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ABSTRACT

Objectives: Conduct disorder (CD) is characterized by the violation of the rights
of others or basic social rules and a repetitive, persistent pattern of antisocial and
aggressive behaviors. A large number of functional and structural neuroimaging
studies have identified widely abnormalities in specific brain regions in CD, but the
alterations in the topological organization of functional networks among them remain
largely unknown.

Methods: Resting-state functional magnetic resonance imaging was applied to
investigate the intrinsic functional connectivity in 18 pure CD patients and eighteen
typically developing healthy controls. We first constructed the functional networks
and then examined the CD-related alteration in topology properties using graph
theoretical analysis.

Results: Both the CD group and healthy controls exhibited small-world topology.
However, the CD group showed decreased global and local efficiency. Changes in
the nodal characteristics in CD group were found predominantly in the default-mode
network, visual, and striatum regions. In addition, altered fronto-limbic-striatum
network topology was found to have a relationship with clinical scores.

Conclusions: Our findings indicate the altered nodal topology of brain functional
connectivity networks in CD.

Significance: The results provide unequivocal evidence of a topological disruption
in the brain networks that suggest some possible pathophysiological mechanisms
underlying CD.

INTRODUCTION

Conduct disorder (CD) is one of the most commonly
diagnosed psychosocial disorders in childhood. The
disorder is defined as a repetitive and persistent pattern
of antisocial and aggressive behaviors in which the rights
of others or basic social rules are violated (DSM-5,
Diagnostic and Statistical Manual of Mental Disorders)

[1]. CD presents a high risk for developing other mental
health conditions (46% among male CD adolescents
and 39% among females), such as substance abuse,
major depression, attention-deficit/hyperactive disorder,
antisocial personality disorder and suicide [2]. Previous
community studies indicated a prevalence of 2-6% [3],
and a meta-analysis of epidemiological studies showed a
high prevalence of 3.2% for CD across countries in the
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age range of 6 to 18 years [4]. CD is also more prevalent
in males compared with females [5]. Given the serious
impact of CD and its prevalence, it is important to
understand its underlying neural mechanisms.

Previous task-based and resting-state functional
magnetic resonance imaging (rsfMRI) studies have
shown that the neural mechanisms of CD are associated
with functional impairments in widespread brain regions,
including the insula [6—8], anterior cingulate cortex [8],
amygdala [6, 9], fusiform gyrus [7], and orbitofrontal
cortex [10]. Moreover, structural neuroimaging studies
found that compared with healthy controls, those with CD
had reduced gray matter volume in the temporal lobes,
orbitofrontal regions, amygdala, and other limbic and
paralimbic regions [11, 12]. These altered regions are also
involved in various brain functional networks, including
the default-mode network (DMN), the somatosensory
network, and the visual network [13—15]. There is
accumulating evidence demonstrating the abnormalities in
widespread regions and networks in CD, but few studies
have investigated the small-world topological properties
of functional networks of the whole brain in CD.

Graph theoretical analysis is an alternative
data-driven approach that has recently allowed us to
quantify the topological properties of disconnectivity
in brain networks independently of a priori seeds. The
method models the brain as a large-scale network that is
represented graphically by a series of nodes (brain regions)
and edges (functional connections between pairs of nodes)
[16]. Thus, the various graph theoretical properties can be
used to investigate the inter-connectedness of the whole
network, as well as how a single region interacts with
the remaining regions of brain. More importantly, graph
theoretical analysis has provided novel insights to explore
functional abnormalities in CD at both the global and
nodal levels inside or outside classical CD-related regions.
Using this approach, Watts and Strogatz demonstrated
that graphs with higher clustering and similar shortest
path length compared with a random network can be
characterized as small-world networks [17]. Clustering is
the ratio of the number of existing interconnections of a
node with its neighbors to the maximum of all possible
connections, while the path length is the average number
of minimum links that are required to travel between any
two nodes. At the nodal level, the node degree measures
the connectedness of an isolated node with all the other
nodes, which can identify highly connected nodes that
may play important roles in information integration in a
network.

Recently, disrupted small-world properties have
been found in numerous brain diseases, such as depression
[18, 19], schizophrenia [20], Alzheimer's disease [21],
epilepsy [22], obsessive-compulsive disorder (OCD)
[23], autism [24], attention-deficit/hyperactivity disorder
(ADHD) [25], multiple sclerosis [26], post-traumatic
stress disorder [27], and spinal cord injury [28]. We

hypothesized that CD patients would show disrupted
functional topological organization. To test this, we applied
rsfMRI to construct the brain functional connectomes
in 18 adolescents with pure CD and 18 precisely age-,
and gender-matched typically developing (TD) healthy
controls. The rsfMRI was used to explore the intrinsic
brain activity based on the spontaneous low-frequency
(0.01-0.1 Hz) fluctuations in the signal depending on the
blood oxygen level during a resting state [29-32]. The
graph theoretical approach was then used to investigate
the topological organization of the functional connectivity
networks. The individual functional connectivity matrixes
were reconstructed by computing the correlations between
the mean time series of two brain regions. Finally, the CD
group was compared with the TD group with respect to
the global and nodal network properties, and the clinical
relevance of the aberrant brain network topologies were
evaluated.

The recruited participants were only pure CD
patients without any comorbid psychiatric disorders, such
as substance use disorder (SUD), anxiety, depression,
OCD, oppositional defiant disorder (ODD), ADHD,
affective disorders, alcohol- and drug-use disorder, or
mental retardation. This choice was largely due to the
significant differences between pure CD patients and
healthy subjects [8, 33—-35]. In addition, only boys with
pure CD were included because previous investigations on
neurological and psychiatric disorders showed substantial
differences between male and female brains [36, 37].

RESULTS

Demographic and clinical comparisons between
groups

Table 1 provides information on the demographics
and clinical variables from the two groups. The total score,
attention score, and non-planning score of the Barratt
Impulsivity Scale (BIS) were significantly different
between the CD and TD groups (p < 0.05; Table 1).

Global topological organization of the brain
functional networks

Overall, the sigma over the threshold ranged
from 0.11 to 0.44 in both the CD and TD groups was
greater than 1.1. This demonstrates that both groups had
small-world topology in the brain functional networks
(Figure 1). However, there were no significant differences
in all the global network properties through all the sparsity
between the two groups. Additionally, Figure 2 shows that
the cost efficiency (i.e., E  — cost) of brain networks in

glo
both groups was above zero across all sparsity thresholds
and reached a maximum value at sparsity of about 0.20, as
indicated by black arrows, which showed the economical
properties of brain networks. Our results are in accordance
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Table 1: Demographic features and clinical data of CD

patients and TD subjects

CD (n=18) TD (n=18) t-value df p-value
Age (yrs) 16.1 £0.54 15.9+0.32 1.124 34 0.27
Education (yrs) 9.4+20 92+19 0.7 34 0.47
Mother’s education (yrs) 82+4.1 10.1 £3.5 -1.6 34 0.13
Father’s education (yrs) 8.8+2.6 104+2.2 -1.9 34 0.07
BIS-11
Total score 76.06 + 8.26 64.89 £ 11.14 3.417 34 <0.001
Attention subscale score 18.39 £ 2.06 17.83 £ 3.67 0.560 34 0.58
Motor subscale score 26.89 £4.76 20.61 +£4.16 4.211 34 <0.001
Non-planning subscale score 30.78 £ 4.43 26.44 +5.24 2.681 34 0.01

Values are presented as mean + SD. The p value was obtained by two-sample #-tests. CD, conduct disorder; TD, typically
developing; SD, standard deviation; BIS-11, Barratt Impulsivity Scale-11; yrs, years.

with those by Achard et al. [38]. Furthermore, the brain
networks of the CD group demonstrated decreased global
efficiency and local efficiency in comparison with the TD
group (Figure 3).

