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Internet gaming disorder (IGD) adolescents had been validated in numerous studies. However,
few studies focused on the role of the salience network (SN), which regulates dynamic
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communication among brain core neurocognitive networks to modulate cognitive control.

Diffusion tensor imaging (DTI)

Seventeen IGD adolescents and 17 healthy controls participated in the study. By combining

Fractional anisotropy (FA)

resting-state functional connectivity and diffusion tensor imaging (DTI) tractography methods,

Internet gaming disorder (IGD)

we examined the changes of functional and structural connections within SN in IGD

Resting-state

adolescents. The color-word Stroop task was employed to assess the impaired cognitive control

Salience network (SN)

in IGD adolescents. Correlation analysis was carried out to investigate the relationship between
the neuroimaging indices and behavior performance in IGD adolescents. The impaired cognitive
control in IGD was validated by more errors during the incongruent condition in color-word
Stroop task. The right SN tract showed the decreased fractional anisotropy (FA) in IGD
adolescents, though no signiﬁcant differences of functional connectivity were detected. Moreover, the FA values of the right SN tract were negatively correlated with the errors during the
incongruent condition in IGD adolescents. Our results revealed the disturbed structural

n
Corresponding authors at: School of Life Science and Technology, Xidian University, Xi’an 710071, Shaanxi, People’s Republic of
China. Fax: þ86 29 81891060.
E-mail addresses: kyuan@xidian.edu.cn (K. Yuan), wqin@xidian.edu.cn (W. Qin).

http://dx.doi.org/10.1016/j.brainres.2014.08.044
0006-8993/& 2014 Elsevier B.V. All rights reserved.

Please cite this article as: Xing, L., et al., Reduced ﬁber integrity and cognitive control in adolescents with internet
gaming disorder. Brain Research (2014), http://dx.doi.org/10.1016/j.brainres.2014.08.044

2

brain research ] (]]]]) ]]]–]]]

connectivity within SN in IGD adolescents, which may be related with impaired cognitive
control. It is hoped that the brain–behavior relationship from network perspective may enhance
the understanding of IGD.
& 2014 Elsevier B.V. All rights reserved.

1.

Introduction

Adolescence is a tumultuous time, accompanied by signiﬁcant changes in emotional and cognitive function (Arain
et al., 2013; Spear, 2000). As one of the common mental
health problems amongst adolescents, Internet gaming disorder (IGD) has been increasingly recognized both in public
and the scientiﬁc community worldwide (Christakis, 2010;
Durkee et al., 2012; Flisher, 2010; Ko et al., 2010). Data from a
survey about adolescents’ Internet gaming disorder (IGD) in
China, released on 2 February 2010, demonstrated that the
incidence of internet addiction among Chinese urban youths
was about 14.1%, with the total number of 24 million (http://
edu.qq.com/edunew/diaocha/2009wybg.htm). Overuse of
online gaming is marked by an inability to control excessive
gaming habits, which was associated with detrimental social
and emotional consequences, such as poor psychological
well-being, academic failure and reduced work performance
(Chou et al., 2005; Young, 2010, 1998, 1999; Yuan et al., 2013a).
Unfortunately, there is currently no standardized treatment
for IGD. Clinics in China have implemented regimented
timetables, strict discipline and electric shock treatment,
which gained notoriety for these treatment approaches
(Yuan et al., 2011b). Developing effective methods for intervention and treatment of IGD will require ﬁrst establishing a
clear understanding of the mechanisms underlying this
disorder. However, the neurobiological mechanisms of IGD
remain poorly understood (Flisher, 2010).
Although IGD has not been ofﬁcially codiﬁed within a
psychopathological framework (Christakis, 2010; Yuan et al.,
2011a), the ﬁfth edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5) identiﬁed IGD in Section
3 as a condition warranting more clinical research to provide
mechanistic insight into its etiology and treatment (Meng
et al., 2014). Moreover, regardless of whether IGD is conceptualized as a behavioral addiction or an impulse-control
disorder, it is speculated to be associated with impaired

