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Abstract

Objective: Previous research suggested that structural and functional abnormalities within the amygdala and orbitofrontal
cortex contribute to the pathophysiology of Conduct Disorder (CD). Here, we investigated whether the integrity of the
white-matter pathways connecting these regions is abnormal and thus may represent a putative neurobiological marker for
CD.

Methods: Diffusion Tensor Imaging (DTI) was used to investigate white-matter microstructural integrity in male adolescents
with childhood-onset CD, compared with healthy controls matched in age, sex, intelligence, and socioeconomic status. Two
approaches were employed to analyze DTI data: voxel-based morphometry of fractional anisotropy (FA), an index of white-
matter integrity, and virtual dissection of white-matter pathways using tractography.

Results: Adolescents with CD displayed higher FA within the right external capsule relative to controls (T = 6.08, P,0.05,
Family-Wise Error, whole-brain correction). Tractography analyses showed that FA values within the uncinate fascicle
(connecting the amygdala and orbitofrontal cortex) were abnormally increased in individuals with CD relative to controls.
This was in contrast with the inferior frontal-occipital fascicle, which showed no significant group differences in FA. The
finding of increased FA in the uncinate fascicle remained significant when factoring out the contribution of attention-
deficit/hyperactivity disorder symptoms. There were no group differences in the number of streamlines in either of these
anatomical tracts.

Conclusions: These results provide evidence that CD is associated with white-matter microstructural abnormalities in the
anatomical tract that connects the amygdala and orbitofrontal cortex, the uncinate fascicle. These results implicate
abnormal maturation of white-matter pathways which are fundamental in the regulation of emotional behavior in CD.
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Introduction

Conduct Disorder (CD) is a psychiatric condition characterized

by a pervasive pattern of aggressive and antisocial behavior [1].

This condition is more common in males compared with females

[2] and represents a major public health problem, not only

because youths with this disorder may inflict serious physical and

psychological harm to others, but because they are also at

increased risk for self-injury, major depression, substance abuse,

and death by homicide or suicide [3–5].

Accumulating evidence suggests that CD has a neurobiological

basis and involves brain regions implicated in emotion processing

[6–7]. Consistent with this, individuals with CD show impaired

fear conditioning and recognition of facial expressions, and

reduced startle magnitudes [8–9]. Since these functions have been

linked to the amygdala and prefrontal cortex [10–14], it is of note

that functional magnetic resonance imaging (fMRI) studies have

shown that, relative to healthy controls, male adolescents with CD

display dysfunctional neural responses in these regions when

viewing emotional facial expressions [6] or emotional images [15–

16]. In addition, studies of children with high levels of callous-

unemotional (CU) traits, a constellation of personality traits

proposed as a risk factor for CD and psychopathy, showed

reduced amygdala activity to fearful faces and decreased

functional connectivity between the amygdala and ventromedial

prefrontal cortex [17–18]. In accord with these findings, structural

MRI studies have revealed reduced gray matter volumes within

the amygdala, anterior insula, and orbitofrontal cortex (OFC) in

adolescents with CD relative to healthy controls [7,19–20]. In

contrast, a recent study investigating children with CU traits found
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increased gray matter concentration in medial OFC and anterior

cingulate cortex, suggesting that distinct brain abnormalities may

be present across different stages of development [21] or that CD

with and without CU traits may be associated with qualitatively

different brain abnormalities [22]. Converging evidence therefore

supports a key role for both the amygdala and prefrontal cortex

regions in the pathophysiology of CD and CU traits. In the current

study, we investigate whether adolescents with CD show

abnormalities in the white-matter pathways that connect these

two regions.

Recent evidence suggests that the uncinate fascicle (UF), the

major bundle of fibers connecting the amygdala and adjacent

anterior temporal lobe regions to the OFC, shows microstructural

abnormalities in adults with psychopathy [23–24] and in youths

with CD [25]. Consequently, we hypothesized that white-matter

abnormalities in the UF would be observed in individuals with

CD. To test our prediction, we applied two different but

complementary approaches to the analysis of white-matter

fractional anisotropy (FA), measured using Diffusion Tensor

Imaging (DTI). FA provides an indirect measure of the white-

matter microstructure, quantifying changes in both myelination

and axonal organization to index overall fiber integrity [26]. FA

values range from 0 (perfectly isotropic or non-directional

diffusion) to 1 (completely anisotropic or directional diffusion)

and are derived from the combination of two measures, axial

(eigenvalue l1) and radial diffusivity (eigenvalues l2 and l3) – the

rates of diffusion along, versus across, fiber tracts, respectively [26].

We first used whole-brain, voxel-wise comparisons to identify, in

a regionally-unbiased manner, pathways in which male adoles-

cents with CD showed altered white-matter integrity relative to

healthy controls. We followed up these whole-brain analyses by

using tractography to ‘dissect’ the affected pathways [27] and to

determine the relative contribution of specific anatomical tracts to

the observed group differences in FA.

Materials and Methods

Participants
Thirteen male adolescents with CD were recruited from

schools, pupil referral units and the Cambridge Youth Offending

Service. Exclusion criteria included: full-scale IQ,85, as estimated

using the Wechsler Abbreviated Scale of Intelligence (WASI) [28],

the presence of a pervasive developmental disorder (e.g., autism) or

chronic physical illness. A well-matched group of 13 male healthy

controls (no lifetime history of CD/Oppositional Defiant Disorder

(ODD) and no current psychiatric illness) were recruited from

schools and colleges. To equate groups for IQ, controls with full-

scale IQ.115 were excluded.

