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Among females, conduct disorder (CD) before age 15 is associated with multiple adverse outcomes in adulthood.
The few existing structural neuroimaging studies of females with CD report abnormalities of gray matter vo-
lumes. The present study compared cortical thickness and surface area of young women with childhood/ado-
lescent CD and healthy women to determine whether cortical abnormalities were present in adulthood and
whether they were related to prior CD. Structural brain images from 31 women with CD and 25 healthy women
were analyzed using FreeSurfer. Group differences between cortical thickness and surface area were assessed
using cluster-wise corrections with Monte Carlo simulations. Women with prior CD, relative to healthy women,
showed: (1) reduced cortical thickness in left fusiform gyrus extending up to entorhinal cortex and lingual gyrus;
(2) reduced surface area in right superior parietal cortex; (3) increased surface area in left superior temporal
gyrus, and right precentral gyrus. These differences remained significant after adjusting for past comorbid
disorders, current symptoms of anxiety and depression, current substance use as well as maltreatment. The study
suggests that among females, CD prior to age 15 is associated with cortical structure abnormalities in brain
regions involved in emotion processing and social interaction.

1. Introduction

Conduct disorder (CD) is estimated to affect between 0.8% and
9.2% of girls prior to age 15 (Loeber et al., 2000). CD is associated with
multiple negative outcomes including antisocial behaviour (ASB), lim-
ited academic achievement, low psychosocial functioning, physical and
mental health problems (Odgers et al., 2008) and offspring with con-
duct problems (Jaffee et al., 2006). CD is a moderately heritable dis-
order of neuro-development (Rhee and Waldman, 2002) in which
cognitive and affective-emotional processing deficits may persist into
adulthood (Frick and Viding, 2009). Typically, females with CD ex-
perience maltreatment, many present anxiety and depression, and by
mid-adolescence almost all misuse substances (Hodgins et al., 2018).

Previous structural magnetic resonance imaging (MRI) studies using
voxel based morphometery (VBM) have reported abnormalities in grey
matter volume (GMV) in several brain regions among females with CD,
including anterior insula and right striatum (Fairchild et al., 2013),
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prefrontal cortex, supramarginal gyrus, angular gyrus (Dalwani et al.,
2015). These studies, however, failed to take account of maltreatment
and the typical array of disorders comorbid with CD. In our previous
study, young women with prior CD (CDW) as compared to healthy
women (HW) presented increased GMV in the left superior temporal
gyrus (STG) and reduced GMV in lingual gyrus, hippocampus and
anterior cingulate cortex. However, all the differences were associated
with maltreatment, or current or past comorbid disorders
(Budhiraja et al., 2017).

Abnormalities of GMYV identified in previous VBM studies of females
with CD may reflect differences in cortical thickness (CT), and surface
area (SA) or a combination of these measures (Hutton et al., 2009).
Neurons within the cerebral cortex are organized into ontogenetic
columns that run perpendicular to the surface of the brain. The radial
unit hypothesis of cortical development postulates that the cortical SA
is driven by the number of columns, whereas CT is influenced by the
number of cells within a column (Rakic, 2009). CT and SA are
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influenced by regionally distinct genetic factors (Pannizon et al.,2009).
GMV, which is a composite of both these measures, is likely to be af-
fected by some combination of these factors. CT and SA are more
specific and biologically significant measure of neuroanatomical
changes than GMV (Panizzon et al., 2009). Therefore, focusing on these
two more specific measures of brain structure may reveal important and
additional brain abnormalities associated with CD as well as clarify
previously discrepant findings. The specificity in knowledge of struc-
tural neural abnormalities associated with CD will facilitate research
into etiological factors.

The few existing studies of CT and SA among individuals with CD
included all male or mixed gender samples and reported abnormalities
in frontal and temporal regions (Fahim et al., 2011; Fairchild et al.,
2015; Hyatt et al., 2012; Jiang et al., 2015; Wallace et al., 2014). A
positive association between CT in the STG and the number of CD
symptoms was observed among male adolescents (Chumachenko et al.,
2015). In a recent study, CD was associated with cortical thinning in
ventromedial prefrontal cortex in both sexes. Females with CD showed
increased CT in supramarginal gyrus and reduced SA in superior frontal
gyrus, compared with controls (Smaragdi et al., 2017).

