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Abstract Regardless of whether it is conceptualized as a

behavioral addiction or an impulse-control disorder, inter-

net gaming disorder (IGD) has been speculated to be

associated with impaired cognitive control. Efficient cog-

nitive behavior involves the coordinated activity of large-

scale brain networks, however, whether the interactions

among these networks during resting state modulated

cognitive control behavior in IGD adolescents remain

unclear. Twenty-eight IGD adolescents and twenty-five

age-, gender-, and education-matched healthy controls

participated in our study. Stroop color-word task was

conducted to evaluate the cognitive control deficits in IGD

adolescents. Functional connectivity and Granger Causal

Analysis were employed to investigate the functional and

effective connections within and between the salience,

central executive, and default mode networks. Meanwhile,

diffusion tensor imaging was used to assess the structural

integrity of abnormal network connections. The abnormal

functional connectivity within central executive networks

and effective connectivity within salience network in IGD

adolescents were detected. Moreover, the inefficient inter-

actions between these two brain networks were observed.

In addition, we identified reduced fractional anisotropy in

salience network, right central executive network tracts,

and between-network (the anterior cingulate cortex-right

dorsolateral prefrontal cortex tracts) pathways in IGD

individuals. Notably, we observed a significant correlation

between the effective and structural connection from sal-

ience network to central executive network and the number

of errors during incongruent condition in Stroop task in

both IGD and control subjects. Our results suggested that

impaired cognitive control in IGD adolescents is likely to

be mediated through the abnormal interactions and struc-

tural connection between intrinsic large-scale brain

networks.

Keywords Internet gaming disorder � Salience network �
Central executive network � Default mode network �
Cognitive control

Introduction

Adolescence is a critical developmental period characterized

by alterations in physical, psychological, and social devel-

opment (Casey et al. 2008). Cognitive control is not fully
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developed at adolescence which can lead to challenges in

social adjustment and feelings of vulnerability, possibly

associating this developmental period with increased inci-

dence of affective disorders and addiction (Steinberg 2005).

Internet gaming disorder (IGD) is becoming an increasingly

common mental health problem among Chinese adolescents

(Stone 2009). Previous literature has demonstrated that IGD

is associated with social deficits, criminal activities,

impaired psychological well-being, and even death

(Christakis 2010; Aboujaoude 2010; Yen et al. 2010; Young

2010, 1998). Although IGD has not been officially codified

within a psychopathological framework, prevalence of the

condition is growing and attracting the attention of psychi-

atrists, educators, and the public (Bavelier et al. 2011).

Notably, the fifth edition of the Diagnostic and Statistical

Manual of Mental Disorders (DSM-5) identified IGD in

Section III as a condition warranting more clinical research

to provide mechanistic insight into its etiology and treatment

(Petry and O’Brien 2013).

Clinical evidence had validated that IGD users experi-

ence a number of bipsychosocial symptoms and conse-

quences. These include symptoms traditionally associated

with substance-use addictions, i.e., salience, mood modi-

fication, tolerance, withdrawal symptoms, conflict, and

relapse (Block 2008; Young 2010; Petry and O’Brien

2013). Several neuroimaging IGD studies had demon-

strated that the brain regions implicated in reward, cogni-

tive control, working memory, and decision making

showed abnormal microstructure volume, diffusion prop-

erties, and activation induced by gaming stimuli, such as

the nucleus acumens (NAc), amygdala, orbitofrontal cortex

(OFC), anterior cingulate cortex (ACC), dorsolateral pre-

frontal cortex (DLPFC), and insula (Yuan et al. 2011a; Li

et al. 2014; Kühn and Gallinat 2014). The findings sug-

gested that the IGD was similar with substance addiction in

the neurobiological mechanisms partially. Regardless of

whether IGD is conceptualized as a behavioral addiction or

an impulse-control disorder (Holden 2001), it is speculated

to be associated with impaired cognitive control (Dong

et al. 2011, 2012, 2013; Yuan et al. 2013a). Cognitive

control was involved in flexible goal-directed behavior that

requires a mechanism for guidance to allow for appropriate

actions in the face of contextually relevant information

(Ridderinkhof et al. 2004). Aspects of cognitive control

include the ability to resolve conflict-inducing situations

and to inhibit prepotent responses, which can be measured

with Stroop tasks (Stroop 1935). These processes are

especially relevant within the context of IGD, since inhi-

bition of a prepotent response is critical for abstaining from

internet usage when confronted with internet-related cues

(Ko et al. 2009, 2013). The impaired cognitive control had

been observed in IGD adolescents (Dong et al. 2011, 2012,

2013; Yuan et al. 2013a); previous studies only focused on

individual brain regional abnormalities with this behavioral

deficit. For example, the reduced cortical thickness (Yuan

et al. 2013a) and increased amplitude of low frequency

fluctuation value of the OFC (Yuan et al. 2013b) were

correlated with impaired cognitive control ability as mea-

sured by the color-word Stroop task in adolescents with

IGD. In addition, cognitive control impairments in IGD

subjects were also revealed by the reduced medial frontal

negativity deflection in incongruent conditions than the

control group (Dong et al. 2011).

The human brain is a complex patchwork of intercon-

nected regions, understanding how the human brain pro-

duces cognition depends on knowledge of its brain core

networks properties and organization (Di and Biswal 2013;

Menon 2011). The ACC and the anterior insular form

components of the salience network (SN), which is impli-

cated with cognitive control tasks (Ridderinkhof et al. 2004)

as well as interoceptive and affective processes (Sridharan

et al. 2008). In parallel, and the DLPFC and parietal regions

are often observed to be co-activated during cognitive

control tasks (Petrides 2005) and jointly form the central

executive network (CEN) (Sridharan et al. 2008). An

additional set of interconnected brain regions, including the

ventromedial prefrontal cortex (vmPFC), posterior cingu-

late cortex (PCC), and inferior parietal lobe, are deactivated

during tasks demanding externalized attention (Greicius

et al. 2003; Raichle et al. 2001). This network is often

referred to as the default mode network (DMN) and is

implicated with internally oriented and social cognition

(Greicius et al. 2003). Recent literatures have indicated that

not just the activation or deactivation of these functional

networks but especially the interaction between the task-

positive networks and the DMN is crucial for cognitive

tasks performance (Kelly et al. 2008; Spreng et al. 2010;

Hampson et al. 2010). It is worth noting that such interac-

tions between these networks are not only present during

cognitive tasks but also during resting state (Fox et al.

2005). Moreover, the spontaneous fluctuation within these

networks and the strength of the interactions among these

networks during resting state predict individual perfor-

mance variability in cognitive control tasks (Kelly et al.

2008; Seeley et al. 2007; Schmaal et al. 2013). Recently,

Menon (2011) had proposed a unifying triple network

model for studying cognitive dysfunction in psychopathol-

ogy, which highlighted the role of the organization of the

CEN, SN, and DMN in cognition. At the network level, the

integrity of network interactions and aberrant crosstalk

between them can provide a unique window into the cog-

nitive dysfunction in brain disorders, however, the way how

the interactions among these three networks involved cog-

nitive control behavior in IGD remain unclear, even though

the altered DMN resting-state functional connectivity in

adolescents with IGD has been observed (Ding et al. 2013).

Brain Struct Funct
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Therefore, the purpose of the present study was to

investigate the abnormal brain network interactions using

multimodal imaging between IGD adolescents and heal-

thy controls, combining functional connectivity, effective

connectivity of intrinsic fMRI, and DTI tractography.

Additionally, the color-word Stroop task was employed to

assess the cognitive control deficits in IGD adolescents

(Yuan et al. 2013a). First of all, Independent Component

Analysis (ICA) was used to extract the core networks and

the key nodes within each network were chose as the

following analysis. Subsequently, partial functional con-

nectivity and Granger Casualty analyses were employed

to investigate the connection patterns of these key nodes

in SN, CEN, and DMN. Finally, DTI tractography meth-

ods were applied to examine the anatomical basis of the

abnormal functional and effective connectivity. Based on

previous examinations and imaging of brain-damaged

patients, ACC and the DLPFC are considered to be

essential for recruiting cognitive control (Duncan 2001).

Especially, using functional magnetic resonance imaging

(fMRI) and Stroop task, Kerns et al. (2004) demonstrated

that the ACC conflict-related activity predicts both greater

DLPFC activity and adjustments in behavior, providing

direct evidence of a connection between the conflict

detection in the ACC and the subsequent greater behavior

control by recruitment of the DLPFC (Matsumoto and

Tanaka 2004). We hypothesized that different connec-

tions would be detected within and/or between these

networks in IGD adolescents compared to healthy con-

trols, that these abnormalities would be further reflected

by structural connectivity measures, and that the struc-

tural and/or functional connectivity patterns would be

correlated with the task performance measured by the

Stroop task in IGD. Specially, the ACC and DLPFC,

playing critical roles in cognitive control, were the key

nodes of SN and CEN, respectively, we hypothesized that

the SN-CEN connection was probably related with the

cognitive control impairments in IGD group. Previous

studies had reported that the right insula is critical for the

resting-state brain networks interactions (Sridharan et al.

2008) and right-sided PFC is associated with behavioral

adjustments in cognitive behavior (Kerns et al. 2004), we

hypothesize that the findings would be mainly detected in

right hemisphere.

Materials and methods

Ethics statement

All research procedures were approved by the Ethical

Committee of Xi’an Jiaotong University and were con-

ducted in accordance with the Declaration of Helsinki. All

participants and their legal guardians in our study gave

written informed consent.

Subjects

More than eight hundreds freshman and sophomore stu-

dents were screened over the course of two years using the

modified Young Diagnostic Questionnaire for Internet

addiction (YDQ) criteria by Beard and Wolf (Beard and

Wolf 2001), as we have performed in our previous IGD

studies (Yuan et al. 2011b, 2013a). 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 is a multiplayer

online battle arena video game developed and published by

Riot Games and inspired by the model Defense of the

Ancients for the famous video game Warcraft III: Reign of

Chaos and its expansion pack, Warcraft III: The Frozen

Throne. Twenty-eight IGD subjects (17 males) participated

in our neuroimaging research. We confirmed the reliability

of the self-reports from the IGD individuals by talking with

subjects’ parents, roommates, and classmates via tele-

phone. According to the same YDQ criteria, twenty-five

age- and gender-matched healthy controls (16 males) with

no personal or family history of psychiatric disorders also

participated in our study. All subjects were right-handed as

evaluated by a questionnaire according to the Edinburgh

handedness inventory (Oldfield 1971).

Exclusion criteria for both groups were free of major

mental disorders as evaluated by the Structured Clinical

Interview for Diagnostic and Statistical Manual of Mental

Disorders, Fourth Edition (DSM-IV), any alcohol, nicotine,

caffeine or drug abuse by urine drug screening, pregnancy

or menstrual period in women, and any physical illness

such as brain tumors, hepatitis, or epilepsy as assessed by

clinical evaluations and medical records. For consistency

of data acquisition, our scanning was carried out between

8:30 and 1:30 a.m., approximately 1 h after subjects con-

sumed breakfast.

Behavioral measures

The Stroop color-word task was employed to investigate

cognitive control deficits in IGD. This test has been used

widely in drug addiction (Moeller et al. 2012; Xu et al.

2006) and IGD (Yuan et al. 2013a; Dong et al. 2011)

investigations. The color-word Stroop task design was

implemented using the E-prime 2.0 software (http://www.

pstnet.com/eprime.cfm) and modified from a previous

study (Xu et al. 2006). In detail, this task employed a block

design with three conditions: congruent, incongruent, and

rest. Three words red, blue, and green were displayed in

three colors (red, blue, and green) as the congruent and

Brain Struct Funct
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incongruent stimuli. During the rest phase, 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 and coun-

ter-balanced in order across participants. Each run con-

sisted 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, such that each task block lasted 21 s total.

All rest blocks lasted 17 s, except for the first one, which

lasted 19 s. Before each task block, the instruction ‘Iden-

tify the Color’ was presented, and before each rest block,

the instruction ‘Rest’ was presented. All instructions were

presented for 2 s. The entire run lasted 367 s. Participants

were instructed to respond to the displayed color as fast as

possible by pressing a button on a Serial Response BoxTM

with their right hand. Button presses by the index, middle,

and ring finger corresponded to red, blue, and green,

respectively. For all the participants, the behavioral task

was tested individually in a quiet room when the partici-

pants were in a calm state of mind. After the initial prac-

tice, the behavior data were collected 2 or 3 days before

MRI scanning. It is very important to collect the scientific

and effective behavioral data for our study. Therefore, the

participants were required to practice for the Stroop task

not more than three short runs (5 min per run) before the

final behavior data collection. The participants were not

permitted to enter the Stroop task until they all indicated

clear understanding of the task, which was supported by the

90 % correction rate in the congruent condition within the

two or three practice runs.

MRI imaging

A high-resolution T1-weighted image was acquired via a

3-Telsa MRI system (EXCITE, General Electric, Milwau-

kee, Wisc.) for each subject. Imaging was performed at the

First Affiliated Hospital of the Medical College, Xi’an Ji-

aotong University in China, with a volumetric three-

dimensional spoiled gradient recall sequence (TR = 8.5 ms,

TE = 3.4 ms, flip angle = 12�, slice thickness = 1 mm,

140 slices in axial plane, 240 9 240 matrix, 240 mm field of

view). The resting-state functional images were obtained

with an echo-planar imaging (EPI) with the following

parameters: 30 contiguous slices with a slice thick-

ness = 5 mm, TR = 2,000 ms, TE = 30 ms, flip angle =

90�, FOV = 240 mm 9 240 mm, data matrix = 64 9 64,

and total volume = 185. During the 6 min 10 s functional

scan, subjects were instructed to keep their eyes closed, not to

think about anything, and to stay awake during the entire

session. After the scanning, subjects were asked whether or

not they remained awake during the whole procedure.

Diffusion data were acquired as follows: the diffusion sen-

sitizing gradients were applied along 30 non-linear direc-

tions (b = 1,000 s/mm2) together with an acquisition

without diffusion weighting (b = 0 s/mm2). The imaging

parameters were 45 continuous axial slices with a slice

thickness of 3 mm and no gap, FOV = 240 mm 9 240 mm,

TR = 6,800 ms, TE = 93 ms, data matrix = 128 9 128.

Resting-state data preprocessing

Data preprocessing was performed with FMRIB’s Software

Library (FSL) (http://www.fmrib.ox.ac.uk/fsl/). Prepro-

cessing 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, slice

timing 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), reg-

istration to individual’s structural scan, and normalization

to the Montreal Neurological Institute-152 standard space.

Preprocessed functional data were temporally concatenated

across subjects (including both IGD and controls) to create

a single 4D dataset for the following analysis. No partici-

pants had a range of movement [3 mm translation or 3

degrees of rotation. Motion parameters did not differ

between IGD and controls.

Independent component analysis (ICA)

Using probabilistic ICA as implemented in FMRIB Soft-

ware Library (FSL)’s Multivariate Exploratory Linear

Decomposition into Independent Components (MELO-

DIC), group ICA was carried out to identify global, distinct

(independent) patterns of functional connectivity in the

entire subject population. The preprocessed dataset was

decomposed into 25 components, in which the model order

was estimated using the Laplace approximation to the

Bayesian evidence for a probabilistic principal component

model (Beckmann and Smith 2004). Previous studies have

documented a dynamic baseline of intrinsic brain activity

during the resting state, which is mainly characterized by

slow (\0.1 Hz) fluctuations of BOLD signals reflecting

spontaneous activity of coherent large-scale brain net-

works. These represent intrinsic connectivity networks

(ICNs) corresponding to functionally relevant processes,

such as attention, executive function, memory, vision,

language, and salience detection (Greicius et al. 2003; Fox

et al. 2005; Damoiseaux et al. 2006). In the current study,

the selection of the DMN, CEN, and SN was based on the

spatial and spectral power properties of independent
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components. In detail, it first included a frequency filter

step, which excluded the component whose spontaneous

BOLD oscillations were outside the lower frequency ran-

ges ([0.1 Hz). Then the DMN, CEN, and SN were selected

based on their spatial patterns described in previous studies

(Greicius et al. 2003; Fox et al. 2005; Damoiseaux et al.