Participants were assessed for psychiatric disorders based on

DSM-IV criteria [1]. Current and lifetime disorders assessed were

CD, Oppositional Defiant Disorder (ODD), Attention-Deficit/

Hyperactivity Disorder (ADHD), Major Depressive Disorder,

Generalized Anxiety Disorder, Obsessive Compulsive Disorder,

Post-Traumatic Stress Disorder, and Substance Dependence using

the Schedule for Affective Disorders and Schizophrenia for

School-age Children-Present and Lifetime Version (K-SADS-PL)

[29]. All CD subjects fulfilled criteria for childhood-onset CD, i.e.,

they reported that at least one symptom of CD was present prior

to age 10. Self-reported callous-unemotional and overall psycho-

pathic traits were assessed using the Callous-Unemotional di-

mension subscale and the total score on the Youth Psychopathic

traits Inventory (YPI), respectively [30]. The Spielberger State-

Trait Anxiety Inventory was used to assess anxiety [31].

A potential confound when studying neurobiological factors

underlying CD is the high co-morbidity with ADHD [32], another

common neurodevelopmental condition that may obscure or alter

specific effects associated with CD. To limit this problem, all

participants were recruited from the community rather than

clinics, given the reduced prevalence of concurrent co-morbid

illnesses reported in the former setting [33]. In addition, detailed

information about ADHD symptoms was obtained using the K-

SADS-PL and included as a covariate of no interest in additional

analyses controlling for ADHD symptoms.

The study was approved by the Suffolk National Health Service

Research Ethics Committee and written informed consent was

obtained from all participants. We also obtained written informed

consent from parents if the participant was under the age of 18.

Imaging Protocol
MRI scanning was performed on a 3-Tesla Siemens Tim Trio

with a head coil gradient set at the Medical Research Council,

Cognition and Brain Sciences Unit. DTI data were acquired using

an echo planar imaging (EPI) sequence covering the whole brain

(TE/TR=93/6500 ms, bandwidth = 1396 Hz/Px, field of view

(FOV) 230 mm; 48 axial slices, 2.5 mm slice thickness). Diffusion

weighted images were sensitized for diffusion along 64 different

directions with a b-value of 1000 s/mm2. An additional, separate

T2-weighted (i.e. b = 0) volume was also acquired.

Voxel-based Diffusion Tensor Imaging (VB-DTI) Analysis
Eddy-current distortions and head movements during scanning

were corrected by rigid-body registration of the diffusion-weighted

images onto the subject-specific T2-weighted EPI image using

algorithms implemented in the FSL software package (www.fmrib.

ox.ac.uk/fsl). Maps of fractional anisotropy (FA), eigenvalues (l1
or axial diffusivity, l2 and l3 or radial diffusivity) and apparent

diffusion coefficient (ADC) were then generated for each voxel

using the Diffusion Toolkit (http://trackvis.org/dtk/), according

to the method described by Basser and Pierpaoli [34]. Next, FA

images were spatially normalized onto the T2-weighted template

from SPM (www.fil.ion.ucl.ac.uk/spm) and then smoothed with an

8 mm full-width at half-maximum (FWHM) isotropic Gaussian

kernel.

Individual FA maps were entered into a second-level two-

sample t-test for a voxel-based statistical comparison of regional

diffusion differences between adolescents/young adults with CD

and healthy controls. To remove potential confounding influences

of ADHD, the analyses were repeated including lifetime/ever

ADHD symptoms as a covariate of no interest. The significance

level was set at P,0.05, corrected for the white matter volume

across the entire brain. Correction for the entire white-matter

volume was performed by using a whole-brain white-matter mask

created with Pick_Atlas (www.fmri.wfubmc.edu/cms/software).

Fiber Tracking DTI
To further characterize our findings, we followed up voxel-wise

comparisons with tractographic analyses using Diffusion Toolkit

and Trackvis (www.trackvis.org). After reconstructing and identi-

fying the orientations of maximum diffusion at each voxel location,

DTI tractography was performed by seeding every voxel and

proceeding in each identified direction of maximum diffusion

according to the tracking Fiber Assignment by Continuous

Tracking (FACT) procedure described by Basser [35]. Seeding

every voxel in this manner helps reduce biases associated with

selecting specific seed-points for fiber tracking and mitigates

tracking errors caused by fibers crossing within a single voxel. The

reconstructed tracts were then graphically rendered to facilitate
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subsequent regions of interest (ROI) analyses (see below). To

minimise reconstruction of spurious pathways, tracts were

terminated if the angle of maximum diffusion exceeded 35

degrees.

Since whole-brain DTI analyses (see voxel-based diffusion

tensor imaging (VB-DTI) section below) identified increased FA

values between individuals with CD and controls within the

external capsule, and given prior findings in adult psychopaths

[23], we focused our tractography analyses on the two major

anatomical tracts that pass through this white-matter area – the

uncinate fascicle (UF) and the inferior frontal-occipital fascicle

(IFOF). The trajectories of each tract were reconstructed using an

approach that involved ‘dissecting’ these fascicles with a combina-

tion of different ROIs [23]. Tracts were isolated in all subjects by

one of the authors (LP) who was blind to diagnosis and in

accordance with an approach previously described [23,27].

Briefly, three ROIs were created as follows: a ‘temporal lobe’

ROI within the anterior temporal lobe (from MNI: z from 214 to

220); an ‘occipital lobe’ ROI delineated around the occipital lobe

on approximately 10 contiguous axial slices (from MNI: z from24

to 4), and an ‘external capsule’ ROI which included the white

matter of the anterior floor of the external/extreme capsule. Only

tracts passing through the temporal lobe and external capsule ROI

(UF) or passing through the occipital lobe and the external capsule

ROI (IFOF) were retained for further analyses. After isolating the

UF and IFOF in each subject in this manner, we computed the

mean FA, the mean eigenvalues (l1, l2, l3), the apparent

diffusion coefficient (ADC) and the average number of streamlines

(SLs) per tract and analysed these values using an ANCOVA

model that included the subject-specific ROI volume of each tract

(i.e., the number of voxels) as covariates of no interest. A further

ANCOVA included lifetime ADHD symptoms in addition to the

ROI volumes to account for any contribution of ADHD.