There is no prior study of CT and SA among females with CD, even
though evidence suggests that the clinical phenotype (Brennan and
Shaw, 2013) and genotype (Sjoberg et al., 2007) differ in females and
males, as do neural structures associated with ASB (Gur et al., 2002),
and trajectories of brain development (Raznahan et al., 2011). Neural
abnormalities associated with CD may be obscured by examining
mixed-sex samples (Smaragdi et al., 2017). The present study aimed to
further understanding of the neural correlates of CD in females, using
surface based morphometry to estimate CT and SA in exploratory whole
brain analyses, by taking account of maltreatment and comorbid dis-
orders, and examining associations with psychopathy affective facet
scores. We hypothesized that young women who had presented CD
prior to age 15 would display abnormalities of CT and SA in brain re-
gions implicated in emotion regulation and social cognition, primarily
the prefrontal cortex and limbic and paralimbic regions. We examined
the same sample (one HW different) as previously described
(Budhiraja et al., 2017).

2. Method
2.1. Subjects

The sample included 46 women, aged, on average 23 years, 31 CDW
diagnosed prior to age 15 and 25 HW with no history of CD, or criminal
behavior, no current or past axis I or II disorders, other than two cases
of past alcohol abuse. CDW were first assessed (Hodgins et al., 2007) in
mid-adolescence when those 18 years or younger completed the Sche-
dule for Affective Disorders and Schizophrenia for School-Age Children
(Kaufman et al., 1997) and those 18 or older the Structured Clinical
Interview for DSM-IV(SCID I, SCID II) (First et al., 1990, 2002). The
CDW were re-assessed six, 12 and 60 months later (Hodgins et al., 2010,
2014). Eighteen months later scanning began. Before the scan, all
participants completed the SCID I and II, Edinburgh Handedness In-
ventory (Oldfield, 1971), Alcohol Use Disorders Identification Test
(AUDIT) (Saunders et al., 1993), Drug Use Disorders Identification Test
(DUDIT) (Berman et al., 2005), Beck Anxiety Inventory (BAI)
(Beck et al., 1988) and Beck Depression Inventory (BDI) (Beck et al.,
1961). Physical and sexual abuse were assessed at baseline and each
follow-up among the CDW, and prior to the scan among the HW using
the Conflict Tactics Scale (Straus et al., 1996), the Sexual and Physical
Abuse Questionnaire (Kooiman et al., 2002), MacArthur Community
Violence Instrument (Steadman et al., 1998), and the Sexual Experience
Survey (Koss et al., 1987). The sum of scores on the vocabulary and
block design subtests of the Wechsler Intelligence Scale estimated IQ.
CDW who were aged 16 or younger at the first assessment completed
the Wechsler Intelligence Scale for Children - Third Edition
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(Wechsler, 1991), and all other participants completed the Wechsler
Adult Intelligence Scale — Revised (Wechsler, 1997). In mid-adoles-
cence, 25 of the CDW were assessed using the Psychopathy Checklist:
Youth Version (PCL:YV) (Forth et al., 2003), and 6 of the CDW and the
HW were assessed prior to the scan using the Psychopathy Checklist
Screening Version (PCL:SV) (Hart et al., 1995). (For more detailed de-
scription of the sample and measures see Supplementary Material).

2.2. MRI Data

MRI scans were acquired using an axial T1-weighted sequence on a
3-Tesla MRI scanner (MR750 GE Healthcare, Milwaukee, Wisconsin) at
Karolinska University Hospital using following parameters: 176 slices;
thickness = 1 mm; voxel size =1 X1 X 1 mm; FOV = 24.0, Flip
angle = 12°, matrix = 240 x 240, TR = 7.9 ms, TI = 450 ms, and
TE = 3.1 ms. Total scanning time was 6 min, 8 s. Images were inspected
for clinically relevant abnormalities by a radiologist.

