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ABSTRACT

Background and aims: The clinical significance of Internet gaming disorder (IGD) is spreading world-
wide, but its underlying neural mechanism still remains unclear. Moreover, the prevalence of IGD seems
to be the highest in adolescents whose brains are in development. This study investigated the functional
connectivity between large-scale intrinsic networks including default mode network, executive control
network, and salience network. We hypothesized that adolescents with IGD would demonstrate different
functional connectivity patterns among large-scale intrinsic networks, implying neurodevelopmental
alterations, which might be associated with executive dysfunction. Methods: This study included 17 male
adolescents with Internet gaming disorder, and 18 age-matched male adolescents as healthy controls.
Functional connectivity was examined using seed-to-voxel analysis and seed-to-seed analysis, with the
nodes of large-scale intrinsic networks used as region of interests. Group independent component
analysis was performed to investigate spatially independent network. Results: We identified aberrant
functional connectivity of salience network and default mode network with the left posterior superior
temporal sulcus (pSTS) in adolescents with IGD. Furthermore, functional connectivity between salience
network and pSTS correlated with proneness to Internet addiction and self-reported cognitive problems.
Independent component analysis revealed that pSTS was involved in social brain network. Discussion and
conclusions: The results imply that aberrant functional connectivity of social brain network with default
mode network and salience network was identified in IGD that may be associated with executive
dysfunction. Our results suggest that inordinate social stimuli during excessive online gaming leads to
altered connections among large-scale networks during neurodevelopment of adolescents.
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INTRODUCTION

Internet gaming disorder (IGD) is a pattern of gaming behavior characterized by impaired
control over gaming, increasing priority given to gaming over other activities, and contin-
uation or escalation of gaming despite of the occurrence of negative consequences that result
in personal, familial, social, occupational impairments for more than 12 months (WHO,
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2018). Internet gaming disorder was first proposed as a
condition for further study in the fifth edition of the Diag-
nostic and Statistical Manual of Mental Disorders (DSM-5)
(Petry & O'Brien, 2013); With spread of the clinical signif-
icance of IGD worldwide, the World Health Organization
recognized ‘gaming disorder’ as a mental health condition in
the 11th Revision of the International Classification of
Diseases (ICD-11). Diverse attempts have been made to
unveil the neurobiology of IGD (Sugaya, Shirasaka, Taka-
hashi, & Kanda, 2019). For example, IGD in some cases
showed dysfunctional striatal circuits which is related to
reward processing (Jin et al., 2016; Luijten, Schellekens,
K€uhn, Machielse, & Sescousse, 2017), others suggesting
problems in emotion processing in IGD (Chun, Choi, Cho,
Lee, & Kim, 2015; Lee et al., 2015), and cognitive control was
also stressed out to be impaired in IGD (Goldstein & Vol-
kow, 2011; Zhang et al., 2016). However, the neural mech-
anism of IGD and its comorbidity with other mental
disorders still remain controversial (Petry et al., 2014).

As the prevalence of IGD seems highest in adolescence
(Paulus, Ohmann, Von Gontard, & Popow, 2018), the
development of adolescent brain should be considered in
understanding the neural mechanism of IGD. Heteroge-
neous developmental trajectory of each brain region can
explain why adolescents behave unlike adults, and why they
are more vulnerable to several psychiatric illnesses (Gogtay
et al., 2004; Powell, 2006; Shaw, Gogtay, & Rapoport, 2010).
Especially, adolescents show some distinctive characteristics
on decision-making (Blakemore & Robbins, 2012). Adoles-
cents tend to make risky decisions despite of the predicted
serious consequences, which are due to the slow develop-
ment of prefrontal cortex responsible for cognitive control
and subsuming response selection (Rubia et al., 2000).
Similarly, the function of executive control network which
supports decision making and inhibitory control might be
insufficient in early adolescence as the network continues to
mature during adolescence (Ordaz, Foran, Velanova, &
Luna, 2013). “Dual system model” by Steinberg et al.
(Steinberg et al., 2008) explains risk-taking behaviors of
adolescents as linked to relatively strong socio-emotional
system than cognitive control system for the reason of gap in
developmental trajectory (Shulman et al., 2016), implying
that socio-emotional brain networks other than executive
control network also plays an important role in the decision-
making of adolescents. Especially, networks related to social
cognition and mentalization might be crucial in adolescents'
decision making, because adolescents regard social contexts
as salient clue in decision making than adults because of
differences in mentalizing network between two groups
(Blakemore & Robbins, 2012). Social brain network, a
complex network responsible for social cognition, social
processing and mentalization, is consisted of several brain
regions including posterior superior temporal sulcus (pSTS),
temporoparietal junction and medial prefrontal cortex
(Blakemore, 2008; Mills, Lalonde, Clasen, Giedd, & Blake-
more, 2014). Though pSTS is known to be involve in the
perception of eye gaze and biological motions (Saxe, Whit-
field-Gabrieli, Scholz, & Pelphrey, 2009), it is also one of