Results

Participants
Table 1 summarizes the demographic and clinical character-

istics of all participants included in the DTI analyses and reports

statistics for the differences in the psychometric variables between

individuals with CD and healthy controls. The groups were

matched in age, sex, estimated full-scale IQ, and socioeconomic

status. As expected, individuals with CD scored higher than

controls on current and lifetime/ever CD symptoms, on aggressive

CD symptoms, on ADHD symptoms, and on overall psychopathic

and callous-unemotional traits. There were no differences in state

or trait anxiety between the groups.

Voxel-based Diffusion Tensor Imaging (VB-DTI)
FA values reflect the degree of organization and microstructural

integrity of the white-matter bundles.

Compared to healthy controls, participants with CD showed

significantly higher FA values in a cluster of voxels within the right

ventral external capsule (MNI coordinates of the local maxima,

x = 34, y=22, z =210, T= 6.08, P,0.05, Family-Wise Error

(FWE) corrected for the whole white-matter volume) (Figure 1).
No other regions were identified at this threshold. However, at

a lower threshold (P= 0.001, uncorrected), the ventral external

capsule on the left side also showed greater FA values in

participants with CD relative to controls. The inverse comparison

between groups (i.e., Controls . CD) revealed no supra-threshold

voxels. Repeating the analyses with lifetime ADHD symptoms as

a covariate of no interest also identified the right ventral external

capsule (P,0.05, FWE corrected for the whole white-matter

volume) but no other regions.

DTI Tractography
DTI tractography was used to disentangle the relative

contribution of different fascicles constituting the white-matter

areas that showed increased FA in subjects with CD, relative to

controls, in the whole-brain analyses. Since a cluster of voxels

within the right ventral external capsule displayed significant

differences in FA values between controls and individuals with

CD, we sought to differentiate the contribution of the two

anatomical pathways known to pass through the external capsule

(i.e., the UF and IFOF). As shown in the examples from individual

subjects (Figure 2), the fiber tracking procedure correctly

delineated both the UF and the IFOF. The UF is a bundle of

fibers that originates in the antero-medial temporal lobe (including

the amygdala) and passes through the ventral section of the

external capsule en route to the orbitofrontal and ventromedial

prefrontal cortices. Although the IFOF also passes through the

external capsule, it connects the occipital lobe with the OFC. On

approaching anterior brain regions, fibers of the IFOF enter the

external capsule dorsally with respect to the UF and terminate

within the lateral parts of the OFC. The external capsule is

a crucial white-matter area in which bundles of fibers connecting

different brain regions converge; hence, it is important to

distinguish whether the UF and/or the IFOF contributed to the

group effect revealed by whole-brain VB-DTI analysis. To address

this, the mean FA value, the total number of fibers (streamlines),

the mean l1, l2, l3 eigenvalues and the ADC mean values per

tract were calculated in each subject and entered into separate

three-way ANCOVAs exploring the effects of tract (UF and IFOF;

repeated measure), hemisphere (left and right; repeated measure)

and group (CD and control participants; between- subjects factor).

Figure 3, Table 2 and Tables S1, S2, S3, S4, S5, S6 report

a summary of these results including the mean FA values, the

average number of streamlines, the mean l1, l2, l3 eigenvalues

and the mean ADC as reconstructed in the UF and IFOF of

individuals with CD and controls. Subject-specific ROI volumes

used to construct each tract were included as covariates of no

interest in each ANCOVA to factor out any potential contribution

they might make to the results. We also repeated the analyses after

including lifetime ADHD symptoms as a between-subject

covariate of no interest, to ensure that any between-group

differences were not attributable to comorbid ADHD symptoms.

The three-way ANCOVA exploring FA values revealed

a significant effect of group, F(1,23) = 5.89, P,0.05, which was

qualified by a significant group by tract interaction, F(1,23) = 8.67,

P,0.01. Further ANCOVAs exploring the effects of group and

hemisphere for each tract showed a highly significant effect of

group for the UF, F(1,23) = 20.03, P,0.0005, and no correspond-

ing effect for the IFOF, F(1,23) = 0.16, P.0.6. The former group

effect was driven by higher FA values in the CD group relative to

healthy controls. None of these effects were qualified by

a significant interaction with hemisphere (P values.0.1), in-

dicating that the effect of group for the right UF did not

significantly differ from the left UF. However, significant overall

effects of hemisphere were found for both the 3-way ANCOVA,

F(1,23) = 9.94, p,0.005, and each of the two-way ANCOVAs

investigating the UF, F(1,23) = 5.83, P,0.05, and IFOF,

F(1,23) = 5.62, P,0.05, suggesting that there were differences in

the FA of tracts in the two hemispheres, irrespective of group

status.

A corresponding three-way ANCOVA exploring FA values and

including lifetime/ever ADHD symptoms as an additional

Anatomical Connectivity in Conduct Disorder
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covariate showed a similar pattern of results. Note that ADHD

symptoms are a between-subject, individual differences measure

and therefore do not modulate the within-subject, repeated

measures effects or interactions involving within-subjects variables

in the ANCOVAs (see Table S2). Hence, the group by tract

interaction remained unchanged, F(1,23) = 8.67, P,0.01, while

the effect of group for the UF remained significant, F(1,22) = 5.11,

P= 0.03, although it was of borderline significance (P= 0.06) when

correcting for multiple comparisons using the Bonferroni pro-

cedure. Consistent with the previous analysis, the main effect of

group for the IFOF was not significant, F,1. As would be

expected, the effects of hemisphere for the three-way ANCOVA,

and analyses of the UF and IFOF remained as reported above.

A second analysis investigated differences in the streamlines

using a three-way ANCOVA examining the effects listed above

and including subject-specific ROI volumes for each tract as

covariates. This showed no significant effects of group, hemi-

sphere, or tract, or interactions among these factors (P

values.0.1). Similarly, the ANCOVA including both ROI

volumes and lifetime/ever ADHD symptoms as covariates also

found no significant effects or interactions with the same factors

(Ps.0.1). Thus, consistent with a recent study of adult psychopaths

[23], group differences or interactions with group were restricted

to FA values and were not found for the number of streamlines.