2006). It is important to note that the CEN is typically split

by ICA into a right and left lateralized network.

ROIs derived from ICA analysis

The regions of interest (ROIs) were derived from the key

nodes of the SN, CEN, and DMN based on the peaks of the

ICA clusters. ROIs were selected from respective com-

bined-group ICA clusters as described in Fig. 1: in the

bilateral FIC and ACC on the SN ICA map, in the bilateral

DLPFC and PPC on the right CEN ICA map, and in the

VMPFC and PCC on the DMN ICA map. After selecting

voxels with the highest z-scores within each cluster on the

functional map, the final ROIs were constructed by draw-

ing spheres with centers as the seed point and a radius of

6 mm.

Functional connectivity analysis using partial

correlation

The data for functional connectivity analysis were pro-

cessed using AFNI/SUMA (http://afni.nimh.nih.gov/) and

FSL (http://fsl.fmrib.ox.ac.uk/fsl/) software. Functional

image preprocessing was divided into two sections: core

Fig. 1 Identifying nodes of

brain networks during resting

state derived from ICA, i.e., SN,

DMN, and bilateral CEN
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image processing and denoising. Core image processing

consists of the following steps: (1) slice timing correction;

(2) rigid-body head motion correction (three displacements

and three rotations); (3) obliquity transform to the struc-

tural image; (4) affine co-registration to the skull-stripped

structural image; (5) standard spatial transform to the

MNI152 template; (6) spatial smoothing (6 mm full width

at half maximum); and (7) intensity normalization to a

whole-brain median of 1,000. Previous studies had pointed

out that nuisance regression and bandpass filtering alone

are often insufficient to control head movement induced

noise. Therefore, wavelet despiking was used in the current

study for the functional connectivity (Patel et al. 2014).

Denoising steps included: (8) time series despiking

(wavelet domain); (9) nuisance signal regression including

the six motion parameters estimated in (2), their first-order

temporal derivatives, and ventricular cerebrospinal fluid

(CSF) signal (13-parameter regression); and (10) a tem-

poral Fourier filter. The regional resting-state fMRI time

series was extracted for each ROI by averaging all of the

voxels within each region at each time point in the pre-

processed BOLD dataset, resulting in 180 time points for

each of the ROIs. Partial correlation was employed to

investigate the strength of functional connectivity between

the network brain regions, which measures the degree of

association between two regions controlling for the effect

of other regions, and has been used in previous resting-state

fMRI study (Greicius et al. 2003). To account for the non-

normality of partial correlations, a Fisher’s r-to-z transform

was applied.

Effective connectivity analysis using GCA

Granger causality analysis (GCA) is a method based on

multiple linear regression for investigating whether the

past value of one time series could correctly predict the

current value of another (Granger 1969). Briefly, time

series Y is thought to be Granger caused by X if the

current value of Y could be more accurately estimated by

the combination of past value of X and Y than the past

value of Y alone. This method has been applied on EEG

and fMRI studies to reveal the causal effects among brain

regions in past studies (Zang et al. 2012). In the current

study, multivariate GCA was carried out using Resting-

State fMRI Data Analysis Toolkit (REST, http://www.

restfmri.net), according to the methods described in pre-

vious studies (Chen et al 2009; Zang et al. 2012). The

signed-path coefficients are employed to reveal the

Granger causal effects among brain regions of key nodes

of ICN within each hemisphere, which are considered to

be normally distributed and could be used in parametric

statistical analysis for group-level inference (Hamilton

et al. 2010).

Statistical analysis

A one sample t test was used to reveal the functional

connectivity and Granger causal connectivity among the

ICN regions. To investigate the different interactions of the

key nodes in three ICNs (i.e., DMN, CEN, SN), we addi-

tionally employed two sample t tests to compare the path

coefficients characterizing the strength and direction of the

temporal relation among the regions. All statistical analy-

ses were performed by PASW Statistics, Version 18.0

(formerly SPSS Statistics, SPSS Inc., Chicago, Illinois),

with 1,000-time bootstrap resampling to correct for mul-

tiple comparisons.

Structural connectivity analysis using DTI

For DTI data preprocessing, we employed FMRIB’s Dif-

fusion Toolbox (FDT) 3.0 of the FSL software 5.0.0 (http://

www.fmrib.ox.ac.uk/fsl). In detail, the preprocessing

comprised the following steps: segregation of brain tissue

from non-brain tissue, the eddy current distortion and head

motion of raw diffusion data, rotation of the gradients

according to the corrected parameters from the second step

and fitting local diffusion tensors and construction of

individual fractional anisotropy (FA) maps using DTIFIT

from FMRIB’s Diffusion Toolbox. Subsequently, Diffu-

sion Toolkit 0.6.2 and TrackVis 0.5.2 (www.trackvis.org)

were then used for whole-brain fiber tracking in native

space.