component in mentalizing system (Burnett & Blakemore,
2009). Temporoparietal junction, anterior temporal cortex
and medial prefrontal cortex are mainly activated in men-
talizing situations. Unlike executive functions, social brain is
known to develop during infancy and childhood. Two
different systems suggested in “Dual system model” might
be related to each other rather than working independently,
as social dysfunction is known to be associated with default
mode network, executive control network and salience
network (Chen et al., 2020). As risky decision making and
impulsivity followed by neurodevelopmental differences
seems to underlie the addiction vulnerability in adolescence,
it would also lead adolescents to fall easily into Internet
gaming (Chambers, Taylor, & Potenza, 2003).

In this study, we aimed to identify the alteration of
functional connectivity related to decision-making in ado-
lescents with IGD by analyzing the functional connectivity
between large-scale intrinsic networks. To attain our pur-
pose, we selected default mode network, salience network,
and executive central network. Previous studies have
demonstrated that the interactions between these major
large-scale networks underlie in wide range of psychopa-
thologies including executive dysfunctions (Menon, 2011).
We hypothesize that adolescents with IGD would demon-
strate different functional connectivity pattern among these
large-scale intrinsic networks which might be associated
with executive dysfunction.

MATERIALS AND METHODS

Participants

Participants consisted of 17 male adolescents with Internet
gaming disorder (age range: 12–15 years) and 18 age-matched
male adolescents (age range: 12–15 years) as healthy controls
(HC). Participants were recruited from the local community
through announcements, flyers, or word of mouth. Only male
adolescents whose main purpose of using Internet was playing
multiplayer-online game called ‘League of Legend’ were
included in study. Each participant was assessed through a
structured interview, including the Korean Internet Addiction
Proneness scale which is standardized in Korea with high
reliability, a Cronbach's alpha of 0.838 (Sin, Kim, & Jeung,
2011). Participants were excluded if their main purpose of
using Internet were other than playing online game such as
social networking and watching videos, or in case they had
history of current or past psychiatric disorders, neurological
illness, traumatic brain injury, any radiological contraindica-
tions for MRI scanning. A psychiatrist confirmed the diag-
nosis of Internet gaming disorder based on the proposed
criteria of Diagnostic and Statistical Manual of Mental Dis-
orders-5 (DSM-5).

Psychometric measures

Participants self-reported psychometric tests, including
Barratt Impulsiveness Scale version 11 (Patton, Stanford, &
Barratt, 1995), Conners-Wells Adolescent Self-report Scale
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(Conners et al., 1997), Beck Depression Inventory (Beck,
Ward, Mendelson, Mock, & Erbaugh, 1961), and Beck
Anxiety Inventory (Yook & Kim, 1997). Barratt Impulsive-
ness Scale version 11 measures impulsivity and possesses
subscales of cognitive impulsiveness, motor impulsiveness,
and non-planning impulsiveness (Patton et al., 1995).
Conners-Wells Adolescent Self-report Scale is developed to
screen adolescents with Attention-deficit hyperactivity dis-
order (ADHD), we used short-form of Conners-Wells
Adolescent Self-report Scale with 27 items. Short-form of
Conners-Wells Adolescent Self-report Scale contains
cognitive problem (coefficient alpha≥ 0.80), hyperactivity
problem (coefficient alpha≥ 0.80), and conduct problem
(coefficient alpha 5 0.73) as subscales (Conners et al., 1997;
Steer, Kumar, & Beck, 2001).

