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Abstract

Attention-deficit/hyperactivity disorder (ADHD) is commonly comorbid with Internet gaming disorder (IGD). Although child-
hood ADHD symptoms may decline during late brain maturation, structural alterations in some brain areas may persist into
adulthood. This study investigated whether young adults with IGD and a history of childhood ADHD symptoms had gray matter
volume (GMYV) alterations that were distinct from subjects without a history of childhood ADHD. As an exploratory investiga-
tion, we conducted a whole-brain voxel-based morphometry with the diffeomorphic anatomical registration using an
exponentiated Lie algebra algorithm and applied an uncorrected threshold at the voxel level for multiple comparisons. GMV's
of IGD subjects with a history of childhood ADHD (IGDpyp, group; n=20; 24.5+2.5 years) were compared to those of
subjects without a history of childhood ADHD (IGD A pyp. group; n = 20; 23.9 2.5 years) and controls (n = 20; 22.7 £ 2.4 years).
Compared with controls, both IGD groups had a smaller GMV in the right anterior cingulate cortex, the left inferior frontal gyrus,
and the left insula, yet had a larger GMV in the right angular gyrus. The IGDsppp, group had a larger GMV in the right
precuneus than the IGD sppp. group and controls. When controlling for other comorbid psychiatric symptoms, the IGD oppp.
group also had a smaller GMV in the right inferior frontal gyrus. In conclusion, we found that young adults with IGD and a
history of childhood ADHD symptoms had characteristic GMV alterations, which may be linked with their manifestation of
childhood ADHD.
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Introduction 2013). Over the past decade, considerable neuroimaging re-

search has explored the mechanisms underlying the loss of

Internet gaming disorder (IGD) is characterized by uncontrol-
lable use of Internet games during adolescence and young
adulthood, and this condition is noted as requiring further
study in the fifth edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5)(Petry and O'brien
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control in excessive Internet game use (Kuss and Griffiths
2012). Of note, structural imaging studies in individuals with
IGD showed structural abnormalities within the brain regions
underlying executive control and reward processing, includ-
ing the anterior cingulate cortex (ACC), the insula, the dorso-
lateral prefrontal cortex (DLPFC), and the orbitofrontal cortex
(OFC) (Weng et al. 2013; Yuan et al. 2011; Zhou et al. 2011).
Although these neurobiological results have provided impor-
tant insight into the pathophysiology of IGD, interpretation of
the relationship between structural abnormalities and exces-
sive gaming still requires careful consideration, due to a lack
of longitudinal investigation. Furthermore, the complex inter-
actions between psychosocial factors and high rates of comor-
bidity with other psychiatric conditions make it difficult to
identify a distinct pathophysiology for IGD (Kim et al.
2016; Ko et al. 2012). Several psychiatric disorders, including
depression (Morrison and Gore 2010), anxiety disorder (Lo
et al. 2005), and attention-deficit/hyperactivity disorder
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(ADHD)(Yen et al. 2007), have been associated with IGD.
These comorbid conditions may be predisposing factors for
the development and maintenance of IGD (Brand et al. 2016).
To understand the link between structural abnormalities and
excessive gaming, the influence of predisposing comorbid
psychiatric conditions on IGD and resulting structural alter-
ations needs to be defined.

Evidence is accumulating for a strong relationship between
IGD and ADHD (Kim et al. 2017; Yen et al. 2017). There is a
high rate of comorbidity between IGD and ADHD in both
children and adolescents (Yen et al. 2007). Because the onset
of ADHD is typically during early childhood (Kieling et al.
2010), childhood ADHD can be considered one of the most
important predisposing psychiatric conditions for IGD.
Previous studies have revealed that alterations in reward pro-
cessing and inhibitory control persist into adolescence, even
when the ADHD phenotype declines with time (Halperin et al.
2008; McAuley et al. 2014). Due to these persistent alter-
ations, subjects with remitted ADHD who met diagnostic
criteria in childhood, but not in adolescence and adulthood,
may have an increased risk of negative psychosocial condi-
tions (Yoshimasu et al. 2012), including addictive disorders
(Shaw et al. 2012). The vulnerability of subjects with remitted
ADHD may be related to altered structural changes during
their brain development. Neuroanatomic studies have indicat-
ed that cortical development is delayed in individuals with
childhood ADHD, compared with typically developing con-
trols (Shaw et al. 2007). Although childhood ADHD symp-
toms may decline during the late maturation of brain regions
related to cognitive control, structural alterations in some brain
regions are reported to persist into adulthood (Cortese et al.
2013; Proal et al. 2011). We speculate that young adults with
IGD and a history of childhood ADHD may have brain struc-
tural alterations associated with childhood ADHD symptoms,
even if they do not meet the diagnostic criteria for ADHD in
adulthood. Given that ADHD involves the impairment of ex-
ecutive control (Fosco et al. 2015; Weigard et al. 2016) and
reward processing (Sonuga-Barke 2003), these brain structur-
al alterations may also be closely related to the pathophysiol-
ogy and clinical features of IGD.