FreeSurfer image analysis suite version 5.3.0 (http://surfer.nmr.
mgh.harvard.edu/) was employed to perform semi-automated cortical
reconstruction (Dale et al., 1999). Using automated algorithms, images
were transformed to standard space, segmented, normalized, and
smoothed using a standard 10 mm kernel. All surfaces were visually
inspected and segmentation errors or topological defects were manually
corrected by manual edits to the surfaces, and adding control points.
After these 3D surfaces were constructed, CT was estimated as the
shortest distance from white surface to the pial surface at each surface
vertex (Fischl and Dale, 2000). Cortical SA was estimated by computing
the change in area of each triangle when mapped into spherical atlas
space through allocating one third of the area of each triangle to each of
its vertices (Winkler et al., 2012). Additionally, total intracranial vo-
lume (TIV) was extracted for each participant.

2.3. Statistical Analyses

Independent t tests and Fischer's exact tests were conducted, using
the Statistical Package for Social Sciences (SPSS, version 22), to com-
pare groups on socio-demographic and clinical characteristics. To assess
differences of CT between CDW and HW, a general linear model (GLM)
was estimated at each vertex across the cortical surface in FreeSurfer.
Age was entered as a nuisance variable as age has an independent and
negative association with CT (Sowell et al., 2007) and in small sample
sizes a variable that does not significantly differentiate groups may
confound results (Barnes et al., 2010). IQ was also entered as a nuisance
variable as it is associated with CT (Karama et al., 2009), and with
antisocial behavior (Murray and Farrington, 2010). Initially, CT was
included as the dependent variable, group as a factor, and age as a
nuisance variable. Next, CT was included as the dependent variable,
group as a factor, and age and IQ as nuisance variables. Similarly, to
assess differences in SA between CDW and HW, a GLM was estimated
and SA was included as the dependent variable, group as a factor, and
age and TIV as nuisance variables. Next, age, IQ, and TIV were entered
as nuisance variables. We first used a cluster-forming threshold of p <
0.05 (two-tailed) and then to correct for multiple comparisons, we used
Monte Carlo simulations (10.000 iterations, cluster-wise p-
threshold < 0.05).

To determine whether observed significant differences in CT and SA
between the CDW and HW were specific to CD, a series of analyses were
conducted, controlling for past comorbid disorders, current symptoms
of anxiety and depression and alcohol and drug use, and maltreatment.
Surface-based Regions of Interest (ROIs) were created for brain areas
where statistically significantly group differences in CT or SA were
detected. The mean CT or SA at each cluster ROI for each subject was
extracted. For each significant group difference, GLM were computed in
SPSS. To determine whether observed group differences would remain
after comparisons were adjusted for past comorbid disorders and mal-
treatment, three models were computed. All models of CT were
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Table 1
Socio-demographic and clinical characteristics of participants.
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Conduct disorder (n = 31)

Healthy (n= 25)

Statistics

Mean (SD) age (years) 24.1 (2.7) 23.2(3.3) t(54) = —0.98 p = 0.11
Mean (SD) score handedness 87.6 (33.6) 92.0 (10.3) t(54) = 1.19, p = 0.282
Mean (SD) number of conduct disorder symptoms prior to age 15 5.8 (2.8) 0

Mean (SD) IQ scores 16.5 (3.9) 19.0 (2.6) t(53) = 3.16, p= 0.006
% Completed high school 45 80 FET p = 0.008

Past comorbid disorders

% Alcohol dependence 39 0 FET p < 0.001

% Drug dependence 42 0 FET p < 0.001

% Anxiety disorder 80 0 FET p < 0.001

% Depression disorder 67 0 FET p < 0.001

% Attention deficit hyperactive disorder 9.7 0 FET p = 0.167
Maltreatment

% Physical abuse by parents 38 0 FET p < 0.001

% Sexual abuse 61 0 FET p < 0.001

At the time of scan

% Not employed in past 2 years 58.6 0 FET, p = 0.001

% Alcohol dependence 3.2 0 FET p = 0.554

% Drug dependence 6.5 0 FET p = 0.302

% Anxiety disorder 32 0 FET p = 0.001

% Depression disorder 13 0 FET p = 0.08

% Antisocial personality Disorder 9.7 0 FET p = 0.162

Mean (SD) AUDIT scores 6.4 (4.06) 4.8 (3.3) t(54) = 1.61 p = 0.107
Mean (SD) DUDIT scores 4.5 (8.41) 0.24 (0.83) t(54) = 2.76 p = 0.016
Mean (SD) BAI scores 11.41(10.1) 4.96 (4.5) t(54) = 3.17 p = 0.005
Mean (SD) BDI scores 13.77(14.1) 3.26 (4.5) t(54) = 3.90 p = 0.001