Altered regional topological organization of
brain functional networks in CD

We identified several brain regions showing
significant between-group differences in the CD group

Clustering coeffcient

Characteristic path length
2.8

in the nodal betweenness centrality, nodal degree, and
nodal efficiency (p < 0.05, uncorrected) (Figure 4A and
Table 2). Compared with the TD group, the CD group
showed decreased nodal betweenness centrality in the
right rolandic operculum (ROL), left fusiform gyrus
(FFQ), and left precuneus (PCUN), as well as decreased
nodal efficiency in the right ROL (Figure 4A and Table
2). Increased nodal betweenness centralities were found
in the left lingual gyrus (LING) and the right anterior
cingulate cortex (ACC) in the CD group compared with
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Figure 1: Group comparison of global network topological properties (Cp, Lp,
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TD group (two-sample z-tests, p < 0.05, uncorrected). The small-worldness suggests a small-world topology for functional brain
networks of both the CD and TD group. The error bar represents the standard error (SE) of the mean. There were no significant differences
in the global network properties between the two groups. Cp, clustering coefficient; Lp, path length; Eglo, global efficiency; Eloc, local

efficiency; CD, conduct disorder; TD, typically developing.
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Table 2: Nodal network topology in CD group compared with TD group

Brain region Node topology CD TD CD vs. TD p-value
R ROL AUC of BC 9.59+5.74 13.42 +£5.26 ! 0.040
LFFG AUC of BC 13.49+9.26 21.69 +13.29 ! 0.046
L PCUN AUC of BC 11.96 + 6.89 16.78 £9.43 l 0.044
R ROL AUCof E_ . 0.19 +£0.02 0.20+0.01 l 0.012
LLING AUC of BC 17.25+11.73 10.20 £ 7.53 1 0.026
RACC AUC of BC 16.50 = 8.97 11.50+£7.10 1 0.046

Group comparisons were based on permutation tests controlled for age and mean FD, p < 0.05, 5000 permutations. The
AUC of the nodal topology was calculated over the range of 0.11 < T < 0.44 with an interval of 0.01. The AUC of the
nodal topology scores are reported as mean + SD. CD, conduct disorder; TD, typically developing; L, left hemisphere; R,
right hemisphere; ROL, rolandic operculum; FFG, fusiform gyrus; PCUN, precuneus; LING, lingual gyrus; ACC, anterior

cingulate cortex; AUC, area under the curve; BC, nodal betweenness centrality; E

increased.

the TD group (Figure 4A and Table 2). Importantly, the
left LING and right ACC were positively correlated with
BIS-11 scores in the regional nodal betweenness centrality
(Figure 4B).

Relationships between the aberrant nodal
network topology and BIS-11 scores

No significant correlations were found between the
global network metrics (C L.E,,E,., A, and o)
and the BIS-11 scores. In the area uflder the curve (AUC)
of nodal betweenness centrality, the right posterior
cingulate cortex (PCC) was positively related with the
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BIS motor score (r = 0.596, p < 0.011) (Figure 5 and
Table 3). The left ACC and the right cuneus (CUN) were
also positively associated with BIS-11 scores (p < 0.05,
uncorrected) (Table 3). The right pallidum (PAL), left
inferior frontal gyrus pars triangularis (IFGtri), and
medial superior frontal gyrus (mSFG) were negatively
correlated with BIS-11 scores (p < 0.011) (Figure 5
and Table 3). The left middle temporal gyrus (MTGQG),
left PAL, and right supramariginal gyrus (SMGQG) were
also negatively linked with BIS-11 scores (p < 0.05,
uncorrected) (Table 3).

In the AUC of nodal degree, the right PUT, right
PCC, and right angular (ANG) were positively related

TD
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Figure 2: Economical properties of brain functional networks. The global and local efficiency of brain networks in both CD and
TD groups increase monotonically with the sparsity (cost). The cost efficiency (the difference between the global efficiency and cost, i.e.,
Eglo-cost) has a maximum value at the cost of about 0.20 (the black arrows). The error bar represents the standard error (SE) of the mean.
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Figure 4: Brain regions showing disrupted nodal network properties in brain functional networks in CD group and
their relationships with clinical variables. (A) Regions with abnormal nodal network properties in CD patients as compared with
TD group. Group comparisons were based on permutation tests (5,000 permutations, p < 0.05, controlling for the age, and mean FD).
The blue and red regions represent significantly decreased and increased nodal network properties in CD group as compared with TD
group, respectively. Results were visualized with the BrainNet Viewer (http://www.nitrc.org/ projects/bnv/). See Table 2 for the detailed
information. (B) Significant relationships between the AUC of nodal network properties and BIS-11 scores, controlling for the age, and
mean FD (p < 0.05). The red color means positive correlations. The magenta and cyan circles represent the BIS scores of CD and TD,
respectively. CD, conduct disorder; TD, typically developing; AUC, area under the curve; PCUN, precuneus; FFG, fusiform gyrus;
PUT, putamen; ROL, rolandic operculum; ACC, anterior cingulate cortex; LING, lingual gyrus; BIS, Barratt Impulsivity Scale; L, left

hemisphere; R, right hemisphere.
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with BIS-11 scores (r=0.589, 0.633, 0.587, respectively,
p <0.011) (Figure 6 and Table 3). In addition, the left
PUT, left ACC, and left PAL were also positively
associated with BIS-11 scores (Table 3). The left IFGtri,
left amygdala (AMYGQG), and right MTG were related
with BIS-11 scores (p < 0.011) (Figure 6 and Table
3). The left precentral gyrus (PreCQG), right mSFG,
left inferior frontal gyrus pars orbitalis (IFGorb), left
superior temporal gyrus (STG), and right SMG were
also negatively related with BIS-11 scores (p < 0.05,
uncorrected) (Table 3).

In the AUC of nodal efficiency, the right PCC and
right ANG were positively related with BIS-11 scores
(r=10.636, 0.645, respectively, p < 0.011) (Figure 7 and
Table 3). The left CAL, right PUT, and left ACC were also
positively correlated with BIS-11 scores (Table 3). The left
AMYG and right MTG were negatively associated with
BIS-11 scores (p < 0.011) (Figure 7 and Table 3). The left
PreCG, left IFGtri, left [FGorb, right mSFG, and left STG
were also negatively linked with BIS-11 scores (p < 0.05,
uncorrected) (Table 3).
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DISCUSSION

To our knowledge, this is the first study to
investigate the small-world properties of the brain
functional networks in adolescents with pure CD. At the
global level, our results showed that both the CD group
and the healthy controls exhibited small-world topology
in the brain functional networks. However, those in
the CD group showed slightly lower global and local
efficiency than healthy subjects, suggesting a disruption
of the brain network and a shift towards regular networks.
At the nodal level, our results revealed that the nodal
characteristics in the CD group were significantly altered
in several regions compared with healthy controls, mainly
in the default-mode regions, visual-related regions, and
the striatum. Furthermore, the default-mode regions,
prefrontal cortex, temporal cortex, emotion-related
regions, and striatum were linked with the BIS-11 scores.
Our results provided unequivocal evidence of topological
alterations in the brain networks, suggesting some possible
pathophysiological mechanisms underlying CD.
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Figure 5: The Pearson correlation between the AUC of the nodal betweenness centrality with BIS-11 scores in CD
group (p <1/90, uncorrected, controlling for the age, and mean FD). The AUC of each nodal topology was calculated over the
range of 0.11 < T < 0.44 with an interval of 0.01. The red color reveals the positive correlation while the blue color represents the negative
correlation. For more detailed information see Table 3. BIS, Barratt Impulsivity Scale; L, left hemisphere; R, right hemisphere; AUC, area
under the curve; BC, nodal betweenness centrality; CD, conduct disorder; PCC, posterior cingulate cortex; PAL, pallidum; IFGtri, inferior
frontal gyrus pars triangularis; mSFG, medial superior frontal gyrus.

www.impactjournals.com/oncotarget 65511 Oncotarget



Table 3: Significant correlations between nodal network topology and the BIS-11 scores in CD group

Relationships Region of interest ~ BIS-11 score subtype r-value p-value
Relationships between AUC of BC and BIS-11 scores
Positive LACC BIS Total Score 0.507 0.032
R PCC BIS Total Score 0.538 0.021
R CUN BIS Attention Score 0.542 0.020
R PCC BIS Motor Score 0.596 0.009"
LACC BIS Non-planning 0.500 0.035
Score
Negative R PAL BIS Total Score -0.697 0.001"
LMTG BIS Attention Score -0.488 0.040
L IFGtri BIS Motor Score -0.602 0.008"
L PAL BIS Motor Score -0.506 0.032
R PAL BIS Motor Score -0.592 0.010"
R mSFG BIS Non-planning 0.610 0.007"
Score
R SMG BIS Non-planning -0.551 0.018
Score
R PAL BIS Non-planning -0.493 0.037
Score
Relationships between AUC of Deg and BIS-11 scores
Positive R PCC BIS Total Score 0.490 0.039
LPUT BIS Attention Score 0.477 0.045
R PUT BIS Attention Score 0.589 0.010"
R PCC BIS Motor Score 0.633 0.005"
R ANG BIS Motor Score 0.587 0.010°
LACC BIS Non-planning 0.483 0.042
Score
L PAL BIS Non-planning 0.488 0.040
Score
Negative L PreCG BIS Total Score -0.511 0.030
L IFGtri BIS Total Score -0.627 0.005
L IFGorb BIS Total Score -0.522 0.026
LAMYG BIS Total Score -0.591 0.010"
R mSFG BIS Attention Score -0.504 0.033
R MTG BIS Attention Score -0.611 0.007"
L IFGtri BIS Motor Score -0.592 0.010°"
L IFGorb BIS Motor Score -0.498 0.035
LAMYG BIS Motor Score -0.667 0.002"
LSTG BIS Motor Score -0.563 0.015
R SMG BIS Non-planning -0.469 0.049