The preprocessed data from FSL were further processed

with Diffusion Toolkit. For each subject, the diffusion

tensors were estimated according to the corrected gradi-

ents. Deterministic fiber tracking was carried out with the

‘‘brute-force’’ approach, an automatic procedure com-

monly used to reconstruct fibers across the whole white

matter by tracking fibers from each voxel in the brain.

Then, the fiber assignment continuous tracking (FACT)

algorithm was used. Accordingly, the fibers were recon-

structed by TrackVis along the principal eigenvector of

each voxel’s diffusion tensor. Tracking termination criteria

were angle[45o and FA\0.2 (individual FA map derived

from FSL’s DTIFIT was used as mask image in Diffusion

Toolkit). In the current study, we chose to use larger,

anatomically defined ROIs, such as the ICN key nodes

derived from ICA analysis, as provided by the Automatic

Anatomically Labeling (AAL) atlas for the structural

connectivity analyses to avoid false-negative fibers (Uddin

et al. 2011). All fiber tracts were obtained through a two-

ROI approach (seed ROI and target ROI) with logical AND

concatenation of the two ROIs, such that only fibers that

passed both ROIs were included in the reconstructed tract.

Spurious fibers were removed from the fiber tract using

an additional avoidance ROI, namely a logical NOT

Brain Struct Funct

123

http://www.restfmri.net
http://www.restfmri.net
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
http://www.trackvis.org


operation. For each subject and each reconstructed fiber

tract, the mean FA was extracted from TrackVis. In order

to detect the different fiber properties of these tracts among

ICN key nodes between the IGD and healthy controls,

statistical analysis was carried out with ASW Statistics,

Version 18.0 (formerly SPSS Statistics, SPSS Inc., Chi-

cago, Illinois).

Brain-behavior correlation analysis

To investigate the relationship between the abnormal brain

networks interactions (i.e., functional, effective, and

structural connectivity) and cognitive control, correlation

analyses were carried out between the neuroimaging find-

ings and task performance during color-word Stroop task in

both IGD individuals and healthy controls.

Results

Detailed demographic analysis showed no significant dif-

ferences in the distributions of age, gender, or years of

education between the two groups. According to their self-

reports of internet use, the IGD individuals spent more

hours per day on internet than the controls (p \ 0.005)

(Table 1).

Behavioral data results

Only 20 IGD individuals and 20 healthy controls partic-

ipated in our behavior data collection. Both groups

showed a significant Stroop effect, where the reaction

time (RT) was longer during the incongruent than the

congruent condition (IGD: 683 ± 70 vs 570 ± 44 ms and

Controls: 606 ± 70 vs 528 ± 50 ms, p \ 0.005). The

IGD group committed more errors than the control group

during the incongruent condition (8.8 ± 4.6 vs

4.38 ± 1.9, p \ 0.005). Additionally, the response delay

(RD) measured by RT during the incongruent condition

minus congruent condition was longer in IGD group rel-

ative to the healthy controls (113 ± 56 vs 77 ± 46 ms,

p \ 0.05), even after considering the congruent RT as the

covariate.

Comparison of functional and effective connectivity

between network nodes in IGD versus controls

To assess the possible effect on the strength of functional

coupling between networks nodes, we calculated instanta-

neous partial correlations between pairs of ROIs derived

from the ICA analysis in each hemisphere. We detected

that the lDLPFC connectivity with lPPC and the rDLPFC

connectivity with rPPC were stronger in controls compared

with IGD subjects (Fig. 2). No ROIs showed greater

functional connectivity in IGD subjects compared with

controls.

In controls, GCA revealed significant direct influences

from the rFIC to the ACC, rDLPFC, and rPPC. In IGD,

GCA revealed effective influences from the rFIC to the

rDLPFC and the rDLPFC to the rFIC. In the right cere-

brum, the statistical analysis of group differences in the

strength of effective influences revealed that the rFIC to the

ACC and the ACC to the rDLPFC were significantly

greater in controls compared to IGD individuals (Fig. 3).

Both within-network (rFIC-ACC) and between-network

(ACC-rDLPFC) effective influences were weaker in the

IGD group. In the left cerebrum, we found that the lACC

connectivity with lDLPFC was greater in controls com-

pared with IGD individuals (Fig. 3). No links showed

greater effective influences in IGD subjects compared with

controls.

Comparison of structural connectivity between network

nodes in IGD versus control

Deterministic tractography was used to examine potential

differences in structural connectivity between the IGD and

control groups. To explore potential factors underlying the

functional and effective connectivity results, we examined

structural connectivity between the nodes that showed

differential functional or effective connectivity between

IGD and control. White matter tracts along the corona

radiata (CR) connecting rFIC to ACC were detected in both

control and IGD groups. Compared with control, IGD

subjects showed lower FA values in rFIC-ACC tracts

(Fig. 4). This difference was present even after correcting

for global FA of the whole brain. Tracts between the

Table 1 Subject demographics

for adolescents with internet

gaming disorder and control

groups

** p \ 0.005
a Chi-square test

Items Internet gaming disorder N = 28 Control N = 25 P value

Age (years) 19.3 ± 2.1 19.7 ± 3.8 [0.05

Gender (male/female)a 17/11 16/9 [0.05

Education (years) 13.1 ± 1.5 13.6 ± 1.9 [0.05

Hours of internet use (/day) 8.2 ± 3.6 3.8 ± 1.4 **

Days of internet use (/week) 6.2 ± 1.5 5.6 ± 1.8 [0.05
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rDLPFC and rPPC and between lDLPFC and lPPC were

also examined in the present study. The right superior

longitudinal fasciculus (SLF) showed reduced FA values in

the IGD group compared with controls, however, no dif-

ference was identified in the left SLF. The tracts between

the ACC and rDLPFC consistently showed reduced FA

values in IGD, but different FA values of the tracts in left

hemisphere were not detected.