Image acquisition and pre-processing

Functional magnetic resonance imaging (fMRI) was con-
ducted on a 3T Siemens Magnetom MRI scanner equipped
with an eight channel head coil. Whole-brain fMRI data
were acquired with a T2*-weighted gradient echo planar
pulse sequence (echo time 5 30 ms, repetition time 5 2,200
ms, flip angle 5 908, field of view5 240 mm, matrix5 643
64, slice thickness 5 4 mm) during passively viewing block
scan. Participants were instructed to fixate on white cross on
black background for 15 minutes to gain resting-state im-
ages. High resolution anatomical images were acquired with
a T1 weighted spoiled gradient-echo sequence (echo time 5
2.19 ms; repetition time 5 1,780 ms, flip angle 5 98, field of
view 5 256 mm, matrix 5 256 3 256, slice thickness 5 1
mm) to serves as an anatomical underlay for the functional
MRI data.

Pre-processing and statistical analysis of functional im-
ages were performed using SPM12 (Welcome Trust Centre
for Neuroimaging; http://www.fil.ion.ucl.ac.uk/spm). Mo-
tion artifacts of each participants was monitored through
visual inspection of realignment parameter estimations, to
ensure that maximum head motion in each axis was <3
millimeters (mm) without any abrupt head motion. The
anatomical volume was segmented into gray matter, white
matter, and cerebrospinal fluid. Then gray matter image was
used for determining the parameters of normalization onto
the standard Montreal Neurological Institute template. The
spatial parameters were applied into the realigned and
unwarped functional volumes that were finally re-sampled
to voxels of 2x2x2 millimeters. At the end of pre-processing,
Images were smoothed with an 8-mm full-width at half-
maximum kernel.

Functional connectivity analysis

Functional connectivity maps of seed-to-voxel analysis were
obtained using the CONN-fMRI functional connectivity
toolbox version 18.b (http://www.nitrc.org/projects/conn).
We used five ROIs as seed regions, posterior cingulate cortex
(PCC) (Fox et al., 2005) for the default mode network,
bilateral anterior insular cortex (AIC) (Mueller et al., 2018;
Woodward, Rogers, & Heckers, 2011) for the salience

network, and the bilateral dorsolateral prefrontal cortex
(DLPFC) (Mueller et al., 2018; Woodward et al., 2011) for
the executive control network. All seed regions were defined
as a 5-mm radium sphere centered on previously reported
coordinates (Fox et al., 2005; Mueller et al., 2018; Woodward
et al., 2011). Using bandpass filter, the waveform of each
brain voxel was temporally filtered (0.008 < f < 0.09 Hz) to
exclude effects of low-frequency drift and high-frequency
noise. Signals from white matter and ventricular regions
were also eliminated through linear regression (Whitfield-
Gabrieli & Nieto-Castanon, 2012). To reduce the artifacts by
head motion, estimated subject-motion parameters (Friston,
Williams, Howard, Frackowiak, & Turner, 1996) imple-
mented in CONN's default denoising guideline were applied
to the linear regression. The strength of functional connec-
tivity, correlation coefficients were converted to z-values
using Fisher's r-to-z transformation. In between-group
analysis, independent-sample t-tests were performed using
threshold of an uncorrected P-value <0.001, minimum
cluster extent of 100 contiguous voxels. Afterward we made
additional seed region, a 5-mm radium sphere centered on
left pSTS from our seed-to-voxel result of right AIC (MNI
coordinates �60 �54 6) and proceeded seed-to-seed anal-
ysis to identify within-group correlation of ROIs (PCC,
bilateral AIC, bilateral DLPFC and an additional ROI from
seed-to-voxel result). The within-group significance was
determined using one-sample t tests with false discovery rate
(FDR) correction (P-value<0.05). Furthermore, group in-
dependent component analysis (ICA) was done to clarify if
the result of seed-to-voxel analysis can reflect interrela-
tionship of functional connectivity networks not just
informing relationship between clusters.