When analysing which of the axial (l1 eigenvalues) or radial

diffusivity (l2, l3 eigenvalues) measures was contributing to the

main effect of the group for the FA in the UF, we found borderline

significant effects for both variables (P = 0.07 for l1 and P= 0.09

for l3) (Tables S1, S2, S3, S4, S5, S6).

These findings suggest that a combination of increases in axial,

and reductions in radial, diffusivity may be contributing to the

increased FA detected in the UF of individuals with CD, relative to

healthy controls. For a complete report of l1, l2, l3 eigenvalues

Table 1. Characteristics of the participants included in the diffusion tensor imaging analyses.

Measure CD (n = 13) CONTROLS (n = 13)

Mean SD Mean SD T, P

Age (years) 18.4 0.8 18.6 0.9 T =20.7, P = 0.47

Estimated full scale IQ 95.4 6.1 98.7 8.5 T =21.1, P = 0.27

Psychopathic traits (YPI total) 2.6 0.3 1.9 0.2 T = 4.5, P,0.001

YPI callous-unemotional subscale 0.7 0.1 0.6 0.1 T = 2.7, P = 0.011

Lifetime/ever CD Symptoms 10.0 1.2 0.3 0.6 T = 18, P,0.001

Current CD Symptoms 5.4 2.5 0 0 T = 7.7, P,0.001

Aggressive CD Symptoms 3.7 0.9 0.1 0.3 T = 8.6, P,0.001

State Anxiety (STAI) 29.6 6.5 29.5 3.9 T = 0.5, P = 0.95

Trait Anxiety (STAI) 40.0 9.3 35.4 5.3 T = 1.4, P = 0.14

Current ADHD Symptoms 6.3 4.4 1.2 1.5 T = 3.8, P,0.001

Lifetime ADHD Symptoms 8.3 3.8 2.0 2.2 T = 5.8, P,0.001

ACORN socioeconomic status: N % N % x2 (exact)

Wealthy achievers (1) 0 0 3 23.1 P = 0.2

Urban prosperity (2) 1 7.7 3 23.1

Comfortably off (3) 5 38.5 2 15.4

Moderate means (4) 2 15.3 0 0

Hard-pressed (5) 5 38.5 5 38.4

Key: SD, Standard Deviation; IQ, intelligence quotient; YPI, Youth Psychopathic traits Inventory; CD, Conduct Disorder; STAI, Spielberger State-Trait Anxiety Inventory;
ADHD, Attention-Deficit/Hyperactivity Disorder.
doi:10.1371/journal.pone.0048789.t001

Figure 1. Voxel based whole-brain Diffusion Tensor Imaging
analysis. The right external capsule was the only white matter area
that emerged as significant when comparing FA maps from individuals
with CD relative to age- and IQ-matched healthy controls (two-sample t
test, P,0.05, corrected for the entire volume of the white-matter in the
whole brain). The CD group showed increased FA values in this region
relative to the healthy control group. MNI: Montreal Neurological
Institute (x, y, z) coordinates. The color bar ranging from red (bottom) to
yellow (top) represents T statistics.
doi:10.1371/journal.pone.0048789.g001
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and ADC measures and for the full ANCOVA analyses of the FA,

l1, l2, l3 eigenvalues and ADC see Tables S1, S2, S3, S4, S5,
S6.

Discussion

Our study demonstrates that male adolescents with CD, relative

to healthy controls, showed increased FA values within the

uncinate fascicle (UF), a major bundle of fibers connecting the

amygdala and the anterior temporal lobe with the OFC. Of note,

a similar result was recently obtained in a different sample of CD

youths by an independent research group that employed similar

DTI acquisition parameters and tractography analysis methods

[25].

However, the present study differs from that performed by

Sarkar and colleagues [25], in that we also explored FA differences

between groups using whole-brain analyses. This method showed

that voxel-wise effects were restricted to a cluster within the

external capsule, an area comprising fibers from both the UF and

IFOF. Follow-up tractographic analyses demonstrated that white-

Figure 2. Examples of reconstructions of the right Uncinate Fascicle (left panel) or the left Inferior Frontal-Occipital Fascicle (right
panel) pathways in two individual subjects.
doi:10.1371/journal.pone.0048789.g002

Figure 3. Plots of the fractional anisotropy (FA) values within the bilateral Uncinate Fascicle and the Inferior-Frontal-Occipital
Fascicle in individuals with Conduct Disorder (CD) and healthy controls as obtained from tractography analyses. Error bars represent
the standard error of the mean.
doi:10.1371/journal.pone.0048789.g003

Anatomical Connectivity in Conduct Disorder
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matter abnormalities were specific to the UF and did not extend to

the IFOF. Additional analyses showed that similar results were

observed after factoring out individual differences in ADHD

symptoms. Our use of complementary methods of analysing DTI

data provides cross-validation of the principal finding that FA

values are elevated in the UF of adolescents with CD. In contrast

to Sarkar et al. [25], our study also focused specifically on the

childhood-onset subtype of CD and was restricted to males only, as

it is well-established that there are sex differences in white-matter

microstructural integrity and trajectories of white-matter de-

velopment [36].

It should be noted that another recent study using tract-based

spatial statistics (TBSS) analyses to investigate for FA differences

across the whole-brain found no FA differences when comparing

youths with CD or oppositional defiant disorder and psychopathic

traits relative to healthy controls [37]. It is likely that the

inconsistencies across studies are due to the use of different

methodological approaches, as well as differences in the de-

mographic and clinical features of the respective samples (e.g., the

participants’ mean age was,15 years in the study by Finger et al.,

whereas it was ,18 years in the present study).

As discussed in the Introduction, previous studies have shown

reduced gray matter volume in the amygdala and prefrontal cortex

of male adolescents with CD [19–20,38]. Our current results show

that the anatomical connections between these structures are also

abnormal in individuals with CD. Whether this abnormal UF

structure is the cause or consequence of the atypical amygdala and

prefrontal cortex structure or function remains to be determined.

It would also be of interest to characterize the neurocognitive

correlates of these alterations in white-matter microstructural

integrity.

The precise functions of the UF remain unclear but may involve

mediating emotion regulation and social cognitive processes [39].

It is well-established that there is a consistent rise in FA values in

white-matter fiber tracts over the first two decades of life [40–45].

The longest period of maturation and plasticity is for the uncinate

fascicle, which shows increasing FA values throughout the second

decade followed by decreasing FA values from around the middle

of the third decade [42,46]. The UF is particularly vulnerable

during infancy and early childhood, with premature birth and

early social deprivation both associated with lower FA in white-

matter pathways many years later [47–48]. The current findings of

increased FA in CD are therefore unlikely to reflect a pathological

insult to the brain in early life. Rather, we suggest that our finding

of increased FA in the uncinate fascicle in adolescents with CD is

more consistent with the notion of dysfunctional maturation.

Specifically, given evidence that white-matter microstructure

increases during development, greater FA in the UF of CD

individuals (16 to 20 years of age) relative to matched controls may

reflect accelerated abnormal maturation of this white-matter

pathway. We speculate that this abnormality in adolescents with

CD is neurodevelopmental and partly genetic in origin. It may also

contribute to core deficits in emotion regulation processes [6]. For

example, given the pivotal role of the amygdala and the OFC in

emotional behavior [49–51], abnormalities in the anatomical

pathway linking these regions are likely to result in functional

disturbances, including difficulties in regulating emotions during

social interactions involving conflict [52].

We note that the opposite pattern of findings has been observed

in male adults with antisocial personality disorder or psychopathy

[23–24,53], who are reported to show reduced FA values

specifically in the UF. Individuals with CD, including those in

the current study, tend to score higher on measures of

psychopathic traits than controls, and a significant number will

go on to satisfy the criteria for antisocial personality disorder or

psychopathy in adulthood. We cannot discount that differences

between the findings of our study and those of the studies

performed using adults may be a function of a number of

experimental factors including sample differences, imaging

methods, and data analytic procedures. However, accelerated

abnormal maturation could also explain the reduced FA values in

the same white-matter tract found in adult psychopaths aged

approximately 35 years of age [23–24]. In the typical brain, white-

matter microstructural integrity decreases after age 30 (i.e., the FA

values of the UF with increasing age follow an inverted U function

in healthy individuals). However, this decrease could start earlier

following a period of accelerated maturation. In the absence of

longitudinal data tracking the development of the UF in

individuals with antisocial behavior from childhood to 30 and/

or 40 years of age, this explanation is speculative, but could form

a testable hypothesis of future longitudinal studies.

As discussed above, FA is an indirect measure of the

microstructural integrity of white-matter tracts. Increased FA

could result from several different factors including more ‘orderly’

oriented axonal membranes, more compact myelin sheaths

parallel to the main fiber direction, or less marked branching or

crossing of fibers which would produce a decrease of connections

diverging from the main pathway direction [54–57]. The analyses

of the eigenvalues that specifically reflect axial and radial

diffusivity showed that a combination of both measures may

Table 2. Mean fractional anisotropy (FA) values and number of streamlines reconstructed in the uncinate fascicle and inferior
frontal occipital fascicle of individuals with CD and healthy controls.

CONDUCT DISORDER (CD) FA mean value SD Mean number of streamlines SD

Right Uncinate Fascicle 0.44 0.03 68.5 38.6

Left Uncinate Fascicle 0.45 0.04 77.6 37.5

Right Inferior Frontal Occipital Fascicle 0.52 0.03 86.4 48.0

Left Inferior Frontal Occipital Fascicle 0.52 0.03 105.3 67

CONTROLS FA mean value SD Mean number of streamlines SD

Right Uncinate Fascicle 0.39 0.04 81.7 43.6

Left Uncinate Fascicle 0.41 0.02 48.0 35.4

Right Inferior Frontal Occipital Fascicle 0.52 0.04 138.9 87.0

Left Inferior Frontal Occipital Fascicle 0.54 0.03 139.9 115.1

doi:10.1371/journal.pone.0048789.t002
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contribute to the increased FA found in individuals with CD

relative to controls.

Although our current results document a selective abnormality

of the UF in adolescents with CD, additional studies in larger

samples are required to confirm these results and investigate

whether additional white-matter tracts contribute to the patho-

physiology of CD. While our sample size was relatively modest for

a DTI study, we note that it is comparable to other studies in this

area (n = 9 in each group in Craig et al. [23], n = 13 in each group

in Motzkin et al. [24], and n= 15 in each group in Sundram et al.

[53]). We also acknowledge that the cross-sectional nature of the

present study limits the inferences that can be drawn about the

neurodevelopmental origins of the FA abnormalities in the UF.

Similarly, we cannot infer a causal relationship between white-

matter abnormalities and antisocial behavior. As discussed above,

a longitudinal study would be particularly beneficial in un-

derstanding the normal and abnormal developmental trajectories

of white-matter maturation in healthy individuals and in those

with CD, and in relating these trajectories to differences in

antisocial or aggressive behavior.

In other psychiatric conditions, white matter abnormalities are

increasingly reported across the lifespan. For example, schizo-

phrenia is associated with abnormally low FA in widespread

circuitry indicative of general connectivity disruptions [58]. Lower

FA has also been reported in individuals with unipolar depression

and their first degree relatives [59–60]. In contrast, recent findings

in bipolar disorder indicate increased FA in euthymic individuals

[61] with a further study showing concurrent increased and

reduced FA in different tracts within the same patients suggesting

that asymmetry in white matter microstructure may be of

importance in the liability for affective disorders [62]. There is

also evidence that FA levels are tightly correlated between parents

and offspring, suggesting genetic effects on the emergence of

abnormal white matter fibers and tract abnormalities in some

psychiatric disorders [63]. Of relevance to the present study,

ADHD has been associated with elevated FA bilaterally in

temporal white-matter structures, but reduced FA in orbitomedial

prefrontal white-matter and in the right anterior cingulate bundle

[58,64], also suggesting a potential asymmetry in white-matter

structures for this condition. Importantly, however, our primary

group effects survived factoring out individual differences in

ADHD, suggesting that this factor alone cannot account for the

increased FA in the UF of adolescents with CD.