Relationship between the configuration of brain

networks and behavior

The Pearson correlation analysis revealed significant cor-

relations between the tracts FA values and the incongruent

errors during the Stroop task as well as the effective

influence from ACC to the rDLPFC and the committed

errors in both healthy controls and IGD group. No other

significant results were identified.

Discussion

Over the last few years, there has been a dramatic

increase in the prevalence of internet issues with impli-

cations in the way we learn, develop, and behave. Due to

the targeted online gaming advertisements, adolescents

are highly susceptible to IGD. According to the statistics

from the China Youth Internet Association, the incidence

of IGD among Chinese urban youth is about 14 %,

yielding 24 million adolescents (Yuan et al. 2011b,

2013a). IGD is associated with negative outcomes in

social interactions and is thought to underlie adolescent

crime activity in China. In light of the detrimental impact

on adolescents and Chinese society, more attention to

understanding and treating IGD is warranted. Similar to

compulsive drug users who experience loss of control and

continued usage despite adverse consequences (Volkow

et al. 2003; Koob and Volkow 2009), some IGD

Fig. 2 Functional connectivity

between nodes of brain

networks, measured by partial

correlation. SN (yellow), DMN

(red), CEN (green) nodes, and

their connection were displayed

in left and right hemisphere,

respectively
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adolescents experience difficulty controlling their impul-

sive use of the internet gaming (Block 2008; Yuan et al.

2011a; Petry and O’Brien 2013; Ko et al. 2013). In the

present study, we used the Stroop color-word task to

assess the cognitive control deficits in IGD individuals.

Our behavioral results identified that the IGD individuals

committed more errors and showed longer RD during the

incongruent condition, providing direct evidence for

impaired cognitive control in IGD (Dong et al. 2011,

2012, 2013; Yuan et al. 2013a). Diminished cognitive

control has been found to predict treatment retention and

relapse to drug use (Brewer et al. 2008; Streeter et al.

2007), therefore, it is important to understand the precise

neural mechanisms that underlie cognitive control in IGD.

In the future, enhancing cognitive control functions may

be an important target for the IGD treatment.

Although researchers have made progress in under-

standing impaired cognitive control in IGD adolescents

(Dong et al. 2011, 2012, 2013; Yuan et al. 2013a), previous

studies have only focused on individual brain regions

without investigating the bigger picture of interactions

between brain networks. Brain regions do not work in

isolation, they work in concert, forming neural networks to

produce subjective perception, motivation, and behavior.

Research has indicated that the human intrinsic functional

network strength and variation influence task performance

(Fox et al. 2007; Seeley et al. 2007; Hesselmann et al.

2008), however, the way the interactions among these

networks modulate cognitive control behavior in IGD

remains unclear. In the current study, we focused on the

interactions of three important brain networks (SN, CEN,

DMN) in IGD subjects and controls due to their critical

Fig. 3 Effective connectivity

between nodes of brain

networks, measured by GCA.

SN (yellow), DMN (red), CEN

(green) nodes, and their

connection were displayed in

left and right hemisphere,

respectively
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roles in cognitive control (Bonnelle et al. 2012; Sridharan

et al. 2008; Schmaal et al. 2013). Multimodal imaging

methods were employed to investigate associations of

abnormal brain network interactions with the impaired

cognitive control in IGD adolescents. Interestingly, we

detected not only abnormal functional and/or effective

connectivity within brain networks, specifically the rFIC-

ACC in SN, the bilateral DLPFC-PPC in CEN, but also

impaired interactions between brain networks, specifically

the ACC to the bilateral DLPFC connection (Figs. 2, 3).

Notably, DTI tractography detected reduced FA values

within the rFIC-ACC tracts in SN and the rDLPFC-rPPC in

right CEN, and ACC-rDLPFC tracts between the SN and

CEN pathways in IGD individuals (Figs. 4, 5, 6). Most

importantly, we observed significant correlations between

the fiber properties of the tract between the SN and CEN

with incongruent errors during Stroop task in the IGD

group (Fig. 7).

Preclinical and clinical research has enhanced our

understanding about the critical role that the ACC and

DLPFC play in cognitive control and how they affect

behavior in addiction (Goldstein and Volkow 2011). With

regard to the IGD, previous studies have revealed greater

activation in the ACC which associates with slower

incongruent reaction time in IGD individuals (Dong et al.

2012, 2013). With the development of cognitive neuro-

science, more and more scientific evidence suggests the

mechanism was possibly through its regulation of limbic

reward regions and its involvement in higher-order exec-

utive function (for example, self-control, salience

Fig. 4 Structural connectivity between nodes of SN: ACC-rFIC and ACC-lFIC. DTI tractography detected the reduced FA values of the tracts

between the rFIC to the ACC in IGD individuals, relative to the controls. The significance did not survive for the left tract
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attribution, and awareness) (Goldstein and Volkow 2011).

Acknowledging that regional dysfunction alone cannot

explain the pathophysiology of cognitive control in IGD

(Dong et al. 2012, 2013), more attention should be paid to

the role of the interactions between brain networks

(Bonnelle et al. 2012; Schmaal et al. 2013). Bonnelle et al.

(2012) detected that traumatic brain injury (TBI) patients

showed a failure of DMN deactivation during cognitive

control task, which was associated with impaired inhibitory

control. Furthermore, the abnormality of DMN function

was specifically predicted by the amount of white matter

damage in the SN tract connecting the right anterior insula

to the presupplementary motor area and ACC (Bonnelle

et al. 2012). Additionally, Schmaal et al. (Di and Biswal

2013) found that the drug modafinil, a drug widely used as

a cognitive enhancer, significantly increased negative

coupling between the CEN and the DMN, which was

associated with modafinil-induced improvement in cogni-

tive control in alcohol-dependent patients (Schmaal et al.

2013). Taken together, these findings provide support to the

proposal that efficient behavior involves the coordinated

activity of large brain networks (Uddin et al. 2011;

Sridharan et al. 2008; Schmaal et al. 2013; Menon 2011).

In our current study, we demonstrated the modulation of

the effective connection and anatomical structures between

SN and right CEN in IGD adolescents and control. Mul-

tivariate GCA was employed to examine directed interac-

tions between the network nodes, which detects effective

interactions between brain regions by assessing the pre-

dictability of signal changes in one brain region based on

Fig. 5 Structural connectivity between nodes of CEN: rDLPFC-rPPC and lDLPFC-lPPC. DTI tractography detected the reduced FA values of

the tracts between the rDLPFC to the rPPC in IGD individuals, relative to the controls. The significance did not survive for the left tract
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the time course of responses in another brain region

(Granger 1969). Our results revealed that the interaction

between the SN and right CEN, namely the effective

influence of the ACC to rDLPFC during resting state, was

reduced in IGD individuals compared to healthy controls

(Fig. 3), although the partial correlation analysis showed

no difference between these two regions (Fig. 2). More-

over, the effective connectivity was correlated with errors

during incongruent condition in the Stroop color-word task

in the IGD group (Fig. 7). As the key nodes of the SN and

the CEN, respectively, the effective influence from ACC to

rDLPFC was correlated with the Stroop task performance

in both IGD and controls, which was consistent with pre-

vious findings (Matsumoto and Tanaka 2004; Kerns et al.

2004). Using the Stroop color-naming task and fMRI,

Kerns and his colleagues revealed direct relationships

between ACC activity on high conflict and error trials and

behavioral adjustments, which reflected a recruitment of

control from ACC to DLPFC (Matsumoto and Tanaka

2004; Kerns et al. 2004). These behavioral adjustments

were associated with increases in DLPFC activity, which

was also directly related to ACC activity in the preceding

trial. These findings provide insights into the specific

mechanisms by which detection of conflict in ACC enga-

ges the recruitment of control implicated with DLPFC

(Matsumoto and Tanaka 2004; Kerns et al. 2004). Our

results suggest a possible mechanism of cognitive control

from the interactions between networks during resting

state. In addition to the effective interactions between the

SN and CEN, the structural integrity of network

Fig. 6 Structural connectivity between SN and CEN: rACC-rDLPFC and lACC-lDLPFC. DTI tractography detected the reduced FA values of

the tracts between the rFIC to the ACC in IGD individuals, relative to the controls. The significance did not survive for the left tract
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connections was quantified using DTI tractography. Inter-

estingly, the directed connectivity between the SN and

CEN was further reflected by in IGD revealed by DTI

tractography (Fig. 6). The FA value of the tract between

the SN and CEN was also correlated with the Stroop task

performance (Fig. 7). Our results lend more support to the

theory that impaired cognitive control in IGD is likely to be

mediated through the abnormal interactions and structural

connections between intrinsic large-scale brain networks.

In addition to abnormal configurations between net-

works in IGD, our results detected insufficient functional

and effective connections within networks (Figs. 2, 3).

Effective connectivity within the SN was reduced in the

right hemisphere and decreased functional connections

within the bilateral CEN were detected in IGD subjects.

The structural connectivity within these two networks

showed reduced FA values in the right hemisphere (Figs. 5,

6). We did not detect abnormal connection between the

PCC and VMPFC within DMN. One previous study

employed whole-brain resting-state functional connectivity

by choosing the PCC as the seeding region to investigate

the DMN abnormalities (Dong et al. 2013). The researchers

detected abnormal functional connectivity between PCC

and several regions (i.e., increased functional connectivity

in the bilateral cerebellum posterior lobe and middle

temporal gyrus and decreased connectivity in the bilateral

inferior parietal lobule and right inferior temporal gyrus),

therefore, they suggested that the DMN was altered in IGD

individuals. In the current study, we only focused on the

functional connectivity between the PCC and VMPFC

within DMN network, which was different from the whole-

brain connectivity analysis. It is noteworthy that the

functional connectivity between the PCC and VMPFC was

not different between these two groups in the previous

study, which was consistent with our findings. Evidently,

more specific design was necessary to reveal the DMN

abnormalities in the IGD. With regard to that the results

appeared only in right hemisphere, there was some evi-

dence that primarily right-sided within PFC were associ-

ated with behavioral adjustments in cognitive behavior

(Kerns et al. 2004). In addition, the right insula is critical

for the resting-state brain networks interactions, which is

not for the left insula (Sridharan et al. 2008).