Group independent component analysis

Group independent component analysis (group ICA) was
performed to investigate spatially independent network us-
ing group ICA of fMRI toolbox (GIFT ver.3.0b, http://
mialab.mrn.org/software/gift). Preprocessed data were
reduced through two stages of principal component analysis
(Calhoun, Adali, Pearlson, & Pekar, 2001). Following the
modified minimal description length criteria, thirty-eight
ICA components were estimated with infomax algorithm
(Bell & Sejnowski, 1995). Using ICASSO algorithm (Him-
berg, Hyv€arinen, & Esposito, 2004), ICA analysis was
repeated 20 times for stability of the result. As a result, 38
independent functional spatial maps for every participant
were obtained.

For the selection of ICA components of interest, we
performed stepwise estimations. First, each component was
correlated with prior probabilistic maps of white matter and
cerebrospinal fluid within a standardized brain space pro-
vided by MNI templates in SPM8. If components show
spatial correlation greater than r2 5 0.025 in both white
matter and cerebrospinal fluid, they were discarded from
analysis because they can be considered as artifacts. Second,
to sort out the candidates of large-scale intrinsic networks,
components survived from first step were correlated with
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network atlas of default mode network, salience network,
and left, right executive control network (Shirer, Ryali,
Rykhlevskaia, Menon, & Greicius, 2012). Among candidates,
we selected most suspected default mode network, salience
network, and executive control network by inspecting
conscientiously focusing on coactivated brain regions in
components. Third, brain regions from seed-to-voxel anal-
ysis results were used as a mask to correlate with ICA
components. Components with high spatial correlation with
the mask were regarded as candidates of network of interest.

One-sample t tests and two-sample t tests of selected
components were done to analyze within- and between-
group differences. Analysis were completed using SPM 12
with the help of ‘SPM stat’ function in the GIFT toolbox. To
compare correlations between selected components, partic-
ipants' spatial maps of selected components were converted
to Z values. Functional network connectivity was computed
to evaluate correlations between components in the GIFT
toolbox, FNC matrix and connectogram were generated.

Statistical analysis

Independent t-tests were performed to compare de-
mographic and clinical variables between IGD group and
HC group. To examine relationship between results of
clinical assessments and functional connectivity, Pearson
correlation analysis tested relations between the functional
seed-target connectivity and behavioral performance. Sta-
tistical analyses were conducted by using SPSS (Chicago, IL)
with P < 0.05 (two-tailed).

Ethics

The Institutional Review Board at Severance Hospital,
Yonsei University approved all protocols for this study.
Written informed consent was obtained from all subjects
prior to participation.

RESULTS

Demographic and clinical assessments

There were no differences between the two groups in age,
verbal IQ, and performance IQ (Table 1). The Korean
Internet Addiction Proneness Scale score was significantly
higher in IGD group. Scores of the Conners-Wells Adoles-
cent Self-report Scale and Barratt Impulsiveness Scale were
significantly higher in the IGD group.

Functional connectivity analysis

In seed-to-voxel analysis, the IGD group showed stronger
positive functional connectivity between the right AIC and
left pSTS than HC group. In contrast, HC group showed
significant positive functional connectivity between PCC
and left pSTS compared to IGD group (Fig. 1a, Supple-
mentary material 1). Regarding that the PCC and AIC were
selected to represent the default mode network and salience
network respectively, the pSTS was positively correlated with
salience network in IGD while presenting negative correla-
tion with salience network in HC group (t: 4.219, P-
value<0.001). On the other hand, pSTS was negatively
correlated with default mode network in IGD opposite to
HC group (t: �4.411, P-value<0.001) (Fig. 1b). There was a
negative correlation between the PCC-pSTS functional
connectivity strength and the AIC-pSTS functional con-
nectivity strength (Pearson's r 5 �0.464, P-value 5 0.005)
(Fig. 1c).

In seed-to-seed analysis, the pSTS functional showed
different pattern in the IGD group. The pSTS showed
additional functional connectivity with left DLPFC, right
AIC only in IGD and altered functional connectivity with
PCC in IGD compared to HC group. Moreover, functional
connectivity between PCC and right DLPFC in healthy