In conclusion, this study provides initial evidence that male

adolescents and young adults with CD show increased FA within

the uncinate fascicle which connects the amygdala and the

orbitofrontal cortex. This finding was obtained using two different,

but complementary, methods of analyzing DTI data, and

remained significant when controlling for comorbid ADHD

symptoms. The uncinate fascicle is implicated in emotion

regulation processes, thus abnormal maturation of this white-

matter tract in CD may have functional and behavioral

consequences. Our results highlight the need for further research

exploring maturational schedules across different brain regions

and white-matter areas in individuals with CD from childhood

into adolescence and adulthood. Childhood and adolescence are

critical periods for brain development, hence a detailed un-

derstanding of cortical cytoarchitectonic changes and white-matter

rearrangements that occur during this time could shed new light

on the neurobiological mechanisms that render some individuals

especially vulnerable to developing severe antisocial behavior.

Supporting Information

Table S1 Mean apparent diffusion coefficient (ADC) and l1
(axial diffusivity), l2, l3 (radial diffusivity) eigenvalues in the

uncinate fascicle (UF) and inferior frontal-occipital fascicle (IFOF)

of male adolescents with Conduct Disorder (CD) and healthy

controls.

(DOC)

Table S2 Analyses of Covariance (ANCOVA) results for

fractional anisotropy (FA) when including subject-specific region

of interest volume (number of voxels, VOX) of each tract and

lifetime/ever attention/deficit hyperactivity disorder (ADHD)

symptoms as covariates of no interest.

(DOC)

Table S3 Analyses of Covariance (ANCOVA) results for

eigenvalue l1 when including subject-specific region of interest

volume (number of voxels, VOX) of each tract and lifetime/ever

attention/deficit hyperactivity disorder (ADHD) symptoms as

covariates of no interest.

(DOC)

Table S4 Analyses of Covariance (ANCOVA) results for

eigenvalue l2 when including subject-specific region of interest

volume (number of voxels, VOX) of each tract and lifetime/ever

attention/deficit hyperactivity disorder (ADHD) symptoms as

covariates of no interest.

(DOC)

Table S5 Analyses of Covariance (ANCOVA) results for

eigenvalue l3 when including subject-specific region of interest

volume (number of voxels, VOX) of each tract and lifetime/ever

attention/deficit hyperactivity disorder (ADHD) symptoms as

covariates of no interest.

(DOC)

Table S6 Analyses of Covariance (ANCOVA) results for

apparent diffusion coefficient (ADC) when including subject-

specific region of interest volume (number of voxels, VOX) of each

tract and lifetime/ever attention/deficit hyperactivity disorder

(ADHD) symptoms as covariates of no interest.

(DOC)

Acknowledgments

We would like to thank our volunteers for participating in this study and to

the radiographers at the MRC Cognition and Brain Sciences Unit for their

invaluable help with data acquisition. We also thank the Cambridge Youth

Offending Service, and the schools and pupil referral units for their

assistance with participant recruitment.

Author Contributions

Conceived and designed the experiments: LP GF AC IG. Performed the

experiments: LP GF CH. Analyzed the data: LP AF. Contributed

reagents/materials/analysis tools: AF INS. Wrote the paper: LP GF CH

AC IG.

References

1. American Psychiatric Association (1994) Diagnostic and statistical manual of

mental disorders (4th ed.). Washington, DC.

2. Moffitt T, Caspi A, Rutter M, Silva P (2001) Sex differences in antisocial

behaviour: Cambridge University Press.

3. Colman I, Murray J, Abbott RA, Maughan B, Kuh D, et al. (2009) Outcomes of

conduct problems in adolescence: 40 year follow-up of national cohort. Bmj 338:

a2981.

Anatomical Connectivity in Conduct Disorder

PLOS ONE | www.plosone.org 7 November 2012 | Volume 7 | Issue 11 | e48789



4. Moffitt TE, Caspi A, Harrington H, Milne BJ (2002) Males on the life-course-
persistent and adolescence-limited antisocial pathways: follow-up at age 26 years.

Dev Psychopathol 14: 179–207.

5. Odgers CL, Caspi A, Broadbent JM, Dickson N, Hancox RJ, et al. (2007)

Prediction of differential adult health burden by conduct problem subtypes in

males. Arch Gen Psychiatry 64: 476–484.

6. Passamonti L, Fairchild G, Goodyer IM, Hurford G, Hagan CC, et al. (2010)

Neural abnormalities in early-onset and adolescence-onset conduct disorder.
Arch Gen Psychiatry 67: 729–738.

7. Sterzer P, Stadler C, Poustka F, Kleinschmidt A (2007) A structural neural
deficit in adolescents with conduct disorder and its association with lack of

empathy. Neuroimage 37: 335–342.

8. Fairchild G, Van Goozen SH, Calder AJ, Stollery SJ, Goodyer IM (2009)
Deficits in facial expression recognition in male adolescents with early-onset or

adolescence-onset conduct disorder. J Child Psychol Psychiatry 50: 627–636.

9. Fairchild G, Van Goozen SH, Stollery SJ, Goodyer IM (2008) Fear conditioning

and affective modulation of the startle reflex in male adolescents with early-onset

or adolescence-onset conduct disorder and healthy control subjects. Biol
Psychiatry 63: 279–285.

10. Adolphs R (2002) Neural systems for recognizing emotion. Curr Opin Neurobiol
12: 169–177.

11. Calder AJ, Lawrence AD, Young AW (2001) Neuropsychology of fear and
loathing. Nat Rev Neurosci 2: 352–363.

12. Funayama ES, Grillon C, Davis M, Phelps EA (2001) A double dissociation in

the affective modulation of startle in humans: effects of unilateral temporal
lobectomy. J Cogn Neurosci 13: 721–729.