Score
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Relationships Region of interest ~ BIS-11 score subtype r-value p-value
Relationships between AUC of E, ,  and BIS-11 scores
Positive R PCC BIS Total Score 0.521 0.027
LCAL BIS Total Score 0.480 0.044
R PUT BIS Attention Score 0.541 0.020
R PCC BIS Motor Score 0.636 0.005
R ANG BIS Motor Score 0.645 0.004*
LACC BIS Non-planning 0.490 0.039
Score
Negative L PreCG BIS Total Score -0.479 0.044
L IFGtri BIS Total Score -0.544 0.020
L IFGorb BIS Total Score -0.505 0.033
LAMYG BIS Total Score -0.521 0.027
R mSFG BIS Attention Score -0.515 0.029
R MTG BIS Attention Score -0.626 0.005"
L IFGtri BIS Motor Score -0.543 0.020
L IFGorb BIS Motor Score -0.489 0.039
LAMYG BIS Motor Score -0.623 0.006"
LSTG BIS Motor Score -0.578 0.012

Pearson correlation analyses were corrected controlling for the age, and mean FD. The AUC of the nodal topology was
calculated over the range of 0.11 < T < 0.44 with an interval of 0.01. L, left hemisphere; R, right hemisphere; AUC, area

under the curve; BC, nodal betweenness centrality; Deg, nodal degree; E

nodal efficiency; BIS, Barratt Impulsivity

nodal®

Scale; CD, conduct disorder; TD, typically developing; ACC, anterior cingulate cortex; PCC, posterior cingulate cortex;
PAL, pallidum; MTG, middle temporal gyrus; IFGtri, inferior frontal gyrus pars triangularis; mSFG, medial superior frontal
gyrus; SMG, supramarginal gyrus; PUT, putamen; ANG, angular gyrus; PreCG, precentral gyrus; IFGorb, inferior frontal
gyrus pars orbitalis; AMYG, amygdala; mSFG, medial superior frontal gyrus; STG, superior temporal gyrus; AUC, area
under the curve; *Reported results are significant for p < 1/90 based on false positive correlation for multiple comparisons.

Small-world topology in CD adolescents

Both the CD and the TD groups displayed small-
world architecture properties in the functional networks
(Figure 1). The small-world network induced by Watts
and Strogatz included the features of high clustering and
short path length [17]. Both groups exhibiting the small-
world topology in the present study provides further
evidence that this type of brain architecture is robust to
developmental aberration or disease [39]. Furthermore, the
functional networks also revealed economical properties
(Figure 2) in both the CD and TD groups. This suggests
that the brain network tends to process information
efficiently at a low cost, which is in agreement with a
previous study [38].

Although both groups showed small-world topology,
the global and local efficiency was reduced in the CD
group, suggesting a disruption of the brain network and
a shift towards regular networks. Previous evidence
suggests that the speed of information propagation and

the synchronizability across distant regions is weaker in
regular lattices than in economical small-world networks
[40]. Thus, the abnormalities in the small-world network
caused by brain disorders may reflect a less optimal
network topology in patients with CD. No significant
changes were found in the global network properties,
suggesting that CD is related to the disruptive integrity
of the specific brain regions rather than the whole-brain
network. Taken together, our findings provide support that
the CD-related network shift may cause alterations to the
network topology.

CD-related alterations in nodal topology

The nodal degree measures the extent to which
a node is connected to the rest of the other nodes in a
network, while the nodal efficiency evaluates the level of
information propagation of a node with all other nodes
in the network. The nodal betweenness estimates the
influence of a node over information flow with the rest of
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the nodes in a network [38]. Using these measurements,
we identified abnormal nodal characteristics in several
brain regions in the CD group (Table 2), which indicated
alterations in the activation of the regions.In particular,
the CD group exhibited decreased nodal betweenness
centrality compared with healthy controls in the right
ROL, left FFG, and left PCUN, as well as decreased nodal
efficiency in the right ROL. Increased nodal betweenness
centrality occurred in the left LING and the right ACC in
the CD group.

The PCUN is one of the key regions of the DMN,
a network that is important for self-referential mental
thought cognition when a person is free from a task
[41]. The decreased nodal betweenness centrality in the
PCUN was in accordance with previous task-based and
resting-state fMRI studies that suggest reduced activity in
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this region in CD patients [14, 33, 35, 42]. Our findings
of decreased nodal betweenness centrality in the PCUN
suggest that the hypo-activity in the PCUN serves as a
pathological mechanism of CD from a new perspective of
information flow.

The FFG and LING are critical for the visual
systems, and dysfunctions can contribute to dysfunctions
in low-order cognitive processing in CD [15, 43].
Importantly, the FFG plays an essential role in facial
identity processing and facial expression perception
[44]. Previous structural studies including 63 CD
subjects demonstrated that CD is associated with
reduced gray matter volume in the FFG compared to the
healthy controls [12, 45]. The ACC is vital in emotional
monitoring processes and cognitive processes such as
regulation of decision making and conflict response

AUC of Deg

20 25 30 35

BIS Motor score

30 35

PUT R

>
>

).

~

AUC of Deg

by
>

17 18 19 20 21 22

BIS Attention score

16

AUC of Deg

20 25 30
BIS Motor score

80

Figure 6: The Pearson correlation between the AUC of the nodal degree with BIS-11 scores in CD group (p < 0.011,
uncorrected, controlling for the age, and mean FD). The AUC of each nodal topology was calculated over the range of 0.11 <T <
0.44 with an interval of 0.01. The red color reveals the positive correlation while the blue color represents the negative correlation. For more
detailed information see Table 3. BIS, Barratt Impulsivity Scale; L, left hemisphere; R, right hemisphere; AUC, area under the curve; Deg,
nodal degree; CD, conduct disorder. MTG, middle temporal gyrus; PCC, posterior cingulate cortex; ANG, angular gyrus; IFGtri, inferior
frontal gyrus pars triangularis; PUT, putamen; AMYG, amygdala.
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[46, 47], and dysfunctions in this region were observed
in CD [48]. One could speculate that the altered nodal
betweenness centrality in this region might reflect an
impaired capability of emotional behavior control effort
in patients with CD and may thus result in an increased
tendency for impulsive aggression. Our results of CD-
related regional changes in the nodal characteristics
suggested that the changes in nodal roles of the visual
networks and profoundly affected by this disorder.

Aberrant nodal topology in the fronto-limbic-
striatum network is related to impulsivity

We also found relationships between the BIS-11
scores and the nodal topology in the limbic system (PCC,
AMYG), striatum (PUT), and frontal regions (IFGtri) in
CD patients. The PCC is the pivotal node of the DMN
and is densely structurally connected with widespread
brain regions [49, 50]. It serves various roles, including
the processing of the salience of events and faces, memory
recollection, self-relevance assessment, and a more active
role in the regulation of cognition, both at rest and during
cognitively challenging tasks [51-54]. Our findings
showed a positive relationship between the PCC and
the BIS-11 score, suggesting that the disruption of the
information integration ability of the DMN is closely

AUC of Enodal

16 17 18 19 20 21 22
BIS Attention score

AMYG_L

AUC of Enodal

20 25 30 35
BIS Motor score

associated with impulsivity in CD patients, which may
serve as a neural mechanism underlying CD.

In addition, we found a negative association
between the nodal betweenness and nodal degree in the
IFG and BIS-11 score, indicating that higher impulsivity
is associated with a weaker IFG hubness for information
integration. Previous evidence has shown that antisocial
behavior in children might be due to deficiencies in
the brain's self-control functions, which are called the
executive functions [55]. The frontal cortex and its
connective pathways with other brain regions play critical
roles in executive function [56]. In particular, the left IFG
is mainly engaged in inhibitory control processes [57].
Thus, the altered nodal topology in the IFG in this study
may serve as a neural mechanism for impulsivity in CD.

