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Neuroimaging studies on the characteristics of individuals with Internet gaming disorder
(IGD) have been accumulating due to growing concerns regarding the psychological and
social problems associated with Internet use. However, relatively little is known about the
brain characteristics underlying IGD, such as the associated functional connectivity and
structure. The aim of this study was to investigate alterations in gray matter (GM) volume
and functional connectivity during resting state in individuals with IGD using voxel-based
morphometry and a resting-state connectivity analysis. The participants included 20
individuals with IGD and 20 age- and sex-matched healthy controls. Resting-state
functional and structural images were acquired for all participants using 3 T magnetic
resonance imaging. We also measured the severity of IGD and impulsivity using psy-
chological scales. The results show that IGD severity was positively correlated with GM
volume in the left caudate (p < 0.05, corrected for multiple comparisons), and negatively
associated with functional connectivity between the left caudate and the right middle
frontal gyrus (p < 0.05, corrected for multiple comparisons). This study demonstrates
that IGD is associated with neuroanatomical changes in the right middle frontal cortex
and the left caudate. These are important brain regions for reward and cognitive con-
trol processes, and structural and functional abnormalities in these regions have been
reported for other addictions, such as substance abuse and pathological gambling.
The findings suggest that structural deficits and resting-state functional impairments in
the frontostriatal network may be associated with IGD and provide new insights into the
underlying neural mechanisms of IGD.

Keywords: Internet gaming disorder, voxel-based morphometry, resting-state functional magnetic resonance
imaging, functional connectivity, middle frontal gyrus, caudate nucleus

Abbreviations: BIS, Barratt Impulsiveness Scale-II; BDI, Beck Depression Inventory; DLPFC, dorsolateral prefrontal cortex;
FDR, false discovery rate; fMRI, functional magnetic resonance imaging; GM, gray matter; IAT, Internet addiction test; IGD,
Internet gaming disorder; VBM, voxel-based morphometry; MNI, Montreal Neurological Institute; WM, white matter.
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INTRODUCTION

Online gaming provides enjoyment and relieves stress, in addition
to many other advantages. Consequently, the number of Internet
gamers has consistently increased worldwide. Excessive Internet
gaming can, however, limit real-life experience, resulting in vari-
ous negative psychosocial consequences (1-3). Internet Gaming
Disorder (IGD) is defined as a compulsive and pathological use
of devices enabling access to the Internet and has serious negative
consequences. Section ITI of the Diagnostic and Statistical Manual
of Mental Disorders-5 (DSM-5) states that IGD is a condition that
requires more clinical research (4).

Recently, neuroimaging studies on IGD have investigated
functional and structural alterations in the brain to identify
the neuronal correlates related to the development of IGD (5).
Task-related functional magnetic resonance imaging (fMRI)
has revealed functional disturbances in individuals with IGD
(2, 6,7-11). The results of these fMRI studies indicate that during
exposure to computer games, video games, or online games, indi-
viduals with IGD, as compared with healthy controls (HC), show
an increased craving for gaming as well as altered brain activity
in various regions such as the caudate nucleus, dorsolateral pre-
frontal area, nucleus accumbens, anterior cingulate cortex, and
hippocampus (7-10).

Although task-based fMRI studies can identify specific
functional disturbances within individuals with IGD, evaluation
of resting-state functional connectivities may provide different
and potentially broader significance (12). Resting-state fMRI is
a method for evaluating functional connections and interactions
between regions during a task-free condition. Assessment of the
resting-state fMRI network can provide more information about
distributed circuit abnormalities in neuropsychiatric illnesses
(13, 14). Resting-state fMRI studies of IGD have been conducted
to identify the specific neurobiological network underlying
reward and cognitive processes in terms of functional connectiv-
ity (15-18). These studies have reported enhanced functional
connectivity or regional homogeneity in the middle temporal
gyrus and the cerebellum (15, 16, 18). Moreover, Hong et al. (17)
observed decreased functional connectivity in subcortical brain
regions.

Mounting evidence from structural brain imaging studies
have revealed that IGD might be linked to possible structural
changes within the brain (17, 19-22). The most widely used
morphometric analysis methods for brain analysis are volume-
based gray matter (GM) measurements such as voxel-based
morphometry (VBM) and surface-based cortical thickness
measurements using FreeSurfer (23). Han et al. (19) and Weng
et al. (21) investigated structural abnormalities in the brain of
adolescents with IGD using VBM and reported reduced GM
volumes in the orbitofrontal cortex, insula, temporal gyrus, and
occipital cortex. Studies evaluating cortical thickness to observe
structural changes in the brains of individuals with IGD have
revealed decreased cortical thickness in the orbitofrontal cortex,
insula, parietal cortex, and postcentral gyrus (17, 22).

More recently, a combined structural and functional MRI
study reported a negative correlation between impulsivity and
left amygdala volume, and lower functional connectivity between

the amygdala and the dorsolateral prefrontal cortex (DLPFC)
(13, 14). These results suggest that altered GM volume and func-
tional connectivity in the amygdala might be related to impulsivity
and represent a vulnerability to IGD (13, 14). Two studies recently
assessed the compatibility difference in both brain structure and
functional connectivity. First, Jin et al. (24) found that individuals
with IGD had significantly decreased GM volume in the prefron-
tal cortex, including the DLPFC, orbitofrontal cortex, anterior
cingulate cortex, and supplementary motor area, and decreased
functional connectivity in the prefrontal striatal circuit. Second,
Yuanetal. (25) found decreased striatum volume and resting-state
functional connectivity differences in the frontostriatal circuits
between individuals with IGD and HC. These results suggest that
at the circuit level, IGD may share similar neural mechanisms
with substance use disorder (24, 25).

In conclusion, the results of previous studies and recent
reviews using neuroimaging techniques suggest that IGD is
related to neuroanatomical alterations in frontostriatal circuits,
similar to substance use disorder (7-11, 24-28). Moreover, the
similarity of psychopathological symptoms and neural processes
between IGD and substance use disorder suggests a possible
shared vulnerability mechanism (9, 27, 28).