The purpose of this study is to investigate the impact of a
history of childhood ADHD on gray matter volume (GMV)
alterations in IGD. We assumed the following hypotheses
about the pattern of GMV alterations in subjects with IGD.
First, we expect both IGD subjects with and without a history
of childhood ADHD symptoms to have a common pattern of
GMV alterations related to IGD pathophysiology. Consistent
with previous studies (Weng et al. 2013; Yuan et al. 2011;
Zhou et al. 2011), we expected that IGD subjects would have
a smaller GMV in the ACC, the insula, the DLPFC, and the
OFC than controls. Second, we expected that IGD subjects
with a history of childhood ADHD symptoms to have a dis-
tinct pattern of GMV alteration, which may be linked with

their manifestation of childhood ADHD symptoms. Our pre-
vious functional imaging study of IGD suggested that a histo-
ry of childhood ADHD may affect functional connectivity of
the default mode network (DMN) in individuals with IGD
(Lee et al. 2017). Based on this previous study and the impor-
tant role of DMN abnormalities in ADHD pathophysiology
(Fassbender et al. 2009), we anticipated that GMVs in hubs of
the DMN are specifically altered in IGD subjects with a his-
tory of childhood ADHD symptoms. To test our hypotheses,
we employed voxel-based morphometry (VBM) analysis
using an exponentiated Lie algebra algorithm (DARTEL) to
explore GMV in young male adults with IGD. We then com-
pared alterations in the GMV of IGD subjects with a history of
childhood ADHD symptoms with that of IGD subjects with-
out a history of childhood ADHD symptoms and with healthy
controls.

Method
Participants

Participants were recruited using online advertisements,
flyers, and word-of-mouth. The Institutional Review Board
at Severance Hospital, Yonsei University, approved all proto-
cols. All participants provided written informed consent be-
fore enrollment. Sixty young male adults participated in the
study, all of whom were right-handed and between 19 and
29 years old (mean: 23.7 £2.5 years). All subjects were
assessed for Internet use patterns and screened for IGD using
the Internet addiction test (IAT) (Young 1998). Subjects who
spent less than 2 h per day on gaming and scored below 50
points on the IAT were classified as healthy controls (n =20;
22.7+2.4 years). Subjects whose main Internet use was gam-
ing and scored above 50 points on the IAT were assigned to
the IGD group. To confirm the diagnosis of IGD, we per-
formed the clinician-administered interview according to the
proposed criteria of IGD in the DSM-5 (Petry and O'brien
2013). These IGD subjects were further subdivided into two
groups according to their history of childhood ADHD symp-
toms, as assessed by the Wender Utah rating scale (WURS)
(Ward 1993): IGD subjects with a history of childhood ADHD
symptoms (IGDapypy group, n=20; 24.5+2.5 years) and
IGD subjects without a history of childhood ADHD symp-
toms (IGDapnp- group, n=20; 23.9 £2.5 years).

To confirm the absence of other mental disorders, we con-
ducted the Structured Clinical Interview from the DSM Fourth
Edition (DSM-4) (SCID) (First et al. 1995). Intelligence quo-
tient (IQ) was estimated through the Korean version of the
Wechsler adult intelligence scale IV (WAIS-IV) (Wechsler
2014). Psychopathological state was assessed using self-
reported questionnaires, including the alcohol use disorders
identification test (AUDIT) (Reinert and Allen 2002), the
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Beck depression inventory (BDI) (Beck et al. 1961), the Beck
anxiety inventory (BAI) (Beck et al. 1988), and the Barratt
impulsiveness scale version 11 (BIS-11) (Patton and Stanford
1995). Adult ADHD symptoms were measured using the
Conners’ adult ADHD rating scales (CAARS) (Conners
et al. 1999), which consists of four subscales: inattention/
memory problems, hyperactivity/restlessness, impulsivity/
emotional lability, and problems with self-concept. No partic-
ipants met the DSM-IV criteria for ADHD at the time of
assessment using the SCID interview.