cognitive control (Dong et al., 2012). Previous IGD studies have
revealed cognitive impairments among online gamers by
using cognitive control tasks, such as color-word Stroop task,
GO/NOGO task and gambling task (Dong et al., 2010, 2011b,
2012, 2013, Yuan et al., 2013a, 2013b). However, the majority of
studies only focus on the regional brain abnormalities and
impaired cognitive control in IGD, such as the correlation
between the abnormal OFC and response errors during incongruent condition measured by Stroop task (Yuan et al., 2013a,
2013b), few studies mentioned that whether the cognitive
control behavioral deﬁcits can be regulated by connectivity of
brain network.
Neuroimaging studies have indicated that both ACC and
insula are involved in the performance of the Stroop task
(Leung et al., 2000). Meanwhile, the ACC and insula have shown
functional and structural alterations in IGD (Feng et al., 2013;
Weng et al., 2013; Zhou et al., 2011). As far as we know, brain
regions do not work in isolation, they work in concert, forming
neural networks to produce subjective perception, motivation
and behavior. More and more scientiﬁc evidences demonstrated
that the high-level cognitive control processes rely on the
integrity of, and dynamic interactions between, core neurocognitive networks (Bressler and Menon, 2010; Meehan and Bressler,
2012). One theory is that the salience network (SN) – which
includes the anterior cingulate cortex (ACC) and insula – regulates dynamic changes in other brain core networks to modulate cognitive control (Menon, 2011; Uddin et al., 2011).
Consistent with this viewpoint, one traumatic brain injury study
suggested that the disruption of white matter in the SN tract lead
to inefﬁcient cognitive control (Bonnelle et al., 2012). Therefore,
we hypothesized that the connections within SN network was
disrupted in IGD adolescents. In addition, the abnormal connection was correlated with the impaired cognitive control.
In the present study, ﬁrst, we combined multimodal MRI
approach to investigate whether the structural connectivity
and functional connectivity within SN were disturbed in IGD
adolescents. Then, we assessed impaired cognitive control

Table 1 – Subject demographics for adolescents with internet gaming disorder (IGD) and control groups.
Items

IGD N¼ 17

Control N¼ 17

t/χ2

P value

Age (years)
Gender (M/F)a
Education (years)
IAT
Hours of online gaming (/day)
Days of online gaming (/week)
IQ

19.170.7
10/7
12.270.6
65.7711.6
9.571.3
5.471.2
102.4710.4

19.871.3
11/6
12.470.7
29.274.5
2.271.4
2.972.3
103.177.7

1.889
0.245
0.768
 12.067
 15.304
 3.972
0.243

0.071
0.621
0.448
o0.005n
o0.005n
o0.005n
0.810

Values are expressed as mean7standard deviation (SD). IGD ¼ internet gaming disorder. IAT ¼internet addiction test. IQ¼ intelligence
quotient.
a
The P value for gender distribution in the two groups was obtained by chisquare test.
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ability in IGD adolescents using a color-word Stroop task
(Dong et al., 2011b, 2012; Yuan et al., 2013a, 2013b). Finally,
the correlation of neuroimaging ﬁndings and cognitive behavior performance was evaluated in IGD adolescents.

2.

Results

2.1.

Demographic data results

All participants were right-handed adolescents. No signiﬁcant difference was found in age, gender, years of education,
IQ score measured by Wechsler intelligence Scale between
the two groups. However, IGD group spent 9.571.3 h/day and
5.471.2 days/week on online gaming, which is signiﬁcantly
more than the healthy controls. In addition, internet addiction test (IAT) score was signiﬁcantly higher in IGD group
(Table 1).

2.2.

Behavioral data results

Both groups showed a signiﬁcant Stroop effect, where the
reaction time was longer during the incongruent than the
congruent condition (IGD: 670.2758.7 ms vs 568.4738.7 ms
and controls: 585.0752.5 ms vs 521.2734.0 ms; Po0.005). The
IGD group committed more errors than the control group
during the incongruent condition (IGD: 6.1273.10 vs controls:
2.9471.89; Po0.05), the response delay measured by RT
during the incongruent condition minus congruent conditions was signiﬁcantly different between these two groups
(IGD: 101.8757.56 ms vs controls: 63.8730.86 ms; Po0.05).

2.3.

Functional connectivity within SN

We examined two pairwise functional connectivity between
the ACC and bilateral insula. The results showed that temporal correlation coefﬁcients (After Fisher z-transformed)
between the ACC and bilateral insula were not signiﬁcantly
different in IGD adolescents when comparing to healthy
controls (Table 2).