Table 1. Demographic and clinical characteristics of participants

Internet Gaming Disorder Healthy Control T P

Age (years) 13.7(0.9) 13.4(1.0) 0.647 0.522
Verbal IQ 8.7(2.6) 10.3(3.3) �1.592 0.121
Performance IQ 10.6(2.9) 10.8(3.3) �0.176 0.861
KS* 35.2(5.5) 24.9(4.6) 6.017 <0.001
CASS* 30.6(16.0) 14.7(8.6) 3.637 0.001
Cognitive problem* 15.8(8.0) 7.2(5.7) 3.686 0.001
Hyperactivity problem* 10.1(6.3) 4.9(2.4) 3.208 0.004
Conduct problem* 4.8(3.0) 2.6(2.7) 2.213 0.034

BIS* 68.3(8.7) 56.2(12.4) 3.312 0.002
Cognitive impulsiveness* 19.0(3.0) 14.8(3.7) 3.618 0.001
Motor impulsiveness* 21.7(5.0) 18.0(4.7) 2.233 0.033
Non-planning impulsiveness* 27.6(4.1) 23.4(5.9) 2.377 0.024

Beck Depression Inventory (BDI)* 11.6(11.9) 4.4(4.6) 2.269 0.035
Beck Anxiety Inventory (BAI) 8.1(8.5) 5.0(6.2) 1.224 0.230

Note. Values are expressed as mean (SD). Verbal Intelligence Quotient (IQ) was assessed with Vocabulary in Wechsler Adult Intelligence
scale, and Performance IQ was assessed with the Wechsler Adult Intelligence Scale (Block design). KS: Korean Internet Addiction Proneness
Scale, CASS: Conners/Wells Adolescent Self-report Scale, BIS: Barratt Impulsiveness Scale, BDI: Beck Depression Inventory, BAI: Beck
Anxiety Inventory. *P-value < 0.05.
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control was not observed in IGD group (Fig. 2a, Supple-
mentary material 2).

Correlation between functional connectivity strength
and psychometric measures

The AIC-pSTS functional connectivity strength correlated
with higher scores of Korean Internet Addiction Proneness
Scales (Pearson's r 5 0.346, P-value 5 0.042). The AIC-pSTS
functional connectivity strength also correlated with higher
scores of the cognitive problem subscale of the Conners-Wells
Adolescent Self-report Scale (Pearson's r 5 0.455, P-value 5
0.006) (Fig. 2b). After Bonferroni correction, the AIC-pSTS
functional connectivity strength was significantly correlated
only with high scores of the cognitive problem subscale of the
Conners-Wells Adolescent Self-report Scale (Adjusted P-
value 5 0.0125). When analysis was restricted to IGD group,
the correlations between functional connectivity in AIC-pSTS
and psychometric measures were not significant. There was
no significant correlation between the PCC-pSTS functional
connectivity strength and any psychometric measures.

Group independent component analysis

Six out of 38 independent component (IC; IC 15, IC 17, IC
24, IC 26, IC 29, IC 34) passed our selection criteria. Four
among six components were highly correlated with grey
matter and Stanford templates respectively: default mode
network: IC 34, salience network: IC 17, left executive
control network: IC 15, right executive network: IC 24
(Supplemental material 3). Though both IC 26 and IC 29
seemed to be related to the activation of left pSTS, IC 29 was
excluded from our analysis because it showed restricted
BOLD signal activation only in both pSTS. The IC 26 was
composed of left pSTS, bilateral DLPFC, and right tem-
poroparietal junction in within-group analysis of component
(FWE-adjusted P-value 5 0.05, extended voxel >100)
(Supplementary material 4). Based on these regions, we
identified IC 26 as the social brain network (Blakemore,
2008; McCormick, van Hoorn, Cohen, & Telzer, 2018). In
two-sample t-test of social brain network, the left pSTS was
hyperactivated in IGD group compared to HC group
(Supplementary material 5).

Fig. 1. Seed-to-voxel analysis and its functional connectivity strengths. The statistical inferences were thresholded using an uncorrected
P value<0.001. Coordinates indicate the locations of the brain slices according to the Montreal Neurological Institute system. (a) Between
group differences in seed-to-voxel analysis results. Compared to HC group, right AIC of IGD showed significantly positive functional

connectivity with left STS (�60 �54 6) (kmax 5 357, T 5 5.35). PCC of HC group showed significant positive functional connectivity with
left STS (�58 �58 6) (kmax 5 175, T 5 5.00) than IGD group. (b) Between group comparison of functional connectivity strength. AIC-
pSTS functional connectivity showed significant difference, presenting positive functional connectivity in IGD and negative functional

connectivity in HC (t:4.219, P-value<0.001). PCC-pSTS functional connectivity between two groups was also significantly different while
IGD showing negative functional connectivity, HC showing positive functional connectivity (t:�4.411, P-value<0.001). (c) Pearson cor-
relation analysis for AIC-pSTS functional connectivity and PCC-pSTS functional connectivity. Two functional connectivity showed sig-

nificant anticorrelation (r 5 �0.464, P 5 0.005)
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DISCUSSION