To date, few studies have been conducted on functional and
structural alterations in IGD using structural combined with
resting-state functional network analyses (13, 14, 25, 29).
Moreover, these studies of IGD did not eliminate the influence
of behavior characteristics (i.e., average gaming hours) on the
relationship between IGD and brain alteration although repeated
behaviors could change the brain structure (30). Therefore,
to strengthen the attribution of IGD characteristics including
psychiatric disorder (i.e., addiction) to the brain alteration, we
controlled for the effect of gaming activity on the changes of brain
structure and connectivity in IGD.

In this study, we examined alterations in structure and func-
tional connectivity in the brains of individuals with IGD, using
3 T magnetic resonance imaging of the brain GM volume and
resting-state connectivity analysis. Specifically, we investigated
whether the GM volume is altered in the frontostriatal circuits of
individuals with IGD, and whether a reduction in GM volume is
associated with altered functional connectivity. We also identified
whether these alterations were exhibited after excluding gaming
activity.

MATERIALS AND METHODS

Participants and Measurement

Instruments

Twenty right-handed male participants with IGD (age range:
20-26 years) were recruited via broadcasting online bulletin
boards and among individuals attending an Internet addiction
treatment center, a cyber addiction information center, or local
Internet addiction recovery group meetings. All participants in
the IGD group were interviewed by two qualified psychiatrists,
according to the diagnostic criteria for IGD outlined in the
Diagnostic and Statistical Manual of Mental Disorders-5 (31).
Using the same criteria, 20 age- and sex-matched HC (age range:
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20-27 years) were also recruited. None of the participants fulfilled
the criteria for any other psychiatric or neurological disorder
such as schizophrenia, anxiety, depression, gambling addiction,
or substance dependence. None of the participants reported any
previous experience with gambling or illicit drugs.

All participants provided their written informed consent after
being thoroughly informed about the details of the experiment.
The Chungnam National University Institutional Review Board
approved the experimental and consent procedures (approval
number: P01-201602-11-002). All participants received financial
compensation (50 US dollars) for their participation.

Participants completed a survey containing questions regard-
ing their demographic characteristics and Internet gaming
activities within the past 12 months, such as “In the past year,
on average, about how many days per week did you play Internet
games?” and “In the past year, on average, about how many min-
utes per day did you spend on an Internet game?” In addition,
standardized scales such as the Barratt Impulsiveness Scale-II
[BIS (32)], Alcohol Use Disorders Identification Test (33), and
the Beck Depression Inventory [BDI (34)] were used to assess the
psychological characteristics of the participants.

The severity of IGD was measured using Young’s online
Internet addiction test (IAT) (35). The IAT is a reliable and valid
instrument for classifying Internet addiction disorder (36). The
IAT comprises a total of 20 questions that are designed to assess
compulsive Internet use, withdrawal symptoms, psychological
dependence, and related problems in daily life. Ratings were
made based on a 5-point scale, ranging from 1 (never) to 5
(very). The score ranges from 20 to 100, and a total score of 50 or
higher indicates occasional or frequent Internet-related problems
due to uncontrolled Internet usage (http://netaddiction.com/
internet-addiction-test/).

Data Acquisition

A 3.0 T MRIscanner (Achieva Intera 3 T; Philips Healthcare, Best,
the Netherlands) was used for image acquisition. T1-weighted
anatomical images were acquired using the following parameters:
repetition time = 280; echo time = 14 ms; flip angle = 60°; field
of view = 24 cm X 24 cm; matrix = 256 X 256; slice thick-
ness = 4 mm. During resting-state scanning, 180 images were
acquired with a single-shot, echo-planar pulse sequence (repeti-
tion time = 2,000 ms; echo time = 28 ms; slice thickness = 4 mm,
no gap; matrix = 64 X 64; field of view = 24 cm X 24 cm; and flip
angle = 80°). The participants were instructed to keep their eyes
closed comfortably, to stay awake, not to think of anything, and
not to sleep or doze off during resting-state scanning. After the
scan, all participants were asked whether they had stayed awake
with their eyes closed during the entire scanning time. Data from
participants who reported difficulties in staying fully awake were
discarded and not used for any further analysis.

VBM Analysis

Voxel-based morphometry analysis was performed using SPM8
software (http://www.filion.uclac.uk/spm) and the VBMS8
toolbox (http://dbm.neuro.uni-jena.de/vbm.html). MR images
were processed using the diffeomorphic non-linear registra-
tion algorithm (diffeomorphic anatomical registration through

exponentiated lie algebra, DARTEL) technique to improve
intersubject brain image registration (37). Briefly, the VBM
analysis consisted of the following four steps: (1) MR images were
segmented into GM, white matter (WM), and cerebrospinal fluid;
(2) customized GM templates were created from the study images
using the DARTEL technique; (3) after a linear affine registration
of the GM DARTEL templates to the tissue probability maps in
Montreal Neurological Institute (MNI) space, non-linear warp-
ing of GM images was applied to the DARTEL GM template and
then used in the modulation step to guarantee that the relative
amount of GM volumes was preserved following the spatial nor-
malization procedure; (4) modulated GM images were smoothed
using an 8-mm full width at half maximum Gaussian kernel for
statistical analyses.

After preprocessing, GM volume was compared between
individuals with IGD and HC. An absolute threshold mask of 0.1
was used for GM analyses to avoid possible edge effects around
the border between the gray and WM.

To control for extraneous effects of age, years of education,
impulsivity, and depression, these variables were added as
covariates. We also conducted between group analysis by adding
the average gaming hours as a covariate to identify the effect
of IGD as excluding the influence of behavior characteristics
related to IGD.

In each group, partial correlation analyses were performed to
investigate the association between GM volume and the severity
of IGD (i.e., the score of IAT) by excluding the extraneous vari-
ables (i.e., age, years of education, impulsivity, and depression).
Furthermore, another partial correlation analysis was performed
by controlling the extraneous variables with an additional covari-
ate (i.e., the average gaming hours). The statistical significance
of group differences was set at p < 0.05, corrected for multiple
comparisons using the false discovery rate (FDR) method, at a
cluster extent of >50 voxels.