The exclusion criteria for all groups included: the existence
ofa neurological disorder or medical illness, major psychiatric
illness other than IGD, history of substance dependence, men-
tal retardation, or radiological contra-indications in a magnetic
resonance imaging (MRI) scan. All participants were psychi-
atric medication-naive at the time of evaluation.

Structural image acquisition and pre-processing

Structural images were acquired using a 3 T Siemens Magnetom
MRI scanner equipped with an eight-channel head coil. MRI
data were recorded using a T1-weighted spoiled gradient echo
sequence (TE =2.19 ms, TR = 1780 ms, flip angle = 9°, field of
view =256 mm, matrix = 256 x 256, transverse slice thickness =
1 mm). Data were analyzed using SPM8 (Welcome Department
of Imaging Neuroscience, UK) on a MATLAB 8.5 platform
(MathWorks, Natick, MA). During VBM processing, we applied
diffeomorphic anatomical registration using an exponentiated
Lie algebra algorithm (DARTEL) to improve inter-subject reg-
istration of the structural images (Ashburner 2007). First, T1-
weighted MRI images were segmented into gray matter (GM),
white matter, and cerebrospinal fluid (CSF) probability maps
using a Bayesian image segmentation algorithm. After segmen-
tation, a study-specific template was created by inter-subject
alignment of structural images, and each voxel was resampled
to 1.5 x 1.5 x 1.5 mm’. Individual GM images were warped to
the study-specific template and then normalized into Montreal
Neurological Institute (MNI) standard space for analysis. The
normalized and modulated GM images were smoothed using
8-mm full-width at half maximum kernel (FWHM).

Statistical analysis

To examine the differences between groups using demograph-
ic and clinical variables, one-way analysis of variance
(ANOVA) tests were conducted in SPSS 24.0, with p-value =
0.05 considered to be significant. Post hoc Bonferroni analy-
sis was conducted to detect differences between groups.

We constructed statistical parametric maps using the gen-
eral linear model in SPMS&. Then, GMV estimates were com-
pared between groups using ANOVA at each voxel. Age, 1Q,
and total intracranial volume (TICV) of each subject were
entered as covariates because of their previously established
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impact on VBM (Frangou et al. 2004; Pell et al. 2008).
Statistical inferences for the exploratory whole-brain were
set at an uncorrected p-value height threshold of 0.001 and
an extent threshold of k = 10. Subsequently, we extracted the
mean GMV values of clusters with group differences using the
MarsBaR toolbox (http://marsbar.sourceforge.net/). We
performed the analysis of covariance (ANCOVA), while
controlling for age, 1Q, and TICV as covariates, to test for
group differences in the mean GMV value for each cluster.
Bonferroni post hoc tests were conducted to detect differences
between groups.

Then, we added several covariates into the ANOVA model
for whole-brain voxel-wise analysis, in order to test whether
GMV differences would remain significant after controlling
for other comorbid psychiatric symptoms. Because alcohol
use and GMV are known to be closely related (Benegal et al.
2007), AUDIT scores were firstly added as a covariate. Then,
BDI and BAI scores were also entered as covariates. To elab-
orate on the clinical interpretation of altered GMV in IGD
subjects, we also conducted correlation analyses to investigate
the relationships of GMV alterations to the severity of IGD
using IAT, the adult ADHD symptoms using CAARS, and
impulsivity using BIS.

Results
Demographic and clinical participant variables

There was no significant difference in age or IQ score between
controls and subjects with IGD (Table 1). Subjects with IGD
had significantly higher IAT scores than controls. The
IGDApup, group had significantly higher WURS scores than
the IGD spyp. group or controls. Both the IGDspyp- and
IGDspnp+ groups differed from controls when comparing
self-reported current ADHD symptoms (e.g. inattention/
memory problems and impulsivity/emotional lability). Self-
reported hyperactivity/restlessness was higher in the
IGDApup, group than in controls, but not in the IGDApyp-
group. The IGDpyp; group scored significantly higher on
depression tests than controls. The IGDpyp, group also
scored significantly higher on our anxiety tests than the
IGDAppp- group and controls.