In line with our hypothesis, we identified aberrant functional
connectivity of salience network and default mode network
with the pSTS in adolescents with IGD. Moreover, functional
connectivity between the salience network and pSTS corre-
lated with proneness to Internet addiction and self-reported
cognitive problems. Regarding that the pSTS is an essential
part of the social brain network, our findings imply that
excessive exposure to game-related social stimuli during
adolescence might affect the dynamic interaction between the
salience network and social brain network, which seems to be
associated with executive dysfunction and cognitive problems.

Adolescents with IGD showed different functional con-
nectivity patterns among large-scale intrinsic networks. The
PCC and right AIC, which are the hubs of the default mode
network and salience network, both showed significant in-
teractions with the left pSTS only in adolescents with IGD. In
addition, there was a negative correlation between the PCC-
pSTS functional connectivity strength and the AIC-pSTS
functional connectivity strength. These findings suggest that
the left pSTS was involved in the interaction between these
two large-scale intrinsic networks. The pSTS plays an
important role in detection of face and eye gaze in humans
(Allison, Puce, & McCarthy, 2000; Johansson, 1973) and is

known as a key node of the social brain network including
mentalization (Blakemore, 2008). To achieve successful the-
ory of mind (higher-level subsystem), it is necessary to
recognize socially relevant face and motions (lower-level
subsystem), and to prepare cohesive response such as
empathy that links preprocessed sensory input to mentalizing
response (intermediate-level subsystem). Nodes of social
brain network such as medial prefrontal cortex and tempor-
oparietal junction (higher-level subsystem), inferior frontal
gyrus (intermediate-level subsystem), and fusiform gyrus
(lower-level subsystem) are activated in one or more sub-
systems in social brain network. As pSTS plays a crucial role
in lower- and intermediate-level subsystem in social brain
network (Alcal�a-L�opez et al., 2018), it is directly affected by
external social stimuli. Independent Component Analyses
confirmed that the pSTS activation in this study was a part of
a larger network (IC 26), the social brain network, which was
composed of social brain nodes such as the pSTS, bilateral
DLPFC, and right temporoparietal junction. DLPFC can be
explained as coactivated region of social brain network due to
correlation between social brain network and fronto-striatal
connectivity (McCormick et al., 2018). Besides the pSTS, the
AIC also is known to take part in social processing. The AIC
helps recognizing social stimuli as salient events and makes
individuals to remain attentive to social situations by coac-
tivaiton with other social brain nodes (Menon & Uddin,

Fig. 2. Between-network connectivity and functional connectivity correlation with clinical variables. (a) Seed-to-seed within-group analysis
(blue line: positive functional connectivity; red line: negative functional connectivity). The statistical inferences were thresholded using an
FDR-corrected P value<0.05. In IGD group, functional connectivity of pSTS to left DLPFC and right AIC was newly identified which were
not observed in HC group, while alteration in pSTS-PCC functional connectivity (positive to negative) was also found in IGD. Functional
connectivity of PCC with right DLPFC shown in HC was not significant in IGD. (b) Pearson correlation analysis for clinical correlation of
functional connectivity. We identified positive correlation between AIC-pSTS functional connectivity and total score of Korean Internet
Addiction Proneness Scale (r 5 0.346, P 5 0.042), and positive correlation between AIC-pSTS functional connectivity and cognitive

problem subscale of Conners-Wells Adolescents Self-report Scale (r 5 0.455, P-value 5 0.006)
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2010). Furthermore, the functional connectivity of AIC and
pSTS is increased when individuals share emotional content
such as embarrassment of social target (Paulus, M€uller-Pin-
zler, Jansen, Gazzola, & Krach, 2015), and decreased in autism
spectrum disorder facing social stimuli (Odriozola et al.,
2016). These findings suggest that the AIC-pSTS functional
connectivity is sensitive to social situations.

