique associations between CD symptomeifoale and male youth with CD and
mean RD within the left internal capsule clustearfdp values reflect the level of statistical
significance and the standardized regression coefis, respectively. Shaded error bars
reflect 95% Cls. SE = standard error.

*p <.05; **p < .01, (Bonferroni-correcteg; <.05)

FIGURE 4 Region of Interest (ROI) Analysis: Youthswith Conduct Disorder (CD)
Compared to Typically-Developing (TD) Youths

Note: (A) Voxels within the left fornix (x=-1, y=3l, z=18; p=.02; k=6; d=1.15) revealing a
sex-by-diagnosis interaction in axial diffusivik@). Bar-graph shows white matter
differences for female youth (t = 3.27, df = 16G; .01) and male youth (t = 2.1, df =134, p
= .22).(B) Voxels within the left posterior thalamic radiatibpre-34, y=-61, z=7; p=.03; k=7;
d=1.5) revealing a sex-by-diagnosis interactioAllh Bar-graph shows white matter
differences for female youth (t = 2.35, df = 16G; @4) and male youth (t = 3.41, df = 194,
<.01).(C) Voxels within the left uncinate fasciculus (x=-38-11, z=7; p=.01; k=9; d=0.81)
revealing a sex-by-diagnosis interaction in mediusivity. Bar-graph shows white matter
differences for female youth (t = 1.97, df = 16G; ©3) and male youth (t = 1.98, df = 1p4,
<.01). All voxels (shown in red-yellow (A-B) andue-light-blue (C)) are thresholdedmak
.05, threshold-free cluster enhancement (TFCE);ilyaise Error (FWE)-corrected for
multiple comparisons. Findings are overlaid on®niean fractional anisotropy (FA)
skeleton (green). n/s = non-significant; PTR = poet thalamic radiation; SE = standard
error; UF = uncinate fasciculus.

*p <.05; *p <.01.
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