2.4.

Structural connectivity within SN

White matter tracts connecting the ACC to bilateral insula
were detected in all participants. The results of two sample
t-test showed signiﬁcantly lower mean FA in ACC-right insula
tracts in IGD adolescents compared to healthy controls (IGD:
0.36770.030 vs controls: 0.39270.031; Po0.05) (Fig. 1). There

was no group difference in the mean FA of the ACC-left insula
tracts (Table 2).

2.5.

Correlation results

Correlation results indicated that the FA of the ﬁber bundle
connecting ACC to the right insula negatively correlated to
the number of errors during the incongruent condition in
both the adolescents with IGD (r¼ 0.530, Po0.05) and
healthy controls (r¼ 0.643, P ¼0.005) (Fig. 2a). The temporal
correlation coefﬁcients between the ACC and the bilateral
insula showed no signiﬁcant correlation with the number of
errors during the incongruent condition in neither IGD
adolescents nor healthy controls (Fig. 2b). In addition, there
is no signiﬁcant correlation between the SN connections (i.e.
structural and functional connectivity) and IAT score
(Table 3); the structural connectivity was not correlated with
functional connectivity within SN in neither IGD adolescents
nor healthy controls.

3.

Discussion

IGD is characterized by the inability of an individual to
control the overuse of the internet game with negative
consequences for aspects of psychological, social and/or work
functioning and has become the major source of adolescent
crime in China (Christakis, 2010; Flisher, 2010; Young, 1998).
It has drawn scientiﬁc attention from academia around the
world (Christakis, 2010; Durkee et al., 2012). Numerous studies had detected the possible neural mechanisms of the IGD
and suggested that it may be related to the impaired cognitive control (Dong et al., 2011a, 2011b, 2013; Yuan et al., 2013a,
2013b). More and more ﬁndings suggested that cognitive
control ability is not only associated with the isolated operations of single brain areas but also is related with the
connections within brain core neurocognitive networks
(Bressler and Menon, 2010; Menon and Uddin, 2010; Menon,
2011; Uddin et al., 2011). Although the accurate contribution
of these brain networks to cognitive control remains controversial, one theory is that the salience network (SN) –
which includes the ACC and insula – regulates dynamic
changes in other networks to modulate cognitive function
(Bonnelle et al., 2012; Uddin et al., 2011). Previous studies had
connected the regional brain abnormalities and impaired
cognitive control in IGD, such as the correlation between
the abnormal OFC and response errors during incongruent
condition measured by Stroop task (Yuan et al., 2013a, 2013b).

Table 2 – The differences of structural/functional connectivity within SN between the IGD adolescents and healthy controls.

ACC_Right insula FA
ACC_Left insula FA
ACC_Right insula FC
ACC_Left insula FC

IGD N¼ 17

Control N ¼17

P value

0.36770.030
0.38370.037
0.17670.266
 0.02670.369

0.39270.031
0.38170.028
0.04670.177
0.02270.148

0.024n
0.885
0.104
0.967

Values are expressed as mean7standard deviation (SD). FA ¼fractional anisotropy. FC ¼ functional connectivity.
po0.05.

n
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Fig. 1 – Examples of Structural connectivity between nodes of Salience network (SN). The diffusion results revealed the
reduced FA values within SN (i.e. the tracts from the ACC to right insula) in IGD adolescents. For illustration purposes, the
individual interconnecting tracts were derived in individual native diffusion space, which were then normalized to match
standard space (MNI-152) and combined over the subjects to create the group tracts. SN ¼ Salience network, ROI¼ region of
interest, ACC¼anterior cingulate cortex. IGD¼ internet gaming disorder.

Few studies focused on the relationship between the connections within SN and cognitive control deﬁcits. From a network
perspective, the interconnectivities of isolated brain regions
may be more important to understand the neurobiological
underpinnings of IGD adolescents. Therefore, we can make a
bold speculation that the disturbed connectivity within SN
may be related to a failure of SN regulation and this
inefﬁcient regulation was involved in impaired cognitive
control in IGD adolescents.
In the present study, we combined resting-state fMRI and
DTI methods to explore the relationship between the connections within SN and cognitive control in IGD adolescents.
First, ICA was used to extract the SN, including ACC and
bilateral insula according to previous studies (Qi et al., 2012;

Uddin et al., 2011). Second, we explored the functional and
structural connectivity within SN in IGD adolescents. The
decreased FA in ACC-right insula tracts within SN was found
in IGD adolescents relative to healthy controls, which may
suggest reduced white matter integrity or disrupted structural connectivity within SN in IGD adolescents. Meanwhile,
compared to the healthy controls, no signiﬁcant differences
were detected in mean temporal correlation coefﬁcients of
the ACC to right insula in IGD adolescents. In addition,
neither FA values nor mean temporal correlation coefﬁcients
of the ACC to left insula were different between the IGD
adolescents and healthy controls. Several studies have indicated that the right insula node of the SN plays a critical and
causal role in switching among core neurocognitive networks

Please cite this article as: Xing, L., et al., Reduced ﬁber integrity and cognitive control in adolescents with internet
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Fig. 2 – Correlation analysis results between connections within SN and color-word stroop task performance in both IGD
adolescents and healthy controls. (a) The right salience network (SN) ﬁber integrity was signiﬁcantly negative correlated with
the errors during the incongruent condition in both groups. (b) There was no signiﬁcant correlation between functional
connectivity within SN and the errors during the incongruent condition in neither IGD adolescents nor healthy controls.
SN¼salience network, IGD¼ internet gaming disorder.

in response to cognitive demands (Sridharan et al., 2008;
Uddin et al., 2011). Consistently, our ﬁndings reveal that
reduced ﬁber integrity within SN is constrained to rightlateralized. Third, we detected the cognitive control ability
in the IGD adolescents using the color-word Stroop task. In
detail, the IGD individuals committed more errors than the
control group during the incongruent condition. The
response delay measured by RT during the incongruent
condition minus congruent conditions in IGD adolescents
was larger than the healthy controls. Our results demonstrated that the IGD adolescents showed impaired cognitive
control ability measured by the color-word Stroop task.

It is noteworthy that the signiﬁcant correlation between
the FA in ACC-right insula tracts within SN and task performance during the color-word Stroop task was found both in
IGD adolescents and healthy controls in the current study.
Previous neuroimaging studies have indicated that several
brain regions are involved in the performance of the Stroop
task, including ACC and insula (Leung et al., 2000). It has been
shown that the ACC is involved in conﬂict monitoring and
cognitive control (Azizian et al., 2009; Leung et al., 2000;
Peterson et al., 2002) and participates in motor control by
facilitating the execution of the appropriate responses and/or
suppressing the execution of the inappropriate responses

Please cite this article as: Xing, L., et al., Reduced ﬁber integrity and cognitive control in adolescents with internet
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Table 3 – The correlation between the SN connections (structural and functional connectivity) and stroop task performance
(errors during the incongruent condition), as well as the relationship with the IAT score.
IGD (N¼ 17)

Control (N ¼17)
P value

Errors

IAT

ACC_Right insula FA
ACC_Left insula FA
ACC_Right insula FC
ACC_Left insula FC
ACC_Right insula FA
ACC_Left insula FA
ACC_Right insula FC
ACC_Left insula FC

r

P value

r

0.530
0.136
0.007
0.279
0.114
0.286
0.176
0.113

0.029n
0.603
0.979
0.279
0.663
0.265
0.499
0.666

0.643
0.455
0.191
0.185
0.052
0.205
0.129
0.118

0.005n
0.067
0.462
0.476
0.844
0.430
0.622
0.651

Values are expressed as mean7standard deviation (SD). FA¼ fractional anisotropy. FC¼ functional connectivity.
Po0.05.