Our finding provide evidence that excessive online
gaming behavior might affect social brain functioning in
adolescent with IGD. As online games require real-time
communication with peers and other players, adolescents
can easily be exposed to enormous social stimuli which
cannot be ignored. Moreover, adolescents are sensitive to
social judgments (Blakemore & Robbins, 2012), and tend to
regard social interaction in online gaming as salient stimuli.
Considering that the influence of online social situations is
similar to that of face-to-face experience on brain activation
(Crone & Konijn, 2018), we assume that the stronger
functional connectivity between the social brain network
and salience network in adolescents with IGD might be
related to the increased time and heavy loading of social
interactions while playing online games.

It is noteworthy that the AIC-pSTS functional connec-
tivity correlated with higher scores of the cognitive problem
subscale of the Conners-Wells Adolescent Self-report Scale.
Social functions such as social cognition and mentalization
are reported to be closely related to executive dysfunction in
adolescents (Crone, 2009) as the default mode network and
salient network are closely related to social cognition and
affect each other (Chen et al., 2020; Mary et al., 2016). As the
cognitive problem subscale in Conners-Wells Adolescent
Self-report Scales implies executive functioning such as
inhibitory control, organizing work, finishing task (Steer
et al., 2001), our findings, which demonstrated aberrant
functional connectivity between the default mode network,
salience network and social brain network, might provide
further understanding about the neural basis of executive
dysfunction and cognitive problems in IGD.

Differences in developmental trajectory of the neural net-
works are one of the developmental characteristics in adoles-
cence, and the adolescent brain is sensitive to experiential input
with synaptic reorganization (Blakemore & Choudhury, 2006).
The underlying neurodevelopmental vulnerability of adoles-
cent brain, such as functional gaps between networks and
insufficient segregation of networks (Stevens, 2016), might also
play an important role in the neurobiological changes induced
by excessive social stimuli. Considering that the social brain
network is early-developed compared to other functional
networks (Dunbar & Shultz, 2007; McCormick et al., 2018), we
suppose that the functional gap between the social network
and cognitive network is related to sensitive social perception
to excessive social stimuli resulting in increased functional
connectivity between salience network and social brain
network in IGD. Aberrant functional connectivity of social
brain network to other intrinsic networks might also be
associated with insufficient segregation during brain matura-
tion. Segregation is one of the key process of brain maturation

which is associated with pruning of brain architectures
(Supekar, Musen, & Menon, 2009). Compared to adults,
children can show distinctive functional connectivity linking
two independent large-scale networks due to insufficient
segregation process (Fair et al., 2007). As our participants are
in age of early adolescence (mean age 13.7 years in IGD group,
13.4 years in HC group), segregation of functional networks
might be insufficient and changes in patterns of functional
connectivity would be possible depending on individual's
experience.

There are several limitations to our study. First, as our
study was performed in cross-sectional design, we could not
conclude whether the aberrant functional connectivity patterns
were the result of IGD or a predisposition factor of IGD. To
explore this limitation, longitudinal study involving early
childhood should be followed. Second, significant difference
was observed in Beck Depression Inventory (BDI). Although
there was no statistically significant influence on our result as a
covariate, the effects of depression still cannot be completely
excluded. Third, the size of sample was relatively small.
Accordingly, the correlations between AIC-pSTS functional
connectivity and psychometric measures in IGD group was not
significant. Studies with large sample size should be followed.
Fourth, executive functions are evaluated only with self-report
scales. Further studies with objective neuropsychological tests
evaluating executive function may clarify our results.

CONCLUSION

In conclusion, aberrant functional connectivity of the social
brain network with default mode network and salience
network was identified in IGD, stronger functional connec-
tivity with salience network and weaker functional connec-
tivity with default mode network in resting state. Altered
interaction among networks might be associated with execu-
tive dysfunction in Internet gaming disorder. Our results
suggest that inordinate social stimuli during excessive online
gaming leads to altered connections among large-scale net-
works during neurodevelopment in adolescence. Future
studies on characteristics of brain maturational trajectory in
Internet gaming disorder might help with the understanding
of the neurobiological mechanism.
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