Importantly, the putamen is a key component of the
fronto-striatum circuits. Concerning the IFG and putamen,
we concluded that the topology of the fronto-striatum
connectivity developed distinctively in CD, which
suggests that the fronto-striatum network abnormality
contributed to the neural circuitry pathophysiology
underlying CD. Furthermore, the CD is predominantly
characterized by abnormalities in the lateral orbital and
ventromedial prefrontal cortices, superior temporal lobes,
and underlying limbic structures including the ACC,
AMYG, insula, hippocampus, hypothalamus, ventral

AUC of Enodal
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BIS Motor score
PCC_R
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Figure 7: The Pearson correlation between the AUC of the nodal efficiency with BIS-11 scores in CD group (p < 0.011,
uncorrected, controlling for the age, and mean FD). The AUC of each nodal topology was calculated over the range of 0.11 < T <
0.44 with an interval of 0.01. The red color reveals the positive correlation while the blue color represents the negative correlation. For more

detailed information see Table 3. BIS, Barratt Impulsivity Scale; L, left hemisphere; R, right hemisphere; AUC, area under the curve; E

nodal®

nodal efficiency; CD, conduct disorder. MTG, middle temporal gyrus; ANG, angular gyrus; AMYG, amygdala; PCC, posterior cingulate

gyrus.
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Table 4: Anatomical regions of interest (ROIs) and abbreviated regional labels

ROI Index ROI Index
Precentral gyrus (1,2) Lingual gyrus (47,48)
Superior frontal gyrus (3,4 Superior occipital gyrus (49,50)
Superior frontal gyrus, orbital (5,6) Middle occipital gyrus (51,52)
Middle frontal gyrus (7,8) Inferior occipital gyrus (53,54)
Middle frontal gyrus, orbital (9,10) Fusiform gyrus (55,56)
;I;f;rlor frontal gyrus, opercular (11,12) Postcentral gyrus (57,58)
Inferior frontal gyrus, triangular . .

part (13,14) Superior parietal gyrus (59,60)
Inferior frontal gyrus, orbital (15,16) Inferior parietal gyrus (61,62)
Rolandic operculum (17,18) Supramarginal gyrus (63,64)
Supplementary motor area (19,20) Angular gyrus (65,66)
Olfactory cortex (21,22) Precuneus (67,68)
Superior frontal gyrus, medial (23,24) Paracentral lobule (69,70)
Supenor frontal gyrus, medial (25,26) Caudate nucleus (71,72)
orbital

Gyrus rectus (27,28) Putamen (73,74)
Insula (29,30) Pallidum (75,76)
Anterior cingulate gyri (31,32) Thalamus (77,78)
Median cingulate gyri (33,34) Heschl gyrus (79,80)
Posterior cingulate gyrus (35,36) Superior temporal gyrus (81,82)
Hippocampus (37.38) Superior tempo;zll egyrus: temporal (83.84)
Parahippocampal gyrus (39,40) Middle temporal gyrus (85,86)
Amygdala (41.42) Middle tempor;(l)l%yrus: temporal (87.88)
Calcarine fissure (43,44) Inferior temporal gyrus (89,90)
Cuneus (45,46)

The odd and even numbers stand for the left hemisphere and right hemisphere brain regions, respectively. The regions are

listed according to a prior AAL atlas [80].

striatum, and other connected areas that mediate hot
cognitive functions regulating motivation and emotion
[11].

The AMYG is involved in negative affect and
threat processing, and together with the ventral striatum,
it mediates stimulus-reward associations and motivation
functions [58, 59]. Recently, using structural neuroimaging
with 23 CD patients, Huebner et al. demonstrated that CD
patients had reduced total gray matter volumes (GMVs)
mainly in the bilateral temporal lobes, limbic regions
(the left AMYG and hippocampus), and frontal regions
compared with healthy controls. The hyperactivity/

impulsiveness symptoms were also negatively related
with GMVs in the left IFG [12]. Another structural study
performed by Sterzer et al. showed that patients with CD
exhibited reduced GMVs in the bilateral insula and left
AMYG relative to healthy subjects, and both of them
were associated with aggressive and inattentive symptoms
[60]. More recently, an fMRI study found that CD was
associated with a reduced activation to fearful faces in the
AMYG as compared with healthy subjects [61]. Moreover,
lesion, animal, and imaging studies have suggested that
the orbitofrontal and temporal lobes are important for
impulsivity and aggression [62, 63]. Our results may
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suggest abnormalities in the executive functions and
aberrant function connectivity in the fronto-limbic-
striatum systems of CD patients.

To evaluate the current results appropriately, some
issues should be addressed. First of all, we constructed
the functional brain networks using a prior template based
on the AAL atlas to parcellate the whole brain into 90
regions. Previous studies suggest that different parcellation
strategies may affect our results. In future studies, other
appropriate parcellation schemes could be adopted to map
the brain network topology in CD. Second, a relatively
weak correction strategy was used in this study because
of our relatively small sample size of CD adolescents. For
this reason, further studies need to be performed using a
larger sample of CD patients to confirm our exploratory
findings. Finally, we caution against overgeneralization
of our results. The current study was restricted to male
adolescents, so our results might not generalize to female
adolescents. Additionally, we studied only CD patients
with non-comorbid diagnoses (such as ADHD and ODD),
which limited the ability to extend our findings to those
with other comorbid conditions.

MATERIALS AND METHODS

Participants

The participants were 18 right-handed adolescents
with pure CD (mean age 16.1 + 0.5 years, age range 15-
17 years) and 18 precisely age-, handedness-, and gender-
matched healthy controls, as described in detail elsewhere
[7, 14, 15, 64]. The CD adolescents were recruited from
the Hunan Province Youth Detection Centre, while the
TD controls were recruited from schools in the local
community. The CD patients in our study were childhood-
onset CD who were younger than 10 years old at the time
of symptom onset [1]. Oral and written information about
the aims, content, duration of interviews, and scanning
procedures were told to all the CD and TD individuals and
their parents or legal guardians. Written informed content
for study participation and parental permission was
obtained from all the participants as well as their parents
or legal guardians prior to our research. The present study
was approved by the Biomedical Ethics Board of the
Second Xiangya Hospital, China Central South University,
and the Biomedical Ethics Board of the Faculty of Health
Sciences at the University of Macau (Macao SAR, China).

Clinical measurements

The current and lifetime histories of psychiatric
diagnoses were assessed for all the participants by
a professionally trained child psychiatrist using the
Schedule for Affective Disorder and Schizophrenia for
School-Age Children-Present and Lifetime (K-SADS-PL;
Chinese version) [65-67]. The K-SADS-PL is a validated
and reliable semi-structured diagnostic interview that

is widely used to diagnose psychopathologies in both
children and adolescents aged 6 to 18 years in accordance
with the DSM-IV criteria [68]. It consists of six sections:
1) an unstructured introductory interview; 2) a diagnostic
screening interview; 3) a supplement completion checklist;
4) appropriate diagnostic supplements; 5) a summary of
lifetime diagnoses checklist; and 6) the children's global
assessment scale [65]. Each individual symptom is scored
on a scale of 0-3 rating, where 0 means no information,
1 represents the symptom is not present, 2 implies
subthreshold levels of symptomatology, and 3 denotes
threshold criteria.

All the CD participants met the K-SADS-PL
criteria for CD. By design, none of the CD patients had
current or lifetime comorbid psychiatric problems, such
as ADHD, anxiety and depression disorders, affective
disorders, OCD, oppositional defiant disorder (ODD),
mental retardation, alcohol- and drug-use disorder, and
substance use disorder. TD healthy controls were screened
using the same instrument and were free of all the assessed
neurological and psychological disorders. Participants
were also excluded if they had any history of neurological
disorders such as paralysis, loss of sensation, epilepsy,
muscular weakness, seizures, chronic pain, confusion,
and prolonged loss of consciousness due to head injury.
Finally, all the participants had no contraindications to
the MRI environment, no history of head trauma, and
did not taken any medicine for at least 3 months prior to
participating in the study.

Impulsiveness assessment

The BIS-11 questionnaire was designed to assess
the personality and behavioral traits of impulsiveness [69].
The current version of the BIS-11 consists of 30 items that
describe the impulsive or non-impulsive behaviors and
preferences, and each item has a four-point scale where
1 stands for rarely or never, 2 denotes occasionally, 3
implies often, and 4 means almost always or always. It
consists of three second-order factors of impulsivity:
attentional, motor, and non-planning.

Data acquisition

Data acquisition was performed using a 3T MR
scanner (Siemens Allegra, located at the Magnetic
Resonance Center of Hunan Provincial People’s Hospital)
with an eight-channel head coil. Foam padding was used
to minimize the head motion, and earplugs were used to
minimize the effect of the scanning noise on brain activation
for all subjects. During the resting-state scans, which lasted
5 minutes, all the subjects were instructed to rest quietly
with their eyes closed and to relax without thinking of
anything or falling asleep. Functional images were obtained
using single-shot gradient-recalled Echo Planar Imaging
pulse sequences with the following parameters: TR/TE =
3 s/30 ms, flip angle = 90°, field of view = 256 x 256 mm?,

www.impactjournals.com/oncotarget

65517

Oncotarget



in-plane matrix = 64 x 64, slice thickness = 3 mm, and no
gap. For each subject, a total of 100 volumes (36 slices per
volume) of images were collected.

Data preprocessing

The rsfMRI data were preprocessed using the
Data Processing Assistant for Resting-State fMRI
(DPARSF) software package [70]. The first three
volumes were removed from each participant in favor
of the magnetization equilibrium and saturation effects.
The remaining 97 consecutive volumes were first slice-
timing corrected and then realigned to the first of the
remaining volumes for head-motion correction. After
these corrections, the motion-corrected functional
volumes were spatially normalized into the standard
Montreal Neurological Institute (MNI) space with a
resampling voxel size of 3 x 3 x 3 mm’®. Subsequently,
to remove the several spurious sources of variance, the
CompCor method was used to regress out the six head
motion parameters, the averaged signals from white
matter signals, and cerebrospinal fluid signals [71].
No global signal was regressed out in order to avoid
yielding spurious negative correlations [72]. Finally, the
resulting time series were further detrended to remove
the linear trend and temporally bandpass filtered in a
frequency range of 0.01-0.10 Hz to reduce the effects of
low-frequency machine magnetic field drifts and high-
frequency physiological noise. No spatial smoothing
was applied in order to avoid introducing artificial local
spatial correlation according to previous studies [38, 39,
72-76].

Furthermore, to reduce the impact of motion artifacts
induced by systematic biases on the time series, a
“scrubbing” method and a frame-wise displacement
(FD) threshold of 0.5 mm were applied to
remove the contaminated time points [77].
Specifically, at each time point 7, the estimation
of motion was computed as FD using the formula
FD, =|ofd, | +|ofd, | +|afd, | +| ot | +| afd,, +‘Afdty :
the three head translations (dttx’dtv’dtz)’ and the three head
rotations (dm’d;p’d})' In.thl's equation, Afd, = fal'(ri1 —fd,
. The calculation ‘is similar for the other rigid body
parameters (dw , dtz , dta , dtﬁ , dty).

The angle rotational displacements were converted
from degrees to millimeters by applying a radius » = 50
mm, which is approximately the mean distance from
the center of the MNI space to the cortex. Image time
points with FD > 0.3 mm were considered potentially
contaminated with motion artifacts and excluded from
the time series [77]. The root mean squared variance
over voxels was also computed to measure how much the
intensity of a brain image changes in comparison to the
previous time points [77]. Notably, no data exceeded +2
mm or £2° for their translational or rotational parameters,
and there was no significant group difference in mean FD

(p = 0.8761) between the CD group (0.107 = 0.011) and
TD group (0.109 + 0.009) according to two-sample #-tests.

Network construction

A functional brain network consists of nodes and
edges between nodes. To determine the nodes and edges
of brain functional connectivity networks, the following
procedure was applied [78, 79].

Definitions of nodes and edges

To define the nodes of brain functional connectivity
networks, the automated anatomical labeling (AAL) atlas
was used to parcellate the whole brain into 90 anatomical
regions of interest (ROIs) (45 for each hemisphere, Table
4) [80]. Each ROI represents a node of the network. To
determine the edges of brain networks, a 90 x 90 temporal
correlation matrix was acquired for each subject by
calculating the Pearson correlation coefficients between
the time series of all pairs of ROIs. Prior to correlation
analysis, the representative time series of each ROI for
each subject was obtained by averaging the functional
MRI time series of all voxels within that ROI. Finally,
Fisher’s r-to-z transformation was applied to the
correlation matrices, and individual correlation matrices
were thresholded into binarized matrices with a sparsity
value (defined as the ratio of total number of edges in a
network to the maximum possible number of edges to
make sure that networks from two comparison groups had
the same number of edges or wiring cost). For an N x N
binary undirected graph G (N = 90 indicates 90 nodes in
the present study), the edges e, were defined based on the
following graph construction:

1, if‘zij’ >T
€=

0, otherwise

If the absolute z; (the Fisher r-to-z of the partial
correlation coefficient between node i and node ;) exceeds
a predefined threshold 7, an undirected edge is said to
exist; otherwise it does not exist.

Network analysis
Threshold selection

Instead of selecting a single threshold, we applied a
range of sparsity values from 0.11 to 0.44 with intervals of
0.01 according to criteria suggested in previous studies [78].
Specifically, 1) the minimum sparsity was selected to assure
that the mean degree across all nodes of each thresholded
network was larger than 2 x log(N), where N = 90 is the
number of nodes; 2) the maximum sparsity was selected to
ensure that the small-worldness scalar of each thresholded
network was larger than 1.1 for all the participants.
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Small-world network measurements

The graph theoretical analysis was carried out using
the graph theoretical network analysis (GRETNA) toolbox
(Version 1.2, https://www.nitrc.org/projects/gretna/)
to calculate the topological properties and evaluate
the functional connectivity organization [81, 82]. The
clustering coefficient of a node i is defined as the ratio
of the number of existing connections among the node’s
neighbors to the number of all possible connections in the
subgraph G, [83]:

E

i

C=——t—
"TK(K,~1)/2

in which £, and G, denote the number of edges
and nodes in subgraph G, respectively. The clustering
coefficient of a functional connectivity network is the
average of the clustering coefficients of all nodes:

1
Cp :NZ:’EGC"’

which measures the local interconnectivity of a
network.

The mean shortest path length of a node i is defined
as:

i ZWJEG

where min | Z, | is the absolute shortest path length
(i.e., the smallest number of edges traversed between two
nodes) between node i and node j. The mean shortest path
length of a network is then the average of the shortest path
lengths between the nodes:

1
Ll’ - ﬁzie GLi

C
p

The normalized clustering coefficient ¥ =

random

14

and normalized characteristic path length A=
random

were computed, where cp and Lp indicate the mean
clustering coefficient and shortest path length of the
functional connectivity network, respectively. C

random

and L . represent the mean clustering coefficient and
shortest path length of 100 matched random networks that
preserve the same numbers of nodes, edges, and degree
distribution as the real network [84, 85]. The small-world
network properties (clustering coefficient C and path
length L ) were first proposed by Watts and Strogatz [17].
To quantlfy the small-world characteristics, 100 random
networks were generated at each sparsity threshold for
each individual network with the same degree distribution

as that of the functional connectivity networks using a

Markov-chain algorithm [86]. Typically, we scaled C,
and L of the examined functional connectivity networks
with the averaged C, and L . of all 100 random
networks (i.e., normalized clustering coefficient lambda

C
Y= % and normalized characteristic path length
random

gamma A= 7 ). A real network can be considered

random

as a small-world network if it fulfills the following
criteria: y > 1 and A= 1 [17], or the small-wordness scalar
o= % > 1.1 In other words, the small-world network has

a higher clustering coefficient and a similar path length
compared to a random network [87, 88].

Regional nodal measurements

The regional nodal properties can be characterized
by a number of key measurements, including the nodal
degree Deg, nodal efficiency £, , and the nodal
betweenness BC, [38, 89]. The nodal degree is defined
as the number of nodes in subgraph G, which is the
graph including the nodes that are direct neighbors of
node i. The nodal degree evaluates the extent to which
the node is connected to the rest of the other nodes in a
network. The nodal efficiency £,  is the inverse of the
harmonic mean of the length between node i and all other
nodes in the network. It is used to deal with disconnected
graphs or non-sparse graphs and measures the level of
information propagation of a node with all other nodes
in the network. The nodal betweenness is defined as the
fraction of all shortest paths in the network that pass
through node i. It estimates the influence of a node over
information flow with the rest of the nodes in a network.

Efficiency of small-world networks

The network efficiency can be described in terms of
global efficiency E, and local efficiency E, . The global
efficiency £, of a network is the inverse of the harmonic
mean of the shortest path length between each pair of nodes
[38, 89]:

1 1
Eglo z it :

N(N-1)""/<min|L_|

where min | L, | is the absolute shortest path length
between node i and node j in network G. It indicates the
capability of parallel information transfer through the
whole network.