Voxel-based morphometry results

In the whole-brain voxel-wise analysis, we found multiple
clusters with significant GMV differences between groups
(Table 2). Post hoc tests revealed that both IGD groups had
a smaller GMYV in the right ACC, the left inferior frontal gyrus
(IFG), and the left insula (Fig. la—c) than controls. The GMV
in the right angular gyrus was larger in both IGD groups than
in controls (Fig. 1d). The IGDpyp. and IGDAppp, groups
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Table 1  Demographic and clinical variables of subjects
Controls IGDApmD- IGDApHD+ Test P-value  Post Hoc Test
(n=20) (n=20) (n=20)
Age 22.7+24 239425 245+2.5 F(2,57)=2.788 0.070
Full Scale 1Q 107.0+£18.0 106.2+14.2 101.7+12.1 F(2,57)=0.720 0.491
IAT 31.3+12.8 58.6+9.3 65.6+£9.6 F(2,57)=57.814 <0.001  IGDapup., IGDApHD.: > Controls
WURS 23.1+10.1 22.7+13.1 60.6+11.5 F(2,57)=69.690 <0.001  IGDApups: > Controls, IGDApyp.
CAARS
Inattention/memory 49.3+49 55.0+6.6 549+4.0 F(2,57)=7.778 0.001 IGDApHD-» IGDApHD+ > Controls
Hyperactivity/restlessness 46.8+5.5 48.8+4.3 524+55 F(2,57)=6.227 0.004 IGDAppps > Controls
Impulsivity/emotional lability — 47.6+4.2 54.1+6.1 54.4+49 FQ2,57)=11317 <0.001  IGDapup., IGDApHp+ > Controls
Problems with self-concept 63.5+8.3 68.2+9.2 69.5+£9.6 F(2,57)=2.389 0.101
BAI 43+3.6 9.5+7.0 15.8+8.1 F(2,57)=15.403 <0.001  IGDapup, > IGDApwHp. > Controls
BDI 6.5+4.0 11.7+£7.6 16.2+8.2 F(2,57)=10.029 <0.001  IGDappyp. > Controls
AUDIT 92+4.6 10.9£8.6 15.4+10.5 F(2,57)=3.035 0.056
BIS 474+11.2 51.6+12.5 549+11.8 F(2,57)=2.015 0.143

Data are expressed as mean =+ standard deviation. All p values are calculated with one-way analysis of variance (ANOVA) tests. Post hoc tests were

conducted using the Bonferroni correction

IGD, Internet gaming disorder; ADHD, attention-deficit/hyperactivity disorder; I1Q, intelligence quotient, IAT, Internet addiction test; WURS, Wender
Utah rating scale; CAARS, Conners’ adult ADHD rating scales; BAI, Beck anxiety inventory; BDI, Beck depression inventory; AUDIT, alcohol use

disorders identification test; BIS, Barratt impulsiveness scale

also showed distinct GM alterations in some other regions.
For example, compared with the IGDApyp, group and con-
trols, the IGDADHD- group exhibited a smaller GMV in the
left middle occipital gyrus (MOG) and the left lingual gyrus
(Fig. 2a, b). Compared with the IGD 5 pyyp. group and controls,
the IGD Apyp. group had a larger GMV in the right precuneus
(Fig. 2¢).

Most of the results remained valid even when AUDIT was
added as a covariate; however, GMV differences in the left
insula were not significant after including AUDIT as a covar-
iate (Supplement Table 1). Most of the results also remained
valid when BDI, BAI, and AUDIT were included as covari-
ates (Table 3). But GMV differences in the right ACC and the

right precuneus were not significant after controlling for BDI,
BAI, and AUDIT. Notably, GMV in the right IFG was smaller
in the IGDpyp, group than in other groups (Fig. 3) after
controlling for BDI, BAI, and AUDIT. In correlation analyses,
there were no statistically significant relationships between the
extracted GMV values and the scores on self-reporting
questionnaires.