% with children 48
Mean (SD) score aggressive behavior last 6 months

0.87 (1.60)

12 FET p = 0.004
0.12 (.439) t(54) = 2.48 p = 0.018

FET = Fisher Exact Test

AUDIT: Alcohol Use Disorder Identification Test
DUDIT: Drug Use Disorder Identification Test
BAL: Beck Anxiety Inventory

BDI: Beck Depression Inventory

adjusted for age and IQ, and models of SA for age, IQ and TIV. In ad-
dition, model 1 adjusted for past alcohol and drug dependence, model 2
adjusted for past anxiety and depression disorders and model 3 for
history of physical and sexual abuse. Since few of the participants
presented comorbid disorders in adulthood, two additional models
were computed to determine whether observed group differences be-
tween CDW and HW would remain after adjusting for current alcohol
and drug use, anxiety and depression symptoms. Model 1 adjusted for
current alcohol and drug use and model 2 for current anxiety and de-
pression symptoms. Results were considered significant at p < 0.05.

Pearson correlations were computed within CDW to determine
whether CT or SA of brain areas that differentiated CDW from HW were
linked to the number of CD symptoms or to facet 2 PCL: YV scores,
partialling out effects of age, IQ and TIV.

2.4. Ethics approval

The current study, and all previous waves of data collection, was
approved by Regional Ethical Review Board in Stockholm.

3. Results
3.1. Clinical characterstics

As presented in Table 1, the CDW and HW were similar in age and
handedness and differed in IQ and education. As is typical, proportio-
nately more of CDW had acquired past diagnoses of comorbid disorders,
and had reported physical and sexual abuse. At the time of scan, the
CDW reported greater use of drugs, more anxiety and depression
symptoms, and more aggressive behaviour than HW. More than half of
the CDW had not been employed in a job in the previous two years.
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3.2. Cortical thickness and surface area differences

As shown in Fig. 1 and Table 2, after adjusting for age, the CDW,
relative to HW, showed significantly decreased CT in a large cluster
located in left fusiform gyrus extending up to the entorhinal cortex and
lingual gyrus and reduced thickness in a large cluster located in the left
dorsolateral prefrontal cortex (DLPFC). After adjusting for age and IQ,
the cluster at left DLPFC was no longer significant while the group
difference in left fusiform gyrus cluster remained significant. As pre-
sented in Table 3, the group difference in CT in left fusiform gyrus re-
mained significant after controlling for past alcohol and drug depen-
dence, past anxiety and depression, maltreatment, current alcohol and
drug use, and current symptoms of anxiety and depression.

Fig. 1. (A) Reduced cortical thickness in left dorsolateral prefrontal cortex
among women with conduct disorder prior to age 15 compared to the healthy
women, adjusted for age. (B) Reduced cortical thickness in left fusiform gyrus of
women with conduct disorder prior to age 15 compared to healthy women
adjusted for age and IQ.
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Table 2
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Significant results of comparisons of cortical thickness of women with prior conduct disorder and healthy women.