Functional Connectivity Analysis

Functional connectivity analysis was performed using the
CONN functional connectivity toolbox v.15 [http://www.
nitrc.org/projects/conn; cited in Whitfield-Gabrieli et al. (38)]
to identify resting-state properties in structurally altered brain
regions. Resting-state data were first preprocessed using standard
preprocessing steps, including slice-time correction, motion
correction with artifact rejection, spatial normalization to the
standardized brain space using the template image, and smooth-
ing with an 8-mm isotropic Gaussian kernel. Before subject-level
analysis, denoising procedures were performed on the data using
the BOLD (blood-oxygen-level dependent) signal derived from
WM masks and cerebral spinal fluid, and motion correction
parameters from the realignment stage of the spatial preprocess-
ing, as covariates of no interest in a linear regression model. Then,
a band-pass filter between 0.01 and 0.08 Hz was applied to the
time series to extract the specific frequency area signal related to
nerve cell activity.

After preprocessing and denoising procedures, the functional
connectivity analysis was carried out by applying a seed-based
approach by choosing the left caudate nucleus cluster peak from
the VBM analysis, (=9 +8 +15) in MNI space. We chose the left
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caudate nucleus as the seed region of interest for the subsequent
functional connectivity analysis because the left caudate nucleus
was linked to IGD severity in the VBM analysis, and because
previous studies revealed functional and structural alterations
in the left caudate nucleus within individuals with IGD (24, 25).
The cross-correlation coefficient between these seed voxels and
all other voxels was calculated to generate a correlation map. For
second-level analyses, correlation coeflicients were transformed
into normally distributed z-scores using a Fisher transformation.
Age, years of education, impulsiveness, and depression were
added as covariates in the second-level analyses. For group-level
comparisons, two-sample t-tests were performed to compare
z-value maps between individuals with IGD and HC, with a height
threshold of an uncorrected p < 0.001 and an extent threshold of
an FDR-corrected p < 0.05 at the cluster level. ANCOVA was also
conducted with adding the average gaming hours as a covariate to
identify the difference between groups as excluding the influence
of behavior characteristics related to IGD.

Within each group, partial correlation analyses between the
severity of IGD (i.e., IAT) and the average z-scores of brain
regions exhibiting reduced functional connectivity with the left
caudate nucleus were performed to examine the relationship
between IGD severity and altered functional connectivity with
excluding the extraneous variables (i.e., age, years of education,
impulsivity, and depression). Another partial correlation was also
performed by adding the average gaming hours as a covariate
with the extraneous variables.

Correlation Analysis Between Brain

Structure and Functional Connectivity

To investigate the association between structure and functional
connectivity in the left caudate nucleus of individuals with IGD,
a correlation analysis was performed after statistically controlling
for impulsiveness and depression.

RESULTS

Participant Characteristics

As shown in Table 1, individuals with IGD and HC did not differ
significantly in age (¢ = 0.83, p > 0.05) and education duration
(t = 0.67, p > 0.05). However, relative to HC, individuals with

TABLE 1 | Demographic and clinical characteristics of the IGD group and HC.

Variables (mean + SD) IGD HC t

Age (years) 21.70 £ 2.74 22,40 £ 2.62 0.83

Education (years) 14.55 + 2.93 15,16 +2.72 0.67

Average gaming hours per day 11.87 £ 5.33 1.90 + 3.06 7.25"*
Average gaming days per week 6.75 +0.71 2.4+ 252 7.427
AUDIT score 4.73 + 3.07 3.75 +2.59 1.09

BDI score 12.4 +7.36 3.3 +3.89 4.88"*
BIS-Il score 56.00 + 5.34 47.50 + 4.92 5.23"*
IAT score 71.85 +12.82 29.80 + 8.80 12.09**

BDI, Beck Depression Scale; BIS, Barrett’s Impulsiveness Scale-Il; IGD, Internet
gaming disorder; IAT, Internet addiction test; HC, healthy controls.
***p < 0.001 for group comparisons.

IGD scored higher on measures of average gaming hours per
day (t = 7.25, p < 0.001) and average gaming days per week
(t =7.42, p < 0.001), and had higher IAT scores (t = 11.37,
p < 0.001). Individuals with IGD were also more depressed
(t = 4.88, p < 0.001) and impulsive (t = 5.23, p < 0.001) than
controls. Internet addiction scores were positively associated with
depression scores (r = 0.71, p < 0.001) and impulsiveness scores
(r=10.66, p < 0.001).

VBM Analysis

As depicted in Table 2 and Figure 1A, the results of the VBM
analysis show that individuals with IGD had reduced GM volume
in the bilateral middle frontal cortex [Brodmann area (BA) 10]
(right: t = 4.82, left: t = 4.30, p < 0.05, FDR corrected) and signifi-
cantly increased GM volume in the left caudate nucleus (¢ = 5.37,
p < 0.05, FDR corrected), compared with HC. After controlling
for the effect of gaming activity, the GM volumes of the bilateral
middle frontal cortex [right: F(1, 38) = 5.58, p < 0.05, n; =0.22,
left: F(1, 38) = 5.31, p < 0.05, n3 =0.21] and the left caudate
nucleus [F(1, 38) = 6.59, p < 0.05, n} =0.25] were significantly
different between two groups.

For the IGD group, a significantly positive correlation was
found between the GM volume in the left caudate nucleus and
IGD severity (i.e., IAT scores) with excluding the extraneous
variables (partial correlation r = 0.58, p < 0.01, FDR corrected)
(Figure 1B), and with excluding the effect of gaming activity
and other extraneous variables, these positive correlations were
also found between the left caudate nucleus and the IAT scores
(partial correlation r = 0.56, p < 0.05). A significantly negative
correlation was observed between the middle frontal volume and
impulsiveness as measured using Barrett’s Impulsiveness Scale
(partial correlation r = 0.39, p < 0.05, FDR corrected) and this
correlation was not shown after excluding the effect of gaming
activity (p > 0.05). However, no brain area showed a significant
association with the BDI scores (p > 0.05, FDR corrected).

In HC, no significant relationship was found between any
psychological variables (i.e., IAT, BIS, and BDI scores) and the
GM volume for any brain area (p > 0.05, FDR corrected).

TABLE 2 | Regional gray matter (GM) differences between the IGD group and
HC reveal a positive correlation with IGD severity.