Discussion

We investigated alterations in the GMV of IGD subjects with
and without a history of childhood ADHD symptoms, using

Table 2  Whole-brain voxel-based morphometry (VBM) results

Region Side kg Z-score X y z Post Hoc Test

Anterior cingulate cortex Right 171 3.55 3 26 18 Controls > IGDapmp.-, IGDADpHD+
Middle occipital gyrus Left 43 3.52 —44 -84 14 Controls, IGDspup+ > IGDApuD-
Inferior frontal gyrus Left 27 344 =56 5 15 Controls > IGDspup-, IGDApPHD+
Angular gyrus Right 12 3.39 42 -68 32 IGDApuD., IGDADpHDS > Controls
Insula Left 11 3.39 —45 12 -5 Controls > IGDspup-, IGDApHD+
Lingual gyrus Left 22 3.31 =17 -98 =17 Controls, IGDApup+ > IGD ApaD-
Precuneus Right 10 3.18 6 =53 59 IGDaphps > Controls, IGD spup.

Brain regions in which gray matter volumes (GMVs) showed significant differences between groups (uncorrected p < 0.001, in conjunction with an

extent threshold of k= 10)

The effects of age, intelligence quotient and total intracranial volume were controlled as covariates. The coordinates of each cluster are indicated by the
Montreal Neurological Institute (MNI) system. Post hoc tests were conducted using the Bonferroni correction

ADHD, attention-deficit/hyperactivity disorder; IGD, Internet gaming disorder; kg; number of cluster voxels
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Fig. 1 Brain regions showing the same gray matter volume (GMYV) pat-
tern in the IGDspyp- and IGDApyp, groups compared to controls. (a)
right anterior cingulate cortex (ACC), (b) left inferior frontal gyrus (IFG),
(c) left insula, (d) right angular gyrus. The coordinates of each cluster are
indicated by the Montreal Neurological Institute (MNI) system. The

VBM analysis. Whole-brain analysis revealed that both IGD
groups (IGDappyp. and IGD spyyp,) had a significantly smaller
GMYV in the right ACC, the left insula, and the left IFG than
controls. Both IGD groups also had a significantly larger
GMYV in the right angular gyrus than controls. These findings
are consistent with our expectation of similar patterns of GMV
alteration in both IGD groups. This also coincided with our
expectation that these GMYV alterations include smaller GMV
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analysis of covariance (ANCOVA), controlling for age, intelligence quo-
tient, and total intracranial volume as covariates, tested for group differ-
ences in the extracted GMV value for each cluster. Post hoc tests were
conducted to detect differences across groups using the Bonferroni cor-
rection. * p<0.05 ** p<0.01

in the ACC and the insula. Additionally, IGD subjects with
and without a history of childhood ADHD symptoms
displayed distinct GM changes in some other regions. For
example, the IGDApyp, group had a larger GMV in the right
precuneus than other groups. This finding is consistent with
our expectation that the IGD 5pyp, group would have altered
GMYV in DMN-related regions, reflecting an association with
childhood ADHD. The IGDspups group also showed a
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Fig. 2 Brain regions showing different gray matter volume (GMV) pat-
terns in the IGDAppp- and IGDpyp, groups. (a) left middle occipital
gyrus (MOG), (b) left lingual gyrus, (c) right precuneus. The coordinates
of each cluster are indicated by the Montreal Neurological Institute (MNI)
system. The analysis of covariance (ANCOVA), controlling for age,
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intelligence quotient, and total intracranial volume as covariates, tested
for group differences in the extracted GMV value for each cluster. Post
hoc tests were conducted to detect differences across groups using the
Bonferroni correction. * p<0.05 ** p<0.01
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Table 3 Whole-brain voxel-based morphometry (VBM) results after controlling for psychiatric comorbid conditions

Region Side kg Z-score X y z Post Hoc Test

Inferior frontal gyrus Left 454 4.12 -60 14 17 Controls > IGDapup-, IGDADHD+
Angular gyrus Right 81 3.81 41 —68 32 IGDApHD: > IGD Aphp. > Controls
Insula Left 32 3.66 —47 14 =5 Controls > IGDADHDa IGDADHD+
Middle occipital gyrus Left 20 3.34 —44 -84 14 Controls, IGDApup+ > IGDApHD-
Inferior frontal gyrus Right 48 3.29 51 14 12 Controls, IGDspup. > IGDApHD+
Lingual gyrus Left 12 3.19 =15 -98 =15 Controls, IGDApup+ > IGDApHD-