Brain region Hemi-sphere  Number of verticies ~ Size (mm?) X Y Z Maximum —1log10 (P value) Cluster-wise-P value
Group comparisons after adjusting for age
HW>CDW  Fusiform Left 2482 1142.78 -31.3  -41.7 -12.8 5.889 0.02230
gyrus
Dorsolateral prefrontal cortex  Left 2137 1263.63 -22.4 194 475 2389 0.01320
Group comparisons after adjusting for age and 1Q
HW>CDW  Fusiform Left 2754 1461.43 -35.1 -23.3 -22.8 2387 0.030
gyrus

CDW: women with conduct disorder prior to age 15; HW: healthy women

As presented in Fig. 2 and Table 4, after adjusting for age, IQ, and
TIV, the CDW, relative to HW, presented significantly decreased SA in a
large cluster located at the right superior parietal cortex. CDW, relative
to HW, displayed increased SA in left STG, right precentral cortex and
at a large cluster in right rostral prefrontal cortex extending up to the
lateral orbitofrontal cortex (OFC). As presented in Table 3, the group
differences in SA in right superior parietal cortex, in left STG, and in the
right precentral gyrus, remained significant after controlling for all
covariates. However, the difference in the right prefrontal gyrus dis-
appeared after controlling for past anxiety and depression disorders.

3.3. Correlation with CD symptoms and affective facet psychopathy scores

After controlling for age and IQ, none of the partial correlations
between CT, SA and number of CD symptoms, and CT, SA, and psy-
chopathy affective facet scores were significant.

4. Discussion

Young women who had presented CD before age 15, relative to HW,
displayed reduced CT in left fusiform gyrus, decreased SA in right su-
perior parietal cortex, and increased SA in left STG, and right precentral
gyrus. Each of these group differences was robust to adjustment for age
and IQ, physical and sexual abuse, past alcohol and drug dependence
and anxiety and depression disorders, and current alcohol and drug use
and anxiety and depression symptoms, suggesting that these abnorm-
alities were specifically associated with prior CD. The CDW, relative to
the HW, also showed reduced CT in the DLPFC when controlling for age
and IQ, but not when controlling for age, and increased SA in the right
rostral prefrontal cortex that was associated with past anxiety and de-
pression disorders.

CT deficits in left fusiform gyrus were previously observed among
adolescents with CD (Hyatt et al., 2012), and a meta-analysis reported
reduced GMV in the left fusiform gyrus of youth with CD (Rogers and
De Brito, 2016). The CDW displayed reduced SA in right superior
parietal cortex. Reductions in CT (Hyatt et al., 2012) and decreased
functional activity (White et al., 2012), is reported among youth with
CD in this region. Increased SA in left STG was observed among the
CDW, consistent with recent study of adult males with prior CD
(Jiang et al., 2016). The increased SA in STG is also congruent with
findings of increased GMV in left STG among adult males with ASB
(Schiffer et al., 2013) and boys with conduct problems (De Brito et al.,
2009). Increased SA in right precentral cortex was observed among the
CDW relative to the HW, consistent with previous reports of structural
(Jiang et al.,, 2016) and functional abnormalities in this region
(Shannon et al., 2011) in individuals with ASB.

The left fusiform gyrus, superior parietal lobe, precentral gyrus and
STG are crucial for social interaction as they play important roles in
empathy (Hooker et al.,, 2010), moral reasoning (Raine and
Yang, 2006), and recognizing emotions in faces, which is deficient in
females with CD (Dadds et al., 2006; Fairchild et al., 2010). The iden-
tification of emotions in faces is a complex task that requires visual
scanning, perceptual processing, effortful attention, working memory,
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and semantic processing (Marsh and Blair, 2008). This processing of
emotions relies on a large, distributed network of neural structures of
occipito-temporal visual cortex including the fusiform gyrus, superior
parietal cortex, and STG (Labar et al., 2003). The fusiform gyrus is
connected to the amygdala (Pujol et al., 2009), and plays a central role
in social categorization by modulating face perception
(Sabatinelli et al., 2011; Schwarz et al., 2013). The STG is important for
efficient social cognition (Adolphs, 2003). The fusiform and STG are
engaged to construct a spatial representation of facial features and
movements (Haxby et al., 2000). The superior parietal cortex is criti-
cally important for the manipulation of information in working
memory (Koenigs et al., 2009). The differences observed in the present
study between the CDW and HW in the left fusiform gyrus, superior
parietal lobe, precentral gyrus and STG could be related to deficits in
emotion processing previously shown to characterize individuals with
ASB (Marsh and Blair, 2008). A recent study showed, however, that
among children with elevated callous-unemotional traits, only those
without comorbid anxiety or who had not been maltreated presented
deficient emotion recognition (Dadds et al., 2018). In the present study,
neither the numbers of CD symptoms nor the PCL affective facet scores
were correlated with CT and SA. Yet, the group differences remained
after controlling for age, IQ, TIV, past mental disorders, current sub-
stance use, anxiety and depression. Future studies are needed to si-
multaneously assess emotion processing and structural abnormalities in
children/adolescents with CD, taking account of comorbid disorders,
maltreatment, and CU traits.