Brain region MNI coordinates tmax Cluster size
(voxels)
X y z

IGD > HC

L caudate -8 14 10 5.37 234

IGD < HC

R/L MFG (BA 10) 44 51 8 4.82 417
-37 45 20 4.30 247

Correlation between GM density and IAT score

L caudate -9 8 15 4.91 75

BA, Brodmann area; L, left; MINI, Montreal Neurological Institute; MFG, middle frontal
gyrus; R, right; IGD, Internet gaming disorder; IAT, Internet addiction test; HC, healthy
controls.

MNI coordinates of maximum t-scores are shown for each cluster.

Significance at regions of interest level, p < 0.05, false discovery rate cluster-corrected.
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FIGURE 1 | Voxel-based morphometry (VBM) analysis. (A) Different gray matter volumes between the IGD group and HC (p < 0.05, false discovery rate-corrected)
(MNI coordinates: L caudate, —8, 14, 10; R MFG, 44, 51, 8; L MFG, —-37, 45, 20). (B) VBM correlation analysis (p < 0.01) (MNI coordinates: L caudate, -9, 8, 15).
Abbreviations: HC, healthy controls; IAT, Internet addiction test; IGD, Internet gaming disorder; L, Left; MFG, middle frontal gyrus; R, right; MNI, Montreal
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Functional Connectivity Analysis

In individuals with IGD, the left caudate was functionally con-
nected with various brain regions, including the bilateral thala-
mus, putamen, posterior cingulate cortex, precuneus, pallidum,
accumbens, anterior cingulate cortex, superior occipital cortex,
frontal pole, superior frontal cortex, middle frontal cortex, and
orbitofrontal cortex (height threshold, p < 0.001, uncorrected;
cluster threshold, p < 0.05, FDR corrected). Among HC, the left
caudate nucleus was functionally connected to the bilateral thala-
mus, putamen, posterior cingulate cortex, pallidum, accumbens,
anterior cingulate cortex, orbitofrontal cortex, superior frontal
cortex, middle frontal cortex, and medial frontal cortices (height
threshold, p < 0.001, uncorrected; cluster threshold, p < 0.05,
FDR corrected).

As shown in Table 3 and Figure 2A, increased functional
connectivity was observed between the left caudate and bilateral
posterior cingulate gyrus (PCG) (BA 31) (t =5.97, p < 0.05, FDR
corrected), right middle frontal gyrus (MFG) (BA 8) (t = 11.39,
p < 0.05, FDR corrected), and left precuneus (BA 31) (t = 5.48,
p < 0.05, FDR corrected) within individuals with IGD relative to
controls. After controlling for the effect of gaming activity, these
increased connectivities among IGD subjects were shown in the
left caudate and bilateral PCG [F(1, 38) = 6.27, p < 0.05, n; =0.23],
right MFG [F(1, 38) = 13.08, p < 0.001, n} =0.39], and left pre-
cuneus [F(1, 38) = 7.22, p < 0.05, n; =0.26].

Within the IGD group, a significantly positive correlation was
found between IGD severity (i.e., IAT scores) and the functional
connectivity of the left caudate nucleus with the right middle
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frontal cortex with excluding the extraneous variables (partial
correlation r = 0.61, p < 0.01, FDR corrected) (Figure 2B).
After excluding the effect of gaming activity, a significant posi-
tive correlation was also found between the severity of IGD and
functional connectivity of left caudate nucleus with the right

TABLE 3 | Differences in functional connectivity a between the IGD group and
HC reveal a positive correlation with IGD severity.

Seed ROl  Connected region MNI coordinates tmax  Cluster
- size
X y z (voxels)
IGD > HC
L caudate R/L PCG (BA 31) 0 -28 44 5.97 391
R MFG (BA 8) 35 12 40  11.39 506

L precuneus (BA31) —16 -56 26 5.48 381

Correlation between functional connectivity and IAT score
L caudate R MFG (BA 8) 22 36 34 6.26 446

BA, Brodmann area; HC, healthy controls; IGD, Internet gaming disorder; L, left; MFG,
middle frontal gyrus; MNI, Montreal Neurological Institute; PCG, posterior cingulate
gyrus; R, right; ROI, region of interest.

Cluster level FDR corrected, p < 0.05, the initial height threshold is p < 0.001.

middle frontal cortex with excluding the effect of gaming acti-
vity and other extraneous variables (partial correlation r = 0.63,
p <0.01).

No significant relationship between the other psychological
variables (i.e., BIS and BDI scores) and the connectivity of the left
caudate nucleus with the right middle frontal cortex was noted
in the IGD group (p > 0.05, FDR corrected). Among the HC,
there was no significant correlation between the psychological
variables (i.e., IAT, BIS, and BDI scores) and the connectivity of
the left caudate nucleus with other brain areas.

Correlation Analysis Between Brain

Structure and Functional Connectivity

There was no significant correlation between GM volume and
functional connectivity within the caudate nucleus (r = 0.08,
p>0.05).

DISCUSSION

This study investigated the structural and functional neural
correlates of IGD by combining structural MRI and resting-state

with left caudate
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FIGURE 2 | Functional connectivity analysis. (A) Different brain connectivity between the IGD group and HC (o < 0.05, FDR corrected) (MNI coordinates: L caudate,
-9, 8, 15; R/L PCG, 0, -28, 44; R MFG, 35, 12, 40; L precuneus, —16, —56, 26). (B) Correlation analysis between IGD severity and the functional connectivity value
(p < 0.05, FDR corrected) (MNI coordinates: L caudate, -9, 8, 15; R MFG, 22, 36, 34). Abbreviations: HC, healthy controls; IAT, Internet addiction test; IGD, Internet
gaming disorder; L, Left; MFG, middle frontal gyrus; PG, postcingulate gyrus; R, right; FDR, false discovery rate; MNI, Montreal Neurological Institute; PCG, posterior
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fMRI analyses. Consistent with previous studies on the comorbid
psychopathology of excessive Internet use (39, 40), we observed
that individuals with IGD had higher levels of depression and
impulsiveness. The neuroimaging results show that the IAT score
is positively linked to both the GM volume in the left caudate
nucleus and the value of functional connectivity between the left
caudate nucleus and the right middle frontal cortex. Interestingly,
the GM deficits in the left caudate nucleus and the altered resting-
state connectivity between the left caudate nucleus and the right
middle frontal cortex were shown after controlling for the effect
of gaming activity among individuals with IGD. However, we
did not observe a link between the structural and functional
alterations. These findings suggest that the left caudate nucleus
is an important region in the pathogenesis of excessive Internet
gaming behavior.

We found structural alterations in the left caudate nucleus
of individuals with IGD relative to controls, and GM volume in
the left caudate nucleus was positively related to IGD severity.
These results are consistent with previous structural studies of
addiction, including studies on substance addiction (41, 42),
gambling addiction (43), and IGD (25, 44). The caudate nucleus
is an essential part of the striatum and plays a pivotal role in
reward-based behavioral learning. Moreover, the caudate
nucleus is intricately linked to pleasure and motivation, and
to the development and maintenance of addictive behaviors
(45-47).Several studies have reported that IGD is associated with
abnormalities in the striatum, specifically the caudate nucleus.
For example, Kim et al. (3) and Hou et al. (48) reported reduced
levels of dopamine D2 receptor and dopamine transporter in the
caudate among individuals with IGD, which suggests that IGD is
associated with lower levels of dopaminergic activity in the brain
reward pathways, similar to other addictive disorders. Moreover,
a previous fMRI study by our group using a decision-making
task has revealed that higher activation in the left caudate was
associated with choosing risky options, which provides more
insight into the involvement of the left caudate nucleus in neural
functions of reward prediction and anticipation (11). Together,
these findings, suggest that reduced GM volume in the left cau-
date nucleus may contribute to increased sensitivity of reward
anticipation in individuals with IGD; the left caudate nucleus
may thus be part of the relevant functional circuitry associated
with IGD.

To investigate the relationship between structural alterations
and aberrant functional connectivity, we performed a seed-based
resting-state functional connectivity analysis. The functional
connectivity analysis with a seed in the left caudate nucleus
revealed that the right middle frontal cortex (i.e., the DLPFC)
was positively correlated with IGD severity, indicating that indi-
viduals who were more preoccupied with Internet gaming had
stronger connectivity between the left caudate nucleus and the
right DLPFC. The area shown in the VBM result did not exactly
correspond to the area shown in the rs-fMRI result. The area
shown in the VBM and rs-fMRI results was BA 10 and 8, respec-
tively, and the overlapping area is merely partial. However, all of
the area is included in DLPFC. The DLPFC-striatal circuit is a key
part of the dopamine reward circuit and is strongly implicated in
executive functions such as planning, organization, set shifting,

and attention (49). Dysfunction of this network may impact the
maintenance of addiction by reducing the ability to regulate
the integration and selection of cognitive and goal-motivated
behavior (49). Aberrant frontostriatal circuits have previously
been revealed in individuals with IGD. A study on resting-state
functional connectivity suggests that adolescents with Internet
addiction have alterations in their frontostriatal circuits that
impair affect, motivation processing, and cognitive control (50).
Consistent with our results, another study showed that functional
connectivity in the frontostriatal network was positively associ-
ated with higher severity of Internet addiction (51). However,
in contrast to the present results, other functional connectivity
studies have shown that individuals with IGD have decreased
functional connectivity in the frontostriatal circuit (24, 25).
A recent review on neuroimaging findings in IGD also indicated
inconsistent results among the studies and suggested that the
altered brain is not robust and merits further investigation (28).
The discrepancy between these findings may be due to demo-
graphic or clinical factors such as sex, age, durations of illness, or
treatment-seeking status. Numerous neuroimaging studies have
also indicated that the caudate nucleus and DLPFC are closely
involved in video game playing (52-54). These studies have dem-
onstrated that the left striatum and DLPFC plasticity is related to
the amount of game playing/training in non-addicted subjects. In
the study, to identify that the alteration in these regions are more
related to IGD characteristic including addictive characteristic or
more linked to gaming activity, we conducted further analysis
after controlling for the effect of gaming activity (i.e., the average
gaming hours). The results of the further analysis clearly showed
the differences between the groups. Therefore, the alteration in
these areas may be more related to the IGD characteristics rather
than gaming activity. Taken together, regardless of such incon-
sistencies, the findings to date suggest that the dysfunction of the
frontostriatal circuit during the resting state and its relationship
with IGD severity may be associated with inappropriate behav-
ioral choices, such as seeking Internet use despite the negative
consequences.

Several limitations of this study should be noted. First, due to
the cross-sectional nature of the study, cause-and-effect relation-
ships are unclear. Future studies should identify longitudinal
effects on IGD. Second, we limited our study cohort to males of
20-27 years of age, and caution should thus be exercised when
generalizing the results of our study to the general population,
also considering the small sample size. Third, future studies may
consider measuring the time since IGD diagnosis to explain
any significant variability in neural functioning. Finally, there is
some contradiction between our findings and the other show-
ing increased and decreased functional connectivity in the
frontostriatal circuit. Therefore, the results should be interpreted
with caution and further studies under the same conditions
(i.e., demographic characteristics or with clinically similar par-
ticipants) are needed to explain the contradiction (24, 25, 28).

In conclusion, this study reveals structural alterations of the
caudate nucleus and dysfunctionalities of the frontostriatal net-
works in individuals with IGD. More importantly, both types of
alterations were associated with IGD severity. Our results suggest
that the left caudate nucleus plays a key role in the pathogenesis
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of IGD and that IGD and substance abuse share similar neural
mechanisms.

ETHICS STATEMENT

All participants provided their written informed consent after
being thoroughly informed about the details of the experiment.
The Chungnam National University Institutional Review Board
(IRB) approved the experimental and consent procedures
(approval number: P01-201602-11-002). All participants
received financial compensation (50 US dollars) for their
participation.