Brain regions in which gray matter volumes (GMVs) showed significant differences between groups (uncorrected p <0.001, in conjunction with an

extent threshold of k= 10)

The effects of age, intelligence quotient, total intracranial volume, the alcohol use disorders identification test (AUDIT), the Beck depression inventory
(BDI) and the Beck anxiety inventory (BAI) were controlled as covariates. The coordinates of each cluster are indicated by the Montreal Neurological
Institute (MNI) system. Post hoc tests were conducted using the Bonferroni correction

ADHD, attention-deficit’/hyperactivity disorder; IGD, Internet gaming disorder; kg, number of cluster voxels

smaller GMV in the right IFG than other groups, after control-
ling for comorbid psychiatric symptoms. Unlike the
IGD apups group, the IGD sppp. group had a smaller GMV
in the left MOG and the lingual gyrus, which are associated
with visual processing and selective attention (Mangun et al.
1998). These findings are consistent with previous studies on
IGD that reported brain structural alterations in the occipital
lobe (Han et al. 2012; Lin et al. 2012) and may be related to
the altered neural activity in response to gaming-related cues
(Zhang et al. 2016).
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Fig. 3 A newly detected brain region showing different gray matter
volume (GMYV) patterns between groups, after controlling for comorbid
psychiatric symptoms. The brain region corresponds with the right infe-
rior frontal gyrus (IFG). The coordinates of each cluster are indicated by
the Montreal Neurological Institute (MNI) system. The analysis of co-
variance (ANCOVA), controlling for age, intelligence quotient, total in-
tracranial volume, the Beck depression inventory (BDI), the Beck anxiety
inventory (BAI), and the alcohol use disorders identification test
(AUDIT) as covariates, tested for group differences in the extracted
GMYV value for each cluster. Post hoc tests were conducted to detect
differences across groups using the Bonferroni correction. * p < 0.05 **
p<0.01

We found that both IGD groups had a smaller GMV in the
right ACC and the left insula than healthy controls. The ACC
region is known to be involved in executive control (Bush
et al. 2000). In particular, it is responsible for conflict moni-
toring (Botvinick et al. 2001) and response inhibition (Barch
et al. 2001). Numerous studies have demonstrated executive
control problems in individuals with IGD and have suggested
that structural or functional alterations of the ACC contribute
to impaired executive control (Ko et al. 2014; Wang et al.
2016a). On the other hand, the insula is considered to be a
major node of the salience network (Menon and Uddin 2010)
and is suggested to play an important role in risky decision-
making (Xue et al. 2010) by reflecting signals of risk and risk
prediction error (Preuschoff et al. 2008). Individuals with IGD
have problems making appropriate decisions under risky con-
ditions (Dong and Potenza 2016), and functional alteration of
the insula has been implicated in their risky decision-making
deficit (Lee et al. 2016). Our findings of a smaller GMV in the
ACC and the insula in IGD may be associated with clinical
features of IGD, such as diminished executive control and
altered risky decision-making.

Both IGD groups showed a significantly larger GMV in the
right angular gyrus than controls. Although some previous
studies have indicated that parietal regions are involved in
IGD (Feng et al. 2013; Yuan et al. 2013), the evidence for
altered GMV in parietal regions in IGD is less than for other
brain regions. The angular gyrus is suggested to be involved in
bottom-up control of attention (Ciaramelli et al. 2008). A pre-
vious functional brain imaging study revealed that individuals
with IGD were easily distracted from gaming cues and could
not perform normal top-down control of attention (Liu et al.
2014). Further studies should provide additional evidence, but
we speculate that altered GMV of the angular gyrus in IGD is
related to dysfunctional interaction between the top-down and
bottom-up attention systems.