n

(Pardo et al., 1990). Recently task-related fMRI studies have
found that greater BOLD signal in the ACC was associated
with slower incongruent reaction time in IGD (Dong et al.,
2012). Apart from the activation in the ACC, the insula also
should be concerned in IGD adolescents. Although the role of
the insula in cognition need to be more clearly deﬁned. It has
been highlighted as a region integrating interoceptive states
into conscious feelings and the decision-making process and
dysfunction of the insula may lead to abnormal decision
making (Critchley et al., 2004). Consistently, the brain–behavior relationship from network perspective in the present
study demonstrated that the abnormal structural connectivity in the right SN was associated with impaired executive
function in IGD adolescents. Our results provided more
evidence for the structural changes in the interconnectivity
within SN in IGD adolescents.
Apart from the observation mentioned above, our ﬁndings
demonstrated that the structural connectivity differences
were observed between IGD adolescents and healthy controls
in the absence of functional connectivity differences. The
results suggested that functional connectivity method may
be not sensitive enough to detect the signiﬁcant functional
changes in IGD adolescents, due to that the sample size was
too small. In future study, larger sample was necessary to
investigate the functional connectivity changes within SN
between IGD and healthy controls. In addition, multivariate
Granger Causality Analysis should be taken into our consideration, which examine causal interactions between the
brain regions by detecting causal interactions between brain
regions. This method assessed the predictability of signal
changes in one brain region based on the time course of
responses in another brain region. In our opinion, this
effective functional connectivity can give us more clues to
the absence of functional connectivity in present study.
In conclusion, compared to healthy controls, IGD adolescents shown decreased FA in right SN, which may be related
to poor behavior performance in color-word Stroop task.
The connection between the structural connectivity ﬁndings
and the behavioral assessments could improve our understanding of the SN as a critical role in IGD. It is hoped that the
brain–behavior relationship from network perspective may
enhance the understanding of IGD.

4.

Experimental procedure

4.1.

Subjects

All research procedures were approved by the Ethical Committee of Xi’an Jiaotong University and were conducted in
accordance with the Declaration of Helsinki. Prior to this
study, all participants and their guardians received a complete description about the experiment and gave their written
informed consent.
IGD is a primary subtype of internet addiction disorder
(IAD), which was determined based on Young’s online internet addiction test (IAT) in the current study. IAT consists of
20 self-rating questions with the Likert scale of one (rarely) to
ﬁve (always) (Widyanto and McMurran, 2004). To exclude the
possible effect of different games on our results, we chose the
subjects who played League of Legends (LOL) as their primary
mainly Internet activity. LOL, which is a multiplayer online
battle arena video game developed and published by Riot
Games, inspired by the model Defense of the Ancients for the
famous video game Warcraft III. Meanwhile, we deﬁned the
subjects with scores over 50 as the IGD group as previously
described (Pawlikowski and Brand, 2011). In addition, the
subjects were asked to ﬁll in a basic information questionnaire, such as hours of online gaming per day, days of online
gaming per week and to recall their life-style when they were
initially addicted to online games, e.g. why do you like online
gaming or what would you like to do after school. We also
conﬁrmed the reliability of the self-report from the IGD
individuals by talking with their parents via telephone and
the roommates and classmates.
Seventeen students with IGD (10 males, mean age¼ 19.17
0.7 years, education 12.270.6 years) and 17 age-, gender- and
education-matched healthy controls without IGD (11 males,
mean age¼ 19.871.3 years, education 12.470.7 years) were
enrolled. In addition, IGD group spent 9.571.3 h/day and
5.471.2 days/week on online gaming. All recruited participants screened were native right-handed Chinese and were
assessed by a personal self-report and Edinburgh Handedness Questionnaire. Exclusion criteria for both groups were
(1) existence of a neurological disorder evaluated by the
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Structured Clinical Interview for Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition (DSM-IV); (2)
alcohol, nicotine or drug abuse by urine drug screening; (3)
pregnancy or menstrual period in women; and (4) any physical
illness such as a brain tumor, hepatitis, or epilepsy as assessed
according to clinical evaluations and medical records. More
detailed demographic information is given in Table 1.

4.2.

Behavioral data collection

The color-word Stroop task design was implemented by using
E-prime 2.0 software (http://www.pstnet.com/eprime.cfm),
which has been used in previous studies (Xu et al., 2006;
Yuan et al., 2013a, 2013b). This task employed a block design
with three conditions, i.e. rest, congruent and incongruent.
Three words (red, blue and green) were displayed in three
colors (red, blue and green) as the congruent and incongruent
stimuli (for example: congruent, green painted in green;
incongruent, green painted in red or blue). During rest,
a cross was displayed at the center of the screen, and subjects
were required to ﬁx their eyes on this cross without responding. All events were programmed into two runs with different
sequences of congruent and incongruent blocks. Each run
consisted of four congruent, four incongruent, and nine rest
blocks. There were seven trials in each task block, and each
stimulus was presented for 1 s with an inter-stimulus interval of
2 s. Thus, each task block lasted 21 s. All rest blocks lasted 17 s,
except for the ﬁrst one, which lasted 19 s. Before each task block,
the instruction, ‘Identify the Color’ was presented; and before
each rest block, the instruction was ‘Rest’. All instructions were
presented for 2 s. The entire run lasted 367 s. Each participant
was instructed to respond to the displayed color as fast as
possible by pressing a button on a Serial Response Box with his
right hand. Button presses by the index, middle, and ring ﬁnger
corresponded to red, blue, and green, respectively. Participants
were tested individually in a quiet room when they were in a
calm state of mind. After the initial practice, the behavior data
was collected two or three days before MRI scanning.