13. LaBar KS, Gatenby JC, Gore JC, LeDoux JE, Phelps EA (1998) Human
amygdala activation during conditioned fear acquisition and extinction: a mixed-

trial fMRI study. Neuron 20: 937–945.

14. Phelps EA, Delgado MR, Nearing KI, LeDoux JE (2004) Extinction learning in

humans: role of the amygdala and vmPFC. Neuron 43: 897–905.

15. Herpertz SC, Huebner T, Marx I, Vloet TD, Fink GR, et al. (2008) Emotional
processing in male adolescents with childhood-onset conduct disorder. J Child

Psychol Psychiatry 49: 781–791.

16. Sterzer P, Stadler C, Krebs A, Kleinschmidt A, Poustka F (2005) Abnormal

neural responses to emotional visual stimuli in adolescents with conduct disorder.
Biol Psychiatry 57: 7–15.

17. Jones AP, Laurens KR, Herba CM, Barker GJ, Viding E (2009) Amygdala

hypoactivity to fearful faces in boys with conduct problems and callous-
unemotional traits. Am J Psychiatry 166: 95–102.

18. Marsh AA, Finger EC, Mitchell DG, Reid ME, Sims C, et al. (2008) Reduced
amygdala response to fearful expressions in children and adolescents with

callous-unemotional traits and disruptive behavior disorders. Am J Psychiatry
165: 712–720.

19. Fairchild G, Passamonti L, Hurford G, Hagan CC, von dem Hagen EA, et al.

(2011) Brain structure abnormalities in early-onset and adolescent-onset conduct
disorder. Am J Psychiatry 168: 624–633.

20. Huebner T, Vloet TD, Marx I, Konrad K, Fink GR, et al. (2008) Morphometric
brain abnormalities in boys with conduct disorder. J Am Acad Child Adolesc

Psychiatry 47: 540–547.

21. De Brito SA, Mechelli A, Wilke M, Laurens KR, Jones AP, et al. (2009) Size

matters: increased grey matter in boys with conduct problems and callous-

unemotional traits. Brain 132: 843–852.

22. Moffitt TE, Arseneault L, Jaffee SR, Kim-Cohen J, Koenen KC, et al. (2008)

Research review: DSM-V conduct disorder: research needs for an evidence base.
J Child Psychol Psychiatry 49: 3–33.

23. Craig MC, Catani M, Deeley Q, Latham R, Daly E, et al. (2009) Altered

connections on the road to psychopathy. Mol Psychiatry 14: 946–953, 907.

24. Motzkin JC, Newman JP, Kiehl KA, Koenigs M (2011) Reduced prefrontal

connectivity in psychopathy. J Neurosci 31: 17348–17357.

25. Sarkar S, Craig MC, Catani M, Dell’acqua F, Fahy T, et al. (2012)

Frontotemporal white-matter microstructural abnormalities in adolescents with
conduct disorder: a diffusion tensor imaging study. Psychol Med: 1–11.

26. Mori S, Zhang J (2006) Principles of diffusion tensor imaging and its applications

to basic neuroscience research. Neuron 51: 527–539.

27. Catani M, Howard RJ, Pajevic S, Jones DK (2002) Virtual in vivo interactive

dissection of white matter fasciculi in the human brain. Neuroimage 17: 77–94.

28. Wechsler D (1999) Wechsler Abbreviated Scale of Intelligence (WASI). San

Antonio, TX: Harcourt Assessment.

29. Kaufman J, Birmaher B, Brent D, Rao U, Flynn C, et al. (1997) Schedule for

Affective Disorders and Schizophrenia for School-Age Children-Present and

Lifetime Version (K-SADS-PL): initial reliability and validity data. J Am Acad
Child Adolesc Psychiatry 36: 980–988.

30. Andershed H, Kerr M, Stattin H (2002) Understanding the abnormal by
studying the normal. Acta Psychiatr Scand Suppl: 75–80.

31. Spielberger C, Gorsuch R, Lushene P, Vagg P, Jacobs A (1983) Manual for the
State-Trait Anxiety Inventory (Form Y) Inc.: Palo Alto.: Consulting Psychol-

ogists Press.

32. Klein RG, Abikoff H, Klass E, Ganeles D, Seese LM, et al. (1997) Clinical
efficacy of methylphenidate in conduct disorder with and without attention

deficit hyperactivity disorder. Arch Gen Psychiatry 54: 1073–1080.

33. McConaughy SH, Achenbach TM (1994) Comorbidity of empirically based

syndromes in matched general population and clinical samples. J Child Psychol
Psychiatry 35: 1141–1157.

34. Basser PJ, Pierpaoli C (1998) A simplified method to measure the diffusion tensor

from seven MR images. Magn Reson Med 39: 928–934.

35. Jiang H, van Zijl PC, Kim J, Pearlson GD, Mori S (2006) DtiStudio: resource

program for diffusion tensor computation and fiber bundle tracking. Comput

Methods Programs Biomed 81: 106–116.

36. Perrin JS, Herve PY, Leonard G, Perron M, Pike GB, et al. (2008) Growth of

white matter in the adolescent brain: role of testosterone and androgen receptor.

J Neurosci 28: 9519–9524.

37. Finger EC, Marsh A, Blair KS, Majestic C, Evangelou I, et al. (2012) Impaired

functional but preserved structural connectivity in limbic white matter tracts in

youth with conduct disorder or oppositional defiant disorder plus psychopathic

traits. Psychiatry Res 202: 239–244.

38. Stadler C, Sterzer P, Schmeck K, Krebs A, Kleinschmidt A, et al. (2007)

Reduced anterior cingulate activation in aggressive children and adolescents

during affective stimulation: association with temperament traits. J Psychiatr Res

41: 410–417.