The nodal efficiency £, ,  of a node i is calculated as:

nodal (1) 2 1

rKeCmin|L, |
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The local efficiency £,  denotes the mean of all the
local efficiencies of the nodes in subgraph G :

E]
oc

1 .
N ZieG Enodal(l)’

where £ (i) = Egzo(G,-)- Since node i is not an
element of subgraph G, the local efficiency can also
be considered as a measure of the fault tolerance of the
network, suggesting how well each subgraph exchanges
information when node i is eliminated [38]. For each
network, we computed six global network properties
( Cp, Lp, A7, E, and E, ) and three regional nodal
measurements (Deg, E, , and BC). For each network
index, we further obtained a summarized scalar for
topological characterization of brain functional networks
by computing the AUC [78]. The integrated AUC of
a network metric Y was computed over the sparsity
threshold range of S, to S with intervals of AS:

Y =3V (S,)+ Y (S, IXAS /2

We also computed the cost efficiency, which is
defined as the difference between the global efficiency and
the cost (sparsity); i.c., E,, - cost, which would be positive
in the case of an economical network [38].

Statistical analysis
Differences in the network properties

To compare the global network topological
properties (Cp, L.E, E,. A, v, and o) between the CD
and TD groups, a series of two-sample #-tests (p < 0.05,
uncorrected) were performed for each property across the
preselected sparsity threshold range of 0.11 < 7 < 0.44
with intervals of 0.01. To evaluate the alterations of the
regional nodal properties (Deg, E, ,, and BC) between
the two groups, nonparametric permutation tests were
also performed on the AUC of each nodal property
(5000 iterations, p < 0.05, uncorrected, controlling for
the age, and mean FD) [90]. Briefly, we first computed
the actual between-group differences of the AUC of each
network metric. We then we put this difference into a null
permutation distribution of differences to recalculate by
chance through randomly assigning the values of each
subject to two randomized groups with the same size as the
CD and TD groups. This procedure was repeated for 5,000
permutations. A p-value < 0.05 for multiple comparisons
was considered to indicate a significant difference for all
AUC:s of each network topology characteristic.

Correlations between the network properties with BIS-
11 scores across all the subjects

Pearson’s correlation was used to assess the
relationship between the global network properties and
the BIS-11 scores (including the total and three subtype

scores) in the CD and TD groups with age and mean FD as
confounding factors (independent variables: AUC of each
network property; dependent variables: BIS-11 scores of
both the CD and TD groups). We also applied Pearson’s
correlation to investigate the relationship between the
AUCs of nodal network properties in brain regions that
showed significant differences in any nodal network
properties and BIS-11 scores across all subjects.The
significant threshold applied for false-positive correction
for all of the analyses was calculated as one divided by the
number of nodes, which resulted in 1/90 or 0.011.

Relationships between the nodal network properties
with BIS-11 scores in CD group

Pearson’s correlation was also used to assess the
relationship between the nodal network properties and
the BIS-11 scores (including the total and three subtype
scores) in the CD group with age and mean FD as
confounding factors (independent variables: AUC of each
network property; dependent variables: BIS-11 scores
of the CD group). A value of 0.011 was applied as a
significant threshold for false-positive correction for all
of the analyses.

CONCLUSIONS

In summary, this is the first study to investigate
the topology organization of brain functional networks
in patients with CD using rsfMRI and graph theoretical
approaches. Our results suggested that the CD patients as
well as the healthy controls showed small-world properties,
thus providing further evidence for the presence of small-
world characteristics in complex brain functional networks.
Moreover, altered global and local efficiency and the altered
nodal topology were found in CD patients, suggesting
that the disorder has a serious impact on the topological
properties of brain functional connectivity networks.
Importantly, correlations between the BIS-11 scores and the
aberrant topology organization in the fronto-limbic-striatum
systems were found in this study, which shed light on the
abnormalities of the fronto-limbic-striatum systems in CD
patients. Taken together, our results provide novel insights
into understanding the pathophysiology underlying CD.

Author contributions

FML, JSZ, XPW and ZY conceived and designed
the experiments. JSZ and XPW acquired the data, which
FML, JZ and ZY analyzed. FML, JSZ and ZY wrote
the article, which all authors reviewed and approved for
submission.

CONFLICTS OF INTEREST

The authors have declared that no potential conflicts
of interest.

www.impactjournals.com/oncotarget

65520

Oncotarget



FUNDING

This study was supported by MYRG 2015-00036-

FHS and MYRG 2016-00110-FHS grants from the
University of Macau in Macau, and FDCT 026/2014/A1
and FDCT 025/2015/A1 grants from Macao government
and the National Natural Science Foundation of China
(NSFC, 81571341, 81371500 and 61273361). These
funding sources were not involved in any stage of
the study design, data collection, data analysis and
interpretation of data, writing the manuscript and in the
decision to submit the article for publication.

REFERENCES

10.

American Psychiatric Association. Diagnostic and statistical
manual of mental disorders (DSM-5®). Arlington, VA:
American Psychiatric Publishing. 2013.

Colman I, Murray J, Abbott RA, Maughan B, Kuh D,
Croudace TJ, Jones PB. Outcomes of conduct problems in
adolescence: 40 year follow-up of national cohort. BMJ.
2009; 338: a2981.

Loeber R, Burke JD, Lahey BB, Winters A, Zera M.
Oppositional defiant and conduct disorder: a review of the
past 10 years, part I. ] Am Acad Child Adolesc Psychiatry.
2000; 39: 1468-84.

Canino G, Polanczyk G, Bauermeister JJ, Rohde LA,
Frick PJ. Does the prevalence of CD and ODD vary across
cultures? Soc Psychiatry Psychiatr Epidemiol. 2010; 45:
695-704.

Berkout OV, Young JN, Gross AM. Mean girls and bad
boys: recent research on gender differences in conduct
disorder. Aggress Violent Behav. 2011; 16: 503-11.

Sebastian CL, McCrory EP, Cecil CM, Lockwood PL,
De Brito SA, Fontaine NM, Viding E. Neural responses
to affective and cognitive theory of mind in children with
conduct problems and varying levels of callous-unemotional
traits. Arch Gen Psychiatry. 2012; 69: 814-22.

Zhou J, Yao N, Fairchild G, Zhang Y, Wang X. Altered
hemodynamic activity in conduct disorder: a resting-state
FMRI investigation. PloS One. 2015; 10: e0122750.

Rubia K, Smith AB, Halari R, Matsukura F, Mohammad M,
Taylor E, Brammer MJ. Disorder-specific dissociation of
orbitofrontal dysfunction in boys with pure conduct disorder
during reward and ventrolateral prefrontal dysfunction in
boys with pure ADHD during sustained attention. Am J
Psychiatry. 2009; 166: 83-94.

Jones AP, Laurens KR, Herba CM, Barker GJ, Viding
E. Amygdala hypoactivity to fearful faces in boys with
conduct problems and callous-unemotional traits. Am J
Psychiatry. 2009; 166: 95-102.

Finger EC, Marsh AA, Blair KS, Reid ME, Sims C, Ng
P, Pine DS, Blair RJ. Disrupted reinforcement signaling
in the orbitofrontal cortex and caudate in youths with

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

conduct disorder or oppositional defiant disorder and a
high level of psychopathic traits. Am J Psychiatry. 2011;
168: 152-62.

Rubia K. “Cool” inferior frontostriatal dysfunction in
attention-deficit/hyperactivity — disorder “hot”
ventromedial orbitofrontal-limbic dysfunction in conduct
disorder: a review. Biol Psychiatry. 2011; 69: e69-87.
Huebner T, Vloet TD, Marx I, Konrad K, Fink GR,
Herpertz SC, Herpertz-Dahlmann B. Morphometric brain

VErsus

abnormalities in boys with conduct disorder. J] Am Acad
Child Adolesc Psychiatry. 2008; 47: 540-7.

Dalwani MS, Tregellas JR, Andrews-Hanna JR, Mikulich-
Gilbertson SK, Raymond KM, Banich MT, Crowley TJ,
Sakai JT. Default mode network activity in male adolescents
with conduct and substance use disorder. Drug Alcohol
Depend. 2014; 134: 242-50.

Zhou J, Yao N, Fairchild G, Cao X, Zhang Y, Xiang YT,
Zhang L, Wang X. Disrupted default mode network
connectivity in male adolescents with conduct disorder.
Brain Imaging Behav. 2016; 10: 995-1003.