4.3.

MRI data acquisition

All MRI data were carried out in a 3.0 T Signa MRI system
(EXCITE; General Electric; Milwaukee; Wisc.) at the First
Afﬁliated Hospital of the Medical College; Xi’an Jiaotong
University in China. The foam pads were used to diminish
head motion and scanner noise. After conventional localizer
scanning, the T1-weighted images were obtained with a
spoiled gradient recall sequence (repetition time (TR) ¼
8.5 ms; echo time (TE) ¼3.4 ms; ﬂip angle (FA)¼121; ﬁeld of
data
matrix¼ 240  240;
view
(FOV)¼ 240  240 mm2;
slices¼140; voxel size¼1  1  1 mm3). Then, resting-state
functional images were acquired using an echo-planarimaging sequence (30 contiguous slices with a slice
thickness¼5 mm;
TR¼2000 ms;
TE¼30 ms;
FA¼ 901;
FOV¼ 240  240 mm2; data matrix¼64  64; and total
volumes¼185) in one run of 6 min and 10 s. The subjects
were instructed to close their eyes, not to think about anything and stay awake during entire session. After the scan, all
subjects conﬁrmed that they remained awake during the
scanning period. Diffusion data was acquired as follows: the

7

diffusion sensitizing gradients were applied along 30 nonlinear directions (b ¼1000 s/mm2) together with an acquisition without diffusion weighting (b¼ 0 s/mm2). The imaging
parameters were 45 continuous axial slices with a slice
thickness of 3 mm and no gap, FOV¼ 240  240 mm2;
TR¼6800 ms; TE¼ 93 ms; data matrix¼ 128  128.

4.4.

SN network key nodes extraction

Data preprocessing was performed with FMRIB’s Software
Library (FSL) (http://www.fmrib.ox.ac.uk/fsl/) (Smith et al.,
2004). Preprocessing for resting-state data included discarding the ﬁrst 5 echo-planar imaging volumes from each
resting-state scan to allow for signal equilibration; motion
correction; removal of non-brain structures; spatial smoothing (Gaussian kernel of 5-mm full width at half maximum);
grand mean intensity normalization of all volumes by the
same factor (4-dimensional grand-mean scaling in order to
ensure comparability between datasets at the group level);
high-pass temporal ﬁltering (100 s); registration to individual’s
structural scan and normalization to the Montreal Neurological Institute-152 (MNI-152) standard space. Preprocessed functional data were temporally concatenated across subjects
(including both IGD and controls) to create a single 4D data
set for the following analysis. No participants had a range of
movement 43 mm translation or 3 degrees of rotation. Motion
parameters did not differ between IGD and controls.
To extract the SN in both groups, the 4D dataset were
analyzed with the algorithm of ICA using the Multivariate
Exploratory Linear Optimized Decomposition (MELODIC) software from FSL tools (Beckmann et al., 2005). We limited the
number of independent components (ICs) to 25 to limit IC
splitting into subcomponents described previously (Napadow
et al., 2010; Xue et al., 2012). We deﬁned regions of interest
(ROIs) in key nodes of the SN based on the peaks of the ICA
clusters. After selecting voxels with the highest z values
within each cluster on the spatial map, the ﬁnal ROIs were
constructed by drawing spheres with centers as the seed
point and a radius of 8 mm (Uddin et al., 2011) (Fig. 3).

4.5.