REFERENCES

1. Ebeling-Witte S, Frank ML, Lester D. Shyness, Internet use, and personality.
Cyber Psychol Behav (2007) 10:713-6. doi:10.1089/cpb.2007.9964

2. Dong G, Huang J, Du X. Enhanced reward sensitivity and decreased loss sen-
sitivity in Internet addicts: an fMRI study during a guessing task. J Psychiatr
Res (2011) 45:1525-9. doi:10.1016/j.jpsychires.2011.06.017

3. Kim SH, Baik S-H, Park CS, Kim SJ, Choi SW, Kim SE. Reduced striatal
dopamine D2 receptors in people with Internet addiction. Neuroreport (2011)
22:407-11. doi:10.1097/WNR.0b013e328346e16e

4. American Psychiatric Association. Diagnostic and Statistical Manual of
Mental Disorders. 5th ed. Washington, DC: APA (2013).

5. Kuss DJ, Griffiths MD. Internet and gaming addiction: a systematic literature
review of neuroimaging studies. Brain Sci (2012) 2:347-74. doi:10.3390/
brainsci2030347

6. Dong G, Hu Y, Lin X. Reward/punishment sensitivities among Internet
addicts: implications for their addictive behaviors. Prog Neuropsychopharmacol
Biol Psychiatry (2013) 46:139-45. doi:10.1016/j.pnpbp.2013.07.007

7. Han DH, Kim YS, Lee YS, Min KJ, Renshaw PE Changes in cue-induced,
prefrontal cortex activity with video-game play. Cyberpsychol Behav Soc Netw
(2010) 13:655-61. doi:10.1089/cyber.2009.0327

8. Ko C-H, Liu G-C, Hsiao S, Yenm J-Y, Yang M-J, Lin W-C, et al. Brain activities
associated with gaming urge of online gaming addiction. ] Psychiatr Res (2009)
43:739-47. doi:10.1016/j.jpsychires.2008.09.012

9. Ko CH, Liu GC, Yen JY, Chen CY, Yen CF, Chen CS. Brain correlates of
craving for online gaming under cue exposure in subjects with Internet
gaming addiction and in remitted subjects. Addict Biol (2013) 18:559-69.
doi:10.1111/.1369-1600.2011.00405.x

10. Lorenz RC, Kriiger JK, Neumann B, Schott BH, Kaufmann C, Heinz A, et al.
Cue reactivity and its inhibition in pathological computer game players.
Addict Biol (2013) 18:134-46. doi:10.1111/j.1369-1600.2012.00491.x

11. Seok J-W, Lee KH, Sohn S, Sohn J-H. Neural substrates of risky decision
making in individuals with Internet addiction. Aust N Z J Psychiatry (2015)
49:923-32. doi:10.1177/0004867415598009

12. Yuan K, Qin W, Dong M, Liu J, Sun J, Liu P, et al. Gray matter deficits and
resting-state abnormalities in abstinent heroin-dependent individuals.
Neurosci Lett (2010) 482:101-5. doi:10.1016/j.neulet.2010.07.005

13. Ko C-H, Hsieh T-J, Wang P-W, Lin W-C, Yen C-E, Chen C-S, et al. Altered gray
matter density and disrupted functional connectivity of the amygdala in adults
with Internet gaming disorder. Prog Neuropsychopharmacol Biol Psychiatry
(2015) 57:185-92. doi:10.1016/j.pnpbp.2014.11.003

14. Ko C-H, Liu G-C, Yen J-Y. Functional imaging of Internet gaming disorder.
Internet Addiction, Neuroscientific Approaches and Therapeutical Interventions.
Springer (2015). p. 43-63.

15. Ding W-N, Sun J-H, Sun Y-W, Zhou Y, Li L, Xu J-R, et al. Altered default
network resting-state functional connectivity in adolescents with Internet
gaming addiction. PLoS One (2013) 8:€59902. doi:10.1371/journal.pone.
0059902

16. Dong G, Huang J, Du X. Alterations in regional homogeneity of resting-state
brain activity in Internet gaming addicts. Behav Brain Funct (2012) 8:1.
doi:10.1186/1744-9081-8-41

AUTHOR CONTRIBUTIONS

JWS contributed to conception and experimental design, or
acquisition of data, or analysis and interpretation of data, and JHS
contributed substantially to interpretation of data and drafted the
article or revised it critically for important intellectual content.

FUNDING

This research was supported by Basic Science Research Program
through the National Research Foundation of Korea (NRF) funded
by the Ministry of Education (NRF-2015R1D1A1A01059095).

17. HongS-B, Zalesky A, Cocchi L, Fornito A, Choi E-J, Kim H-H, et al. Decreased
functional brain connectivity in adolescents with Internet addiction. PLoS
One (2013) 8:e57831. doi:10.1371/journal.pone.0057831

18. Liu J, Gao XP, Osunde I, Li X, Zhou SK, Zheng HR, et al. Increased regional
homogeneity in Internet addiction disorder a resting state functional magnetic
resonance imaging study. Chin Med ] (2010) 123:1904-8.

19. Han DH, Lyoo IK, Renshaw PE. Differential regional gray matter volumes in
patients with on-line game addiction and professional gamers. J Psychiatr Res
(2012) 46:507-15. doi:10.1016/j.jpsychires.2012.01.004

20. Lin E Lei H. Structural brain imaging and Internet addiction. Internet
Addiction, Neuroscientific Approaches and Therapeutical Interventions.
Springer (2015). p. 21-42.

21. Weng C-B, Qian R-B, Fu X-M, Lin B, Han X-P, Niu C-S, et al. Gray matter
and white matter abnormalities in online game addiction. Eur ] Radiol (2013)
82:1308-12. doi:10.1016/j.¢jrad.2013.01.031

22. Yuan K, Cheng P, Dong T, Bi Y, Xing L, Yu D, et al. Cortical thickness abnor-
malities in late adolescence with online gaming addiction. PLoS One (2013)
8:e53055. doi:10.1371/journal.pone.0053055

23. Kong L, Herold CJ, Zollner F, Salat DH, Lisser MM, Schmid LA, et al.
Comparison of grey matter volume and thickness for analysing cortical
changes in chronic schizophrenia: a matter of surface area, grey/white
matter intensity contrast, and curvature. Psychiatry Res (2015) 231:176-83.
doi:10.1016/j.pscychresns.2014.12.004

24. JinC, Zhang T, Cai C,BiY, Li Y, Yu D, et al. Abnormal prefrontal cortex resting
state functional connectivity and severity of Internet gaming disorder. Brain
Imaging Behav (2016) 10(3):719-29. doi:10.1007/s11682-015-9439-8