Lu FM, Zhou JS, Zhang J, Xiang YT, Zhang J, Liu Q,
Wang XP, Yuan Z. Functional connectivity estimated from
resting-state fMRI reveals selective alterations in male
adolescents with pure conduct disorder. PLoS One. 2015;
10: e0145668.

Bullmore E, Sporns O. Complex brain networks: graph
theoretical analysis of structural and functional systems.
Nat Rev Neurosci. 2009; 10: 186-98.

Watts DJ, Strogatz SH. Collective dynamics of 'small-
world' networks. Nature. 1998; 393: 440-2.

Meng C, Brandl F, Tahmasian M, Shao J, Manoliu A,
Scherr M, Schwerthéffer D, Bauml J, Forstl H, Zimmer
C, Wohlschldager AM, Riedl V, Sorg C. Aberrant topology
of striatum’s connectivity is associated with the number of
episodes in depression. Brain. 2014; 137: 598-609.

Long Z, Duan X, Wang Y, Liu F, Zeng L, Zhao JP, Chen
H. Disrupted structural connectivity network in treatment-
naive depression. Prog Neuropsychopharmacol Biol
Psychiatry. 2015; 56: 18-26.

Liu F, Zhuo C, Yu C. Altered cerebral blood flow covariance
network in schizophrenia. Front Neurosci. 2016; 10: 308.
Wang J, Zuo X, Dai Z, Xia M, Zhao Z, Zhao X, Jia J,
Han Y, He Y. Disrupted functional brain connectome in
individuals at risk for Alzheimer's disease. Biol Psychiatry.
2013; 73: 472-81.

Zhang Z, Liao W, Chen H, Mantini D, Ding JR, Xu
Q, Wang Z, Yuan C, Chen G, Jiao Q, Lu G. Altered
functional-structural coupling of large-scale brain
networks in idiopathic generalized epilepsy. Brain. 2011;
134:2912-28.

Zhang T, Yang Y, Li B, Yue Q, Zang Y. Abnormal small-
world architecture of top-down control networks in

obsessive-compulsive disorder. J Psychiatry Neurosci.
2011; 36: 23.

WWw

.impactjournals.com/oncotarget

65521

Oncotarget



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Itahashi T, Yamada T, Watanabe H, Nakamura M, Jimbo D,
Shioda S, Toriizuka K, Kato N, Hashimoto R. Altered network
topologies and hub organization in adults with autism: a
resting-state fMRI study. PLoS One. 2014; 9: €94115.

Wang L, Zhu C, He Y, Zang Y, Cao Q, Zhang H, Zhong Q,
Wang Y. Altered small-world brain functional networks in
children with attention-deficit/hyperactivity disorder. Hum
Brain Mapp. 2009; 30: 638-49.

He Y, Dagher A, Chen Z, Charil A, Zijdenbos A, Worsley
K, Evans A. Impaired small-world efficiency in structural
cortical networks in multiple sclerosis associated with white
matter lesion load. Brain. 2009; 132: 3366-79.

Long Z, Duan X, Xie B, Du H, Li R, Xu Q, Wei L, Zhang
SX, Wu'Y, Gao Q. Altered brain structural connectivity in
post-traumatic stress disorder: a diffusion tensor imaging
tractography study. J Affect Disord. 2013; 150: 798-806.

De Vico Fallani F, Astolfi L, Cincotti F, Mattia D, Marciani
MG, Salinari S, Kurths J, Gao S, Cichocki A, Colosimo A.
Cortical functional connectivity networks in normal and
spinal cord injured patients: evaluation by graph analysis.
Hum Brain Mapp. 2007; 28: 1334-46.

Biswal BB, Yetkin FZ, Haughton VM, Hyde JS. Functional
connectivity in the motor cortex of resting human brain using
echo-planar MRI. Magn Reson Med. 1995; 34: 537-41.

Biswal BB, Kylen JV, Hyde JS. Simultaneous assessment
of flow and BOLD signals in resting-state functional
connectivity maps. NMR Biomed. 1997; 10: 165-70.

Liu F, Guo W, Liu L, Long Z, Ma C, Xue Z, Wang Y, Li
J, Hu M, Zhang J, Du H, Zeng L, Liu Z, et al. Abnormal
amplitude low-frequency oscillations in medication-naive,
first-episode patients with major depressive disorder: a
resting-state fMRI study. J Affect Disord. 2013; 146: 401-6.
Liu F, Hu M, Wang S, Guo W, Zhao J, Li J, Xun G, Long
Z, Zhang J, Wang Y, Zeng L, Gao Q, Wooderson SC, et
al. Abnormal regional spontaneous neural activity in first-
episode, treatment-naive patients with late-life depression: a
resting-state fMRI study. Prog Neuropsychopharmacol Biol
Psychiatry. 2012; 39: 326-31.

Rubia K, Halari R, Cubillo A, Mohammad AM, Scott
S, Brammer M. Disorder-specific inferior prefrontal
hypofunction in boys
hyperactivity disorder compared to boys with pure conduct
disorder during cognitive flexibility. Hum Brain Mapp.
2010; 31: 1823-33.

Rubia K, Halari R, Smith AB, Mohammad M, Scott S,
Brammer MJ. Shared and disorder-specific prefrontal

with pure attention-deficit/

abnormalities in boys with pure attention-deficit/
hyperactivity disorder compared to boys with pure CD
during interference inhibition and attention allocation. J

Child Psychol Psychiatry. 2009; 50: 669-78.
Stevens MC, Haney-Caron E. Comparison of brain volume

abnormalities between ADHD and conduct disorder in
adolescence. J Psychiatry Neurosci. 2012; 37: 389-98.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Bao AM, Swaab DF. Sex differences in the brain, behavior,
and neuropsychiatric disorders. Neuroscientist. 2010; 16:
550-65.

Tiet QQ, Wasserman GA, Loeber R, McReynolds LS,
Miller LS. Developmental and sex differences in types of
conduct problems. J Child Fam Stud. 2001; 10: 181-97.

Achard S, Bullmore E. Efficiency and cost of economical
brain functional networks. PLoS Comput Biol. 2007; 3:
el7.

Achard S, Salvador R, Whitcher B, Suckling J, Bullmore
E. A resilient, low-frequency, small-world human brain
functional network with highly connected association
cortical hubs. J Neurosci. 2006; 26: 63-72.

Strogatz SH. Exploring complex networks. Nature. 2001;
410: 268-76.

Fransson P, Marrelec G. The precuneus/posterior cingulate
cortex plays a pivotal role in the default mode network:
evidence from a partial correlation network analysis.
Neuroimage. 2008; 42: 1178-84.

Rubia K, Halari R, Smith AB, Mohammed M, Scott
S, Giampietro V, Taylor E, Brammer MJ. Dissociated
functional brain abnormalities of inhibition in boys with
pure conduct disorder and in boys with pure attention deficit
hyperactivity disorder. Am J Psychiatry. 2008; 165: 889-97.
Shang J, Lui S, Meng Y, Zhu H, Qiu C, Gong Q, Liao W,
Zhang W. Alterations in low-level perceptual networks
related to clinical severity in PTSD after an earthquake:
a resting-state fMRI study. PLoS One. 2014; 9: €96834.

Said CP, Haxby JV, Todorov A. Brain systems for assessing
the affective value of faces. Philos Trans R Soc Lond B Biol
Sci. 2011; 366: 1660-70.

Fairchild G, Passamonti L, Hurford G, Hagan CC, von dem
Hagen EA, van Goozen SH, Goodyer IM, Calder AJ. Brain
structure abnormalities in early-onset and adolescent-onset
conduct disorder. Am J Psychiatry. 2011; 168: 624-33.

Bush G, Luu P, Posner MI. Cognitive and emotional
influences in anterior cingulate cortex. Trends Cogn Sci.
2000; 4: 215-22.

Kerns JG, Cohen JD, MacDonald AW, Cho RY, Stenger
VA, Carter CS. Anterior cingulate conflict monitoring and
adjustments in control. Science. 2004; 303: 1023-6.

Sterzer P, Stadler C, Krebs A, Kleinschmidt A, Poustka F.
Abnormal neural responses to emotional visual stimuli in
adolescents with conduct disorder. Biol Psychiatry. 2005;
57:7-15.

Raichle ME, MacLeod AM, Snyder AZ, Powers W1J,
Gusnard DA, Shulman GL. A default mode of brain
function. Proc Natl Acad Sci U S A. 2001; 98: 676-82.
Hagmann P, Cammoun L, Gigandet X, Meuli R, Honey
CJ, Wedeen VI, Sporns O. Mapping the structural core of
human cerebral cortex. PLoS Biol. 2008; 6: €159.