We found no significant correlations between these

neuroimaging observations with the errors during the

incongruent condition in Stroop task. The CEN is related to

maintenance and manipulation of information and decision

making in the context of goal-directed behavior involved in

attention, as well as interoceptive and affective processes

(Sridharan et al. 2008). An important hypothesized

Fig. 7 The association between the connection of the SN and CEN

(rACC-rDLPFC) and the errors during incongruent condition in

Stroop task in both controls and IGD. Our results detected the

significant correlation between the effective connection as well as the

structural connectivity and the behavior
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function of the SN is to identify relevant internal and extra-

personal stimuli to guide behavior (Seeley et al. 2007). The

rFIC node of the SN has been shown to initiate control

signals that enable switching between the CEN and DMN

in response to cognitive demands, acting as a ‘‘causal

outflow hub’’ coordinating other large-scale networks

(Sridharan et al. 2008). The lack of correlation between the

within-network properties of the SN and CEN, with the

cognitive behavior in the present study, may be because

cognitive control is more sensitive to the coordination of

brain networks than to the brain networks in isolation.

More comprehensive experimental designs are needed to

investigate this question in the future.

There were some limitations for our study.

Development was an important factor for cognitive

control. In the current study, majority of the IGD partici-

pants was in late adolescents (Giedd et al. 1999). To

increase the number of the samples, some individuals in

early adulthood were also included in the study. Several

studies of adolescence find that behavioral performance

increases from *12 to 18 for many inhibitory control

tasks, but that performance improvements beyond this

period are very minor (Giedd et al. 1999). Due to that a

minority of young adults were enrolled in our study, it is

possible to introduce some bias of development on

behavioral differences on the Stroop task in the current

study. Therefore, we should limit our interpretations to

adolescents/young adults with IGD relative to age-matched

controls. Evidently, more comprehensive experiment

design should be carried out to divide the effects of the

development and IGD on the cognitive behavioral differ-

ences. Future research with a 2 9 2 design (adolescents

versus adults, and IGD versus control) would be needed to

separate development and IGD effects.

Some study has suggested the influence of internet

misuse on insomnia and other sleep disturbances: increased

time spent on the internet disrupted the sleep-wake sche-

dule and daytime function in a Sample of Undergraduate

Students in Peru (Wolniczak et al. 2013). Sleep and

wakefulness are crucial prerequisites for cognitive effi-

ciency, the disturbances of which severely impact perfor-

mance and mood (Rosenberg et al. 2014). Unfortunately,

the contribution of poor sleep quality to the cognitive

control deficits in the present study was not examined,

although previous studies suggested that insufficient sleep

in children is associated with deficits in higher-order and

complex cognitive functions and an increase in behavioral

problems (Astill et al. 2012). In our opinion, the mecha-

nism of sleep quality on the cognitive in the adolescent

with IGD should be investigated in a more comprehensive

experiment design. The future study should focus on the

contributing factor of sleep disruption when assessing the

cognitive decline in the IGD adolescents.

Granger causality is a method for identifying directed

functional connectivity based on time series analysis of

precedence and predictability. The method has been

applied widely in neuroscience, however, its application to

functional MRI data has been particularly controversial,

largely because of the suspicion that Granger causal

inferences might be easily confounded by inter-regional

differences in the hemodynamic response function. The

downsampling that results from the slow typical TR of

fMRI data makes it difficult to identify reliable directed

connectivity using this approach. Although the limitation

exists, Granger Causal analysis has emerged as a popular

method for analyzing neural time series obtained from

many modalities including magneto/encephalography and

fMRI. Our findings were, at least partially, acceptable for

the relationship between the brain core networks interac-

tion and Stroop task performance. First of all, previous

study had provided evidence that the DLPFC and ACC

play critical roles in the Stroop task. The activation of the

ACC during detection of conflicts can predict the recruit-

ment of the DLPFC in cognitive control. It is worthy to

note that our findings that the effective connectivity from

the ACC to the DLPFC is correlated with the Stroop task

performance, which was consistent with the previous

studies. Besides, the structural connectivity of the same

neurocircuit was also correlated with the cognitive control.

Taken together, the discussion of the findings in the current

study should be with caution due to the limitation of the

Granger Causality method, although the abnormal effective

and structural connectivity from the SN to the CEN net-

work (i.e., ACC ? DLPFC) was correlated with the

impaired cognitive control measured by color-word stroop

task in IGD individuals. The introduction of TDCS and

TMS technology can give more clues to the scientific

evidence for the current findings.

Conclusions

In the current study, we revealed an association between

impaired cognitive control in IGD individuals and abnor-

mal interactions between the brain networks during the

resting state, including both effective and structural con-

nectivity. Our data support that investigation of large-scale

brain networks offers a powerful paradigm for dissecting

cognitive dysfunction in IGD.
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