25. Yuan K, Yu D, Cai C, Feng D, Li Y, Bi Y, et al. Frontostriatal circuits, resting
state functional connectivity and cognitive control in Internet gaming disor-
der. Addict Biol (2017) 22(3):813-22. doi:10.1111/adb.12348

26. Dong G, DeVito EE, Du X, Cui Z. Impaired inhibitory control in ‘Internet
addiction disorder’: a functional magnetic resonance imaging study. Psychiatry
Res Neuroimaging (2012) 203:153-8. doi:10.1016/j.pscychresns.2012.02.001

27. Weinstein A, Lejoyeux M. New developments on the neurobiological and
pharmaco-genetic mechanisms underlying Internet and videogame addic-
tion. Am ] Addict (2015) 24:117-25. doi:10.1111/ajad.12110

28. Weinstein A, Livny A, Weizman A. New developments in brain research
of Internet and gaming disorder. Neurosci Biobehav Rev (2017) 75:314-30.
doi:10.1016/j.neubiorev.2017.01.040

29. LiW,LiY, Yang W, Zhang Q, Wei D, Li W, et al. Brain structures and functional
connectivity associated with individual differences in Internet tendency in
healthy young adults. Neuropsychologia (2015) 70:134-44. doi:10.1016/j.
neuropsychologia.2015.02.019

30. Hyde KL, Lerch J, Norton A, Forgeard M, Winner E, Evans AC, et al. Musical
training shapes structural brain development. ] Neurosci (2009) 29:3019-25.
doi:10.1523/]NEUROSCI.5118-08.2009

31. Petry NM, Rehbein F, Gentile DA, Lemmens JS, Rumpf HJ, MéBle T, et al. An
international consensus for assessing Internet gaming disorder using the new
DSM-5 approach. Addiction (2014) 109:1399-406. doi:10.1111/add.12457

32. Patton JH, Stanford MS, Barratt ES. Factor structure of the Barratt impulsive-
ness scale. ] Clin Psychol (1995) 51:768-74. doi:10.1002/1097-4679(199511)51:
6<768::AID-JCLP2270510607>3.0.CO;2-1

Frontiers in Psychiatry | www.frontiersin.org

March 2018 | Volume 9 | Article 77


https://www.frontiersin.org/Psychiatry/
https://www.frontiersin.org
https://www.frontiersin.org/Psychiatry/archive
https://doi.org/10.1089/cpb.2007.9964
https://doi.org/10.1016/j.jpsychires.2011.06.017
https://doi.org/10.1097/WNR.0b013e328346e16e
https://doi.org/10.3390/brainsci2030347
https://doi.org/10.3390/brainsci2030347
https://doi.org/10.1016/j.pnpbp.2013.07.007
https://doi.org/10.1089/cyber.2009.0327
https://doi.org/10.1016/j.jpsychires.2008.09.012
https://doi.org/10.1111/j.1369-1600.2011.00405.x
https://doi.org/10.1111/j.1369-1600.2012.00491.x
https://doi.org/10.1177/0004867415598009
https://doi.org/10.1016/j.neulet.2010.07.005
https://doi.org/10.1016/j.pnpbp.2014.11.003
https://doi.org/10.1371/journal.pone.
0059902
https://doi.org/10.1371/journal.pone.
0059902
https://doi.org/10.1186/1744-9081-8-41
https://doi.org/10.1371/journal.pone.0057831
https://doi.org/10.1016/j.jpsychires.2012.01.004
https://doi.org/10.1016/j.ejrad.2013.01.031
https://doi.org/10.1371/journal.pone.0053055
https://doi.org/10.1016/j.pscychresns.2014.12.004
https://doi.org/10.1007/s11682-015-9439-8
https://doi.org/10.1111/adb.12348
https://doi.org/10.1016/j.pscychresns.2012.02.001
https://doi.org/10.1111/ajad.12110
https://doi.org/10.1016/j.neubiorev.2017.01.040
https://doi.org/10.1016/j.neuropsychologia.2015.02.019
https://doi.org/10.1016/j.neuropsychologia.2015.02.019
https://doi.org/10.1523/JNEUROSCI.5118-08.2009
https://doi.org/10.1111/add.12457
https://doi.org/10.1002/1097-4679(199511)51:6<768::AID-JCLP2270510607>3.0.CO;2-1
https://doi.org/10.1002/1097-4679(199511)51:6<768::AID-JCLP2270510607>3.0.CO;2-1

Seok and Sohn

Altered Brain in Internet Addicts

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Babor TE, Grant MG. From clinical research to secondary prevention:
International collaboration in the development of the Alcohol Use Disorders
Identification Test (AUDIT). Alcohol Health Res World (1989) 13:371-74.
Beck AT, Steer RA, Brown GK. Manual for Beck Depression Inventory-II. San
Antonio, TX: Psychological Corporation (1996).

Young K. Internet Addiction Test. Center for On-Line Addictions (2009).
Available from: http://www.netaddiction.com/index.php

Widyanto L, Griffiths MD, Brunsden V. A psychometric comparison of the
Internet Addiction Test, the Internet-Related Problem Scale, and self-diag-
nosis. Cyberpsychol Behav Soc Netw (2011) 14:141-9. doi:10.1089/cyber.
2010.0151

Ashburner J. A fast diffeomorphic image registration algorithm. Neuroimage
(2007) 38:95-113. doi:10.1016/j.neuroimage.2007.07.007

Whitfield-Gabrieli S, Nieto-Castanon A. Conn: a functional connectivity tool-
box for correlated and anticorrelated brain networks. Brain Connect (2012)
2:125-41. doi:10.1089/brain.2012.0073

Cao F, SuL, Liu T, Gao X. The relationship between impulsivity and Internet
addiction in a sample of Chinese adolescents. Eur Psychiatry (2007) 22:466-71.
doi:10.1016/j.eurpsy.2007.05.004

Ko C-H, Yen J-Y, Yen C-E, Chen C-S, Chen C-C. The association between
Internet addiction and psychiatric disorder: a review of the literature. Eur
Psychiatry (2012) 27:1-8. doi:10.1016/j.eurpsy.2010.04.011