Functional connectivity within the SN

The time series of each ROI was preprocessed as follows: ﬁrst,
the regional resting-state fMRI time series was computed for

Fig. 3 – The nodes of Salience network (SN) extraction. (a) SN
identiﬁed from ICA of resting-state fMRI data. (b) Deﬁnition of
SN nodes. Network nodes for subsequent analyses were based
on 8-mm-radius spheres created around peak voxels deﬁned
from this analysis.
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each of the ROIs by averaging all the voxels within each
region at each time point in the time series. Then, the mean
time series from each ROI was extracted for all subjects.
To quantify the functional connectivity between each pair of
ROIs within the SN, we used the Pearson correlation to
calculate temporal correlation coefﬁcients (r) between each
pair of regions. Statistical tests on regional functional connectivity results were computed after application of Fisher’s
r-to-z transform, which yields variates that are approximately normally distributed.

4.6.

Structural connectivity within the SN

DTI preprocessing was performed with FMRIB Software Library
(FSL) Version 4.1.9 (Smith et al., 2004) (http://www.fmrib.ox.ac.
uk/fsl/) and comprised the following steps: removal of nonbrain tissue using the Brain Extraction Tool (BET) 2.1; correction
of eddy current distortion and head motion using EDDYCORRECT from FMRIB’s Diffusion Toolbox; rotation of the gradients
according to the corrected parameters from the second step;
construction of individual fractional anisotropy (FA) maps by
ﬁtting a tensor model at each voxel of the diffusion data using
DTIFIT within the FMRIB Diffusion Toolbox.
The preprocessed data from FSL were further processed in
the DTI native space using Diffusion Toolkit 0.6.2 and visualized
by freely available software TrackVis 0.5.2 (http://www.trackvis.
org) (Wang et al., 2007). For each subject, the diffusion tensors
were estimated according to the corrected gradients. During
tracking, the ﬁber assignment continuous tracking (FACT) algorithm was employed (Mori et al., 1999). Tracking termination
criteria were angle 4451 and FA o0.2 (Mori and van Zijl, 2002)
(individual FA map as mask imaging in Diffusion Toolkit). In the
present study, the bilateral insula and the ACC were deﬁned
from the Automated Anatomical Labeling (AAL) atlas according
to previous studies (Uddin et al., 2011). To determine the nodes
of structural connectivity network in each subject, ROIs were
deﬁned in native diffusion space. In detail, each individual
structural image (i.e. T1-weighted image) was ﬁrst co-registered
to their b0 images in the native diffusion space using a linear
transformation. Co-registered structural images were then
mapped to the MNI-152 T1-template by applying an afﬁne
transformation with 12 degrees of freedom together with a series
of non-linear warps (Xue et al., 2014). The derived transformation
parameters were inverted and used to warp the AAL ROIs from
MNI space to the native diffusion space. Because ﬁber tracking
becomes unreliable in gray matter, we ensured that the ROIs
expanded 2–3 mm into the white matter (Uddin et al., 2011;
Xue et al., 2014). The ﬁber tracts were obtained through a twoROI approach (seed ROI and target ROI) with logical AND
concatenation (Wang et al., 2007) of the two ROIs, such that
only ﬁbers that passed both ROIs were included in the reconstructed tract. Obviously spurious ﬁbers were removed from the
ﬁber tract by using an additional avoidance ROI (logical NOT
operation) (Wang et al., 2007). In addition, the FA values of ﬁber
connectivity within SN in individual DTI native space were
obtained from TrackVis (Wang et al., 2007) to determine whether
there were any abnormalities in IGD adolescents. Furthermore,
the individual interconnecting tracts were normalized to match
standard space (MNI-152) and combined over the group of
subjects for display.

4.7.

Statistical analysis

The statistical analyses were conducted with SPSS 13.0 software (SPSS, Chicago, IL, USA). First, two sample t-test and/or
χ2 test were used to compare demographic data and the
behavior performance (errors, reaction time [RT]) between
two groups. Second, the connections (FA values, temporal
correlation coefﬁcients) within SN were investigated by two
sample t-test (Po0.05/2, corrected for multiple comparison
using the Bonferroni correction). Third, Pearson’s correlation
was employed to evaluate the relationship between neuroimaging ﬁndings (i.e. structural and functional connectivity
within SN) and behavioral performance measured by the
color-word Stroop task, as well as the relationship with the
IAT score (Po0.05). Finally, the coupling of structural and
functional connectivity within SN was also investigated by
Pearson correlation coefﬁcient in the current study.
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