Buckner RL, Andrews-Hanna JR, Schacter DL. The brain's
default network. Ann N'Y Acad Sci. 2008; 1124: 1-38.

WWw

.impactjournals.com/oncotarget

65522

Oncotarget



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Leech R, Sharp DJ. The role of the posterior cingulate
cortex in cognition and disease. Brain. 2014; 137: 12-32.

Pfefferbaum A, Chanraud S, Pitel AL, Miiller-Ochring E,
Shankaranarayanan A, Alsop DC, Rohlfing T, Sullivan
EV. Cerebral blood flow in posterior cortical nodes of the
default mode network decreases with task engagement but
remains higher than in most brain regions. Cereb Cortex.
2011; 21: 233-44.

Vogt BA. Pain and emotion interactions in subregions of the
cingulate gyrus. Nat Rev Neurosci. 2005; 6: 533-44.

Mofftitt TE. The neuropsychology of conduct disorder. Dev
Psychopathol. 1993; 5: 135-51.

Alvarez JA, Emory E. Executive function and the frontal
lobes: a meta-analytic review. Neuropsychol Rev. 2006; 16:
17-42.

Swick D, Ashley V, Turken U. Left inferior frontal gyrus is
critical for response inhibition. BMC Neurosci. 2008; 9: 1.
Goto Y, Grace AA. Limbic and cortical information
processing in the nucleus accumbens. Trends Neurosci.
2008; 31: 552-8.

Dolan RJ. The human amygdala and orbital prefrontal
cortex in behavioural regulation. Philos Trans R Soc Lond
B Biol Sci. 2007; 362: 787-99.

Sterzer P, Stadler C, Poustka F, Kleinschmidt A. A structural
neural deficit in adolescents with conduct disorder and its
association with lack of empathy. Neuroimage. 2007; 37:
335-42.

Jones AP, Laurens KR, Herba CM, Barker GJ, Viding
E. Amygdala hypoactivity to fearful faces in boys with
conduct problems and callous-unemotional traits. Am J
Psychiatry. 2009; 166: 95-102.

Bechara A, Tranel D, Damasio H. Characterization of
the decision-making deficit of patients with ventromedial
prefrontal cortex lesions. Brain. 2000; 123: 2189-202.

Bechara A, Van Der Linden M. Decision-making and
impulse control after frontal lobe injuries. Curr Opin
Neurol. 2005; 18: 734-9.

Lu FM, Zhou JS, Wang XP, Xiang YT, Yuan Z. Short- and
long-range functional connectivity density alterations in
adolescents with pure conduct disorder at resting-state.
Neuroscience. 2017; 351: 96-107.

Kaufman J, Birmaher B, Brent D, Rao U, Flynn C, Moreci
P, Williamson D, Ryan N. 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. 1997,
36: 980-8.

Shanee N, Apter A, Weizman A. Psychometric properties
of the K-SADS-PL in an Israeli adolescent clinical
population. Isr J Psychiatry Relat Sci. 1997; 34: 179-86.
Zhou J, Chen C, Wang X, Cai W, Zhang S, Qiu C, Wang H,
Luo Y, Fazel S. Psychiatric disorders in adolescent boys in
detention: a preliminary prevalence and case—control study

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

in two Chinese provinces. J Forens Psychiatry Psychol.
2012; 23: 664-75.

American Psychiatric Association. Diagnostic and statistical
manual of mental disorders (DSM). Washington, DC:
American Psychiatric Association. 1994: 143-7.

Patton JH, Stanford MS. Factor structure of the Barratt
impulsiveness scale. J Clin Psychol. 1995; 51: 768-74.

Chao-Gan Y, Yu-Feng Z. DPARSF: a MATLAB toolbox for
“pipeline” data analysis of resting-state fMRI. Front Syst
Neurosci. 2010; 14; 4: 13.

Behzadi Y, Restom K, Liau J, Liu TT. A component
based noise correction method (CompCor) for BOLD and
perfusion based fMRI. Neuroimage. 2007; 37: 90-101.

Murphy K, Birn RM, Handwerker DA, Jones TB,
Bandettini PA. The impact of global signal regression on
resting state correlations: are anti-correlated networks
introduced? Neuroimage. 2009; 44: 893-905.

Liao W, Zhang Z, Pan Z, Mantini D, Ding J, Duan X, Luo
C, Lu G, Chen H. Altered functional connectivity and
small-world in mesial temporal lobe epilepsy. PLoS One.
2010; 5: e8525.

Salvador R, Suckling J, Coleman MR, Pickard JD,
Menon D, Bullmore E. Neurophysiological architecture
of functional magnetic resonance images of human brain.
Cereb Cortex. 2005; 15: 1332-42.

Wang J, Wang L, Zang Y, Yang H, Tang H, Gong Q, Chen
Z,Zhu C, He Y. Parcellation-dependent small-world brain
functional networks: a resting-state fMRI study. Hum Brain
Mapp. 2009; 30: 1511-23.

Liu F, Guo W, Fouche JP, Wang Y, Wang W, Ding J,
Zeng L, Qiu C, Gong Q, Zhang W, Chen H. Multivariate
classification of social anxiety disorder using whole brain
functional connectivity. Brain Struct Funct. 2015; 220:
101-15.

Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen
SE. Spurious but systematic correlations in functional
connectivity MRI networks arise from subject motion.
Neuroimage. 2012; 59: 2142-54.

Zhang J, Wang J, Wu Q, Kuang W, Huang X, He Y, Gong
Q. Disrupted brain connectivity networks in drug-naive,
first-episode major depressive disorder. Biol Psychiatry.
2011; 70: 334-42.

Gong G, He Y, Concha L, Lebel C, Gross DW, Evans AC,
Beaulieu C. Mapping anatomical connectivity patterns
of human cerebral cortex using in vivo diffusion tensor
imaging tractography. Cereb Cortex. 2009; 19: 524-36.

Tzourio-Mazoyer N, Landeau B, Papathanassiou D,
Crivello F, Etard O, Delcroix N, Mazoyer B, Joliot M.
Automated anatomical labeling of activations in SPM using
a macroscopic anatomical parcellation of the MNI MRI
single-subject brain. Neuroimage. 2002; 15: 273-89.

Rubinov M, Sporns O. Complex network measures of brain

connectivity: uses and interpretations. Neuroimage. 2010;
52: 1059-69.

WWw

.impactjournals.com/oncotarget

65523

Oncotarget



82.

83.

84.

85.

86.

Wang J, Wang X, Xia M, Liao X, Evans A, He Y.
Corrigendum: GRETNA: a graph theoretical network
analysis toolbox for imaging connectomics. Front Hum
Neurosci. 2015; 9: 458.

Onnela JP, Saramaki J, Kertesz J, Kaski K. Intensity and
coherence of motifs in weighted complex networks. Phys
Rev E Stat Nonlin Soft Matter Phys. 2005; 71: 065103.

Sporns O, Zwi JD. The small world of the cerebral cortex.
Neuroinformatics. 2004; 2: 145-62.

Ding JR, Liao W, Zhang Z, Mantini D, Xu Q, Wu GR,
Lu G, Chen H. Topological fractionation of resting-state
networks. PLoS One. 2011; 6: €26596.

Liao W, Chen H, Feng Y, Mantini D, Gentili C, Pan
Z, Ding J, Duan X, Qiu C, Lui S, Gong Q, Zhang W.
Selective aberrant functional connectivity of resting state

87.

88.

89.

90.

networks in social anxiety disorder. Neuroimage. 2010;
52: 1549-58.

Humphries MD, Gurney K, Prescott TJ. The brainstem
reticular formation is a small-world, not scale-free, network.
Proc Biol Sci. 2006; 273: 503-11.

Liu Y, Liang M, Zhou Y, He Y, Hao Y, Song M, Yu C,
Liu H, Liu Z, Jiang T. Disrupted small-world networks in
schizophrenia. Brain. 2008; 131: 945-61.

Latora V, Marchiori M. Efficient behavior of small-world
networks. Phys Rev Lett. 2001; 87: 198701.

Bullmore ET, Suckling J, Overmeyer S, Rabe-Hesketh S,
Taylor E, Brammer MJ. Global, voxel, and cluster tests,
by theory and permutation, for a difference between two
groups of structural MR images of the brain. IEEE Trans
Med Imaging. 1999; 18: 32-42.

www.impactjournals.com/oncotarget

65524

Oncotarget