Females with CD displayed abnormalities in CT and SA, some of
which are similar to cortical abnormalities observed in males or mixed/
sex samples with CD (Hyatt et al., 2012; Sarkar et al., 2015). We also
found novel evidence for SA abnormalities in superior parietal cortex
among females with CD. These cortical abnormalities were observed at
an average age of 24 years, when few of these CDW met the diagnostic
criteria for antisocial personality disorder, yet, CDW displayed in-
creased aggressive behavior, low levels of psychosocial functioning and
educational attainment, and one-third presented anxiety disorders.
These findings highlight the importance of intervening early to prevent
childhood disorders, to promote healthy development, and to limit the
inter-generational transfer of ASB.

The findings in the present study are partially consistent with our
previous VBM study (Budhiraja et al., 2017). VBM analyses identified
increased GMV in the left STG and here we found greater SA in left STG;
VBM analyses identified reduced GMV in lingual gyrus and in the
present study the CDW showed reduced CT in fusiform gyrus extending
up to lingual gyrus. The current study demonstrates the value of ap-
plying surface-based morphometry methods to investigate neural cor-
relate of CD, as alterations in CT and SA were not restricted to the
cortical regions identified in our previous VBM study. Additionally,
CDW, relative to the HW, showed reduced SA in the right superior
parietal cortex, and increased SA in right precentral cortex. These
cortical abnormalities were robust to all covariates, suggesting that
they were directly associated with CD prior to age 15. By contrast, in
our previous VBM study group differences were associated with mal-
treatment, past externalizing and internalizing disorders, and current
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Fig. 2. (A) Reduced surface area in right su-
perior parietal cortex of women with conduct
disorder prior to age 15 compared to healthy
women, adjusted for age, IQ and total in-
tracranial volume. (B) Increased surface area in
left superior temporal gyrus of women with
conduct disorder prior to age 15 compared to
healthy women, adjusted for age, IQ and total
intracranial volume. (C) Increased surface area
in right prefrontal cortex and precentral gyrus
of women with conduct disorder prior to age
15 compared to healthy women, adjusted for
age, IQ and total intracranial volume.

Table 4
Significant results of comparisons of surface area of women with prior conduct disorder and healthy women adjusted for age, IQ and total intracranial volume.
Brain region Hemisphere ~ Number of vertices  Size (mm?) X Y zZ Maximum —1log10 (P value)  Cluster-wise-P value
HW>CDW Superior parietal Right 4272 2126.75 27.8 -54.7 40.3 4.512 0.00820
corTEX
HW<CDW  Rostral prefrontal cortex  Right 2783 1891.02 27.7 57.8 -9.5 2.389 0.01320
Precentral Right 3916 1695.40 13.9 19.8 71.9 1.4763 0.0300
gyrus
Superior temporal Left 4497 1925.60 -41.2 -35.8 10 4.564 0.0149
gyruS

CDW: women with conduct disorder prior to age 15; HW: healthy women

allowed adjustment of group comparisons for maltreatment and co-
morbid disorders. Stringent statistical thresholds were applied and
group differences were found in large clusters, adding confidence to
findings.

4.2. Conclusion

Among young adult women, CD prior to age 15 was associated with
reduced CT in left fusiform gyrus, decreased SA in right superior par-
ietal cortex, and increased SA in left STG and right precentral gyrus.
These group differences were robust to adjustment for maltreatment,
past externalizing and internalizing disorders, current substance use
and anxiety and depression symptoms suggesting that they were di-
rectly associated with prior CD. The study suggests that among females,
CD prior to age 15 is associated with cortical abnormalities in brain
regions involved in emotion processing and social cognition.
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