We observed that both IGD groups have a smaller GMV in
the left IFG than healthy controls. The IFG is implicated in
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appropriate inhibitory control of behavior (Hampshire et al.
2010). Deficits in inhibitory response control, which are in-
dicative of dysfunctional executive control, are suggested to
contribute to the development of uncontrolled Internet game
usage (Dong and Potenza 2014). Thus, the smaller GMV in
the IFG of IGD subjects may be associated with response
inhibition deficits in IGD. In particular, the GMV of the right
IFG was found to be significantly smaller only in the
IGDaApup. group. Substantial evidence has demonstrated that
the right side of the IFG may be a significant locus for ADHD
pathophysiology (Depue et al. 2010; Rubia et al. 1999). The
relevant IFG regions in this study correspond with the pars
opercularis section of the IFG. Children with ADHD had a
thinner bilateral cortex in the pars opercularis of the IFG than
healthy controls and a disrupted correlation between cortical
thickness in the pars opercularis and inhibitory performance
(Batty et al. 2010). Taken together, the present findings of a
smaller GMV in the bilateral IFG of the IGD 5 pyp.. group may
be related to the neurobiology of childhood ADHD.

The IGDApyp, group showed a larger GMV in the right
precuneus than other groups. Previous studies on ADHD
found an increased GMV in the precuneus (Nakao et al.
2011). In particular, the precuneus is known to play a major
role in the DMN (Utevsky et al. 2014) and dysfunction of the
DMN has been suggested as part of the pathophysiology of
ADHD (Sonuga-Barke and Castellanos 2007). Thus, our find-
ing of a larger GMV in the right precuneus of the IGDApup.
group supports the expectation of characteristic gray matter
alterations that may be related to the manifestation of child-
hood ADHD. Previous studies of IGD have reported that
DMN abnormalities are also involved in the IGD pathophys-
iology (Ding et al. 2013; Wang et al. 2016b) and that a history
of childhood ADHD symptoms may affect functional connec-
tivity of the DMN in individuals with IGD (Lee et al. 2017).
We speculate that altered GMV in the right precuneus of the
IGDapup. group might influence IGD pathophysiology via
changes in the DMN.

There are several limitations in this study. First, this study
did not include individuals who had childhood ADHD symp-
toms but did not develop IGD. Due to this limitation, it is
difficult to interpret whether GMV alterations are associated
with childhood ADHD or with IGD. Second, we used a cross-
sectional study design and retrospectively evaluated child-
hood ADHD symptoms using self-reporting questionnaires.
Although all subjects completed an additional psychiatric in-
terview to confirm the presence of childhood ADHD symp-
toms, the risk of recall bias remains. A future longitudinal
study of individuals who were diagnosed with childhood
ADHD would help identify whether GM changes associated
with childhood ADHD may contribute to vulnerability to
IGD. Third, this study was conducted with a sample of small
size and used a liberal statistical threshold. Our findings need
to be confirmed by future studies with larger subject samples.

@ Springer

Fourth, although we performed additional analyses to control
for comorbid psychiatric symptoms by using additional scale
scores as covariates, we could not control some variables. For
example, smoking status has been reported to affect GMV
(Fritz et al. 2014). Furthermore, although most of the results
remained valid even after controlling for comorbid psychiatric
conditions, we detected some differences that depended on
which variables were controlled. Careful consideration of the
variables affecting GMV is needed in future studies of IGD.
Fifth, our findings are difficult to interpret because of the lack
of a significant correlation between GMV alterations and the
clinical variables assessed by self-reports. In addition, the
study did not include an objective measure of clinical IGD
features or an assessment of brain function. Future studies that
include assessment for clinical IGD features and its associated
brain function would strengthen the current findings.

This study compared the GMV of IGD subjects with and
without a history of childhood ADHD symptoms. Regardless
of a history of childhood ADHD symptoms, both IGD groups
had a smaller GMV in the right anterior cingulate cortex, the
left inferior frontal gyrus, and the left insula, yet had a larger
GMV in the right angular gyrus. However, IGD subjects with
a history of childhood ADHD symptoms also had different
patterns of GMV alterations, such as a larger GMV in the right
precuneus and a smaller GMV in the right IFG than other
subjects. Differences in GMV alterations between IGD sub-
jects with and without childhood ADHD symptoms may sug-
gest that different neurobiological factors underlie the patho-
physiology and clinical features of IGD in these two groups.
However, due to the limitations of this study design, the clin-
ical significance of these different GMV alterations is unclear.
Future studies, including longitudinal studies, are required to
build upon these findings.
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