Chang L, Alicata D, Ernst T, Volkow N. Structural and metabolic brain
changes in the striatum associated with methamphetamine abuse. Addiction
(2007) 102:16-32. doi:10.1111/j.1360-0443.2006.01782.x

Jacobsen LK, Giedd JN, Gottschalk C, Kosten TR, Krystal JH. Quantitative
morphology of the caudate and putamen in patients with cocaine dependence.
Am ] Psychiatry (2001) 158:486-9. doi:10.1176/appi.ajp.158.3.486

Koehler S, Hasselmann E, Wiistenberg T, Heinz A, Romanczuk-Seiferth N.
Higher volume of ventral striatum and right prefrontal cortex in patho-
logical gambling. Brain Struct Funct (2015) 220:469-77. doi:10.1007/
500429-013-0668-6

Cai C, Yuan K, Yin J, Feng D, Bi Y, Li Y, et al. Striatum morphometry is
associated with cognitive control deficits and symptom severity in Internet
gaming disorder. Brain Imaging Behav (2016) 10:12-20. doi:10.1007/
$11682-015-9358-8

Ma C, Ding J, Li J, Guo W, Long Z, Liu F, et al. Resting-state functional con-
nectivity bias of middle temporal gyrus and caudate with altered gray matter
volume in major depression. PLoS One (2012) 7:¢45263. doi:10.1371/journal.
pone.0045263

46.

47.

48.

49.

50.

51.

52.

53.

54.

Robbins TW, Everitt B. Limbic-striatal memory systems and drug addiction.
Neurobiol Learn Mem (2002) 78:625-36. doi:10.1006/nlme.2002.4103
Vanderschuren L], Everitt BJ. Behavioral and neural mechanisms of com-
pulsive drug seeking. Eur ] Pharmacol (2005) 526:77-88. doi:10.1016/j.
ejphar.2005.09.037

Hou H, Jia S, Hu S, Fan R, Sun W, Sun T, et al. Reduced striatal dopamine
transporters in people with Internet addiction disorder. Biomed Res Int (2012)
2012:854524. doi:10.1155/2012/854524

Feil ], Sheppard D, Fitzgerald PB, Yiicel M, Lubman DI, Bradshaw JL. Addiction,
compulsive drug seeking, and the role of frontostriatal mechanisms in regulat-
ing inhibitory control. Neurosci Biobehav Rev (2010) 35:248-75. doi:10.1016/j.
neubiorev.2010.03.001

Lin F Zhou Y, Du Y, Zhao Z, Qin L, Xu J, et al. Aberrant corticostriatal
functional circuits in adolescents with Internet addiction disorder. Front Hum
Neurosci (2015) 9:356. doi:10.3389/fnhum.2015.00356

Kiithn S, Gallinat J. Brain structure and functional connectivity associated
with pornography consumption: the brain on porn. JAMA Psychiatry (2014)
71:827-34. doi:10.1001/jamapsychiatry.2014.93

Kithn S, Romanowski A, Schilling C, Lorenz R, Mérsen C, Seiferth N, et al.
The neural basis of video gaming. Trans Psychiatry (2011) 1:e53. doi:10.1038/
tp.2011.53

Kiithn S, Lorenz R, Banaschewski T, Barker GJ, Biichel C, Conrod PJ, et al.
Positive association of video game playing with left frontal cortical thick-
ness in adolescents. PLoS One (2014) 9:¢91506. doi:10.1371/journal.pone.
0091506

Kiihn S, Gleich T, Lorenz RC, Lindenberger U, Gallinat J. Playing Super Mario
induces structural brain plasticity: gray matter changes resulting from training
with a commercial video game. Mol Psychiatry (2014) 19:265-71. doi:10.1038/
mp.2013.120

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Seok and Sohn. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org

March 2018 | Volume 9 | Article 77


https://www.frontiersin.org/Psychiatry/
https://www.frontiersin.org
https://www.frontiersin.org/Psychiatry/archive
http://www.netaddiction.com/index.php
https://doi.org/10.1089/cyber.2010.0151
https://doi.org/10.1089/cyber.2010.0151
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://doi.org/10.1089/brain.2012.0073
https://doi.org/10.1016/j.eurpsy.2007.05.004
https://doi.org/10.1016/j.eurpsy.2010.04.011
https://doi.org/10.1111/j.1360-0443.2006.01782.x
https://doi.org/10.1176/appi.ajp.158.3.486
https://doi.org/10.1007/s00429-013-0668-6
https://doi.org/10.1007/s00429-013-0668-6
https://doi.org/10.1007/s11682-015-9358-8
https://doi.org/10.1007/s11682-015-9358-8
https://doi.org/10.1371/journal.pone.0045263
https://doi.org/10.1371/journal.pone.0045263
https://doi.org/10.1006/nlme.2002.4103
https://doi.org/10.1016/j.ejphar.2005.09.037
https://doi.org/10.1016/j.ejphar.2005.09.037
https://doi.org/10.1155/2012/854524
https://doi.org/10.1016/j.neubiorev.2010.03.001
https://doi.org/10.1016/j.neubiorev.2010.03.001
https://doi.org/10.3389/fnhum.2015.00356
https://doi.org/10.1001/jamapsychiatry.2014.93
https://doi.org/10.1038/tp.2011.53
https://doi.org/10.1038/tp.2011.53
https://doi.org/10.1371/journal.pone.
0091506
https://doi.org/10.1371/journal.pone.
0091506
https://doi.org/10.1038/mp.2013.120
https://doi.org/10.1038/mp.2013.120
https://creativecommons.org/licenses/by/4.0/

	Altered Gray Matter Volume and Resting-State Connectivity in Individuals With Internet Gaming Disorder: A Voxel-Based Morphometry and Resting-State Functional Magnetic Resonance Imaging Study
	Introduction
	Materials and Methods
	Participants and Measurement Instruments
	Data Acquisition
	VBM Analysis
	Functional Connectivity Analysis
	Correlation Analysis Between Brain Structure and Functional Connectivity

	Results
	Participant Characteristics
	VBM Analysis
	Functional Connectivity Analysis
	Correlation Analysis Between Brain Structure and Functional Connectivity

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