39. Kim MJ, Whalen PJ (2009) The structural integrity of an amygdala-prefrontal

pathway predicts trait anxiety. J Neurosci 29: 11614–11618.

40. Bava S, Thayer R, Jacobus J, Ward M, Jernigan TL, et al. (2010) Longitudinal

characterization of white matter maturation during adolescence. Brain Res

1327: 38–46.

41. Colby JB, Van Horn JD, Sowell ER (2011) Quantitative in vivo evidence for

broad regional gradients in the timing of white matter maturation during

adolescence. Neuroimage 54: 25–31.

42. Lebel C, Walker L, Leemans A, Phillips L, Beaulieu C (2008) Microstructural

maturation of the human brain from childhood to adulthood. Neuroimage 40:

1044–1055.

43. Mukherjee P, McKinstry RC (2006) Diffusion tensor imaging and tractography

of human brain development. Neuroimaging Clin N Am 16: 19–43, vii.

44. Mabbott DJ, Noseworthy M, Bouffet E, Laughlin S, Rockel C (2006) White

matter growth as a mechanism of cognitive development in children. Neuro-

image 33: 936–946.

45. Mabbott DJ, Rovet J, Noseworthy MD, Smith ML, Rockel C (2009) The

relations between white matter and declarative memory in older children and

adolescents. Brain Research 1294: 80–90.

46. Lebel C, Caverhill-Godkewitsch S, Beaulieu C (2010) Age-related regional

variations of the corpus callosum identified by diffusion tensor tractography.

Neuroimage 52: 20–31.

47. Constable RT, Ment LR, Vohr BR, Kesler SR, Fulbright RK, et al. (2008)

Prematurely born children demonstrate white matter microstructural differences

at 12 years of age, relative to term control subjects: An investigation of group

and gender effects. Pediatrics 121: 306–316.

48. Eluvathingal TJ, Chugani HT, Behen ME, Juhasz C, Muzik O, et al. (2006)

Abnormal brain connectivity in children after early severe socioemotional

deprivation: A diffusion tensor imaging study. Pediatrics 117: 2093–2100.

49. Barbas H (2007) Flow of information for emotions through temporal and

orbitofrontal pathways. J Anat 211: 237–249.

50. Cardinal RN, Parkinson JA, Hall J, Everitt BJ (2002) Emotion and motivation:

the role of the amygdala, ventral striatum, and prefrontal cortex. Neurosci

Biobehav Rev 26: 321–352.

51. Rempel-Clower NL (2007) Role of orbitofrontal cortex connections in emotion.

Ann N Y Acad Sci 1121: 72–86.

52. Blair RJ (2008) The amygdala and ventromedial prefrontal cortex: functional

contributions and dysfunction in psychopathy. Philos Trans R Soc Lond B Biol

Sci 363: 2557–2565.

53. Sundram F, Deeley Q, Sarkar S, Daly E, Latham R, et al. (2012) White matter

microstructural abnormalities in the frontal lobe of adults with antisocial

personality disorder. Cortex 48: 216–229.

54. Beaulieu C (2002) The basis of anisotropic water diffusion in the nervous system

- a technical review. NMR Biomed 15: 435–455.

55. Haas BW, Barnea-Goraly N, Lightbody AA, Patnaik SS, Hoeft F, et al. (2009)

Early white-matter abnormalities of the ventral frontostriatal pathway in fragile

X syndrome. Dev Med Child Neurol 51: 593–599.

56. Hoeft F, Barnea-Goraly N, Haas BW, Golarai G, Ng D, et al. (2007) More is not

always better: increased fractional anisotropy of superior longitudinal fasciculus

associated with poor visuospatial abilities in Williams syndrome. J Neurosci 27:

11960–11965.

57. Salat DH, Tuch DS, Hevelone ND, Fischl B, Corkin S, et al. (2005) Age-related

changes in prefrontal white matter measured by diffusion tensor imaging.

Ann N Y Acad Sci 1064: 37–49.

58. Davenport ND, Karatekin C, White T, Lim KO (2010) Differential fractional

anisotropy abnormalities in adolescents with ADHD or schizophrenia.

Psychiatry Res 181: 193–198.

59. Huang H (2010) Delineating Neural Structures of Developmental Human

Brains with Diffusion Tensor Imaging. The scientific world journal 10: 135–144.

60. Cullen KR, Klimes-Dougan B, Muetzel R, Mueller BA, Camchong J, et al.

(2010) Altered White Matter Microstructure in Adolescents With Major

Depression: A Preliminary Study. Journal of the American Academy of Child

and Adolescent Psychiatry 49: 173–183.

61. Houenou J, Wessa M, Douaud G, Leboyer M, Chanraud S, et al. (2007)

Increased white matter connectivity in euthymic bipolar patients: diffusion

tensor tractography between the subgenual cingulate and the amygdalo-

hippocampal complex. Molecular Psychiatry 12: 1001–1010.

Anatomical Connectivity in Conduct Disorder

PLOS ONE | www.plosone.org 8 November 2012 | Volume 7 | Issue 11 | e48789



62. Versace A, Almeida JRC, Hassel S, Walsh ND, Novelli M, et al. (2008) Elevated

left and reduced right orbitomedial prefrontal fractional anisotropy in adults

with bipolar disorder revealed by tract-based spatial statistics. Archives of

General Psychiatry 65: 1041–1052.

63. Casey BJ, Epstein JN, Buhle J, Liston C, Davidson MC, et al. (2007)

Frontostriatal connectivity and its role in cognitive control in parent-child dyads
with ADHD. American Journal of psychiatry 164: 1729–1736.

64. Konrad A, Dielentheis TF, El Masri D, Bayerl M, Fehr C, et al. (2010)

Disturbed structural connectivity is related to inattention and impulsivity in adult
attention deficit hyperactivity disorder. Eur J Neurosci 31: 912–919.

Anatomical Connectivity in Conduct Disorder

PLOS ONE | www.plosone.org 9 November 2012 | Volume 7 | Issue 11 | e48789


