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ABSTRACT
Background and aims: Growing concerns about the addictive nature of Internet and computer games led
to the preliminary recognition of Internet Gaming Disorder (IGD) as an emerging disorder by the
American Psychiatric Association (APA) and the official recognition of Gaming Disorder (GD) as a new
diagnosis by the World Health Organization (WHO). While the definition of clear diagnostic criteria for
(I)GD represents an important step for diagnosis and treatment of the disorder, potential neurobiological
correlates of the criteria remain to be explored. Methods: The present study employed a dimensional
Magnetic Resonance Imaging (MRI) approach to determine associations between (I)GD symptom-load
according to the APA and WHO diagnostic frameworks and brain structure in a comparably large sample
of n 5 82 healthy subjects. Results: Higher symptom-load on both, the APA and WHO diagnostic
frameworks convergently associated with lower volumes of the striatum. Discussion: The results from this
exploratory study provide the first initial evidence for a neurobiological foundation of the proposed
diagnostic criteria for (I)GD according to both diagnostic classification systems and suggest that the
transition from non-disordered to disordered gaming may be accompanied by progressive neuroplastic
changes in the striatum, thus resembling progressive changes in other addictive disorders. Conclusions: The
proposed (I)GD criteria in both diagnostic systems were associated with neurostructural alterations in the
striatum, suggesting an association with progressive changes in the motivational systems of the brain.
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In 2019 the World Health Organization (WHO) formally recognized Gaming Disorder (GD)
as official diagnosis to be included in the upcoming revision of the International Classification of Diseases (ICD, 11th version). Earlier in 2013, the American Psychiatric Association
(APA) included Internet Gaming Disorder (IGD) as emerging disorder in the appendix of the
DSM-5. Although the specific symptoms for disordered gaming differ across the two diagnostic frameworks, the proposed criteria in both frameworks strongly resemble diagnostic
criteria for substance-based addictions, including preoccupation with gaming, loss of control
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over gaming and continued use despite negative consequences. For the categorical diagnosis of (I)GD both classification systems require a number of symptoms that must
be exhibited over 12-months and lead to marked distress
and functional impairments.
By proposing clear (I)GD symptom criteria, the classification systems have provided tremendous help for clinicians,
researchers, and those in need of treatment for disordered
gaming while accounting for growing public concerns about
the detrimental effects of excessive gaming on mental health
with the Chinese Government even releasing new policies in
November 2019 to regulate Internet gaming time in adolescents (https://www.bbc.com/news/world-asia-50315960). It is
likely that the inclusion of (I)GD as an addictive disorder may
also pathologize and stigmatize normal gaming behavior as
the neurobiological mechanisms underlying (I)GD symptoms
and their resemblance to changes in other addictive disorders
remain highly controversial (Zastrow, 2017). At the clinical
and phenomenological levels (I)GD strongly resembles
compulsive use and loss of control observed in substancebased addictions. Converging evidence from animal and human studies indicates that the transition from volitional to
addictive and compulsive substance use is accompanied by
progressive dysregulations in the motivational circuits of the
brain. The striatum lies at the heart of these motivational
circuits and plays a critical role in both the initial reinforcing
effects of drugs as well as the development of compulsive use
and progressive loss of control (Koob & Volkow, 2016).
Neuroplastic changes in the striatum and associated circuitries engaged in reward processing and habit formation
have been demonstrated extensively in animal models of
substance use disorders (Everitt & Robbins, 2016). Moreover,
concurring evidence from previous animal models and
studies in individuals with substance use disorders suggests
that different striatal regions control the transition from
incentive-driven to compulsive substance use, corresponding
to ventral and dorsal parts of the striatum respectively (Everitt
& Robbins, 2016; Robbins, Ersche & Everitt, 2008; VollstadtKlein et al., 2010; Zhou et al., 2018, 2019). Human neuroimaging studies have also repeatedly reported striatal gray
matter alterations in populations with substance use disorders, with the extent of volumetric reductions being associated
with escalating substance use and clinical symptom severity
(Becker et al., 2015).
Emerging evidence from a growing number of human
imaging studies in pathological gambling indicate that
striatal circuits play an important role in the initial
rewarding effects of gambling as well as the formation of
compulsive gambling during later stages of the disorder
(Clark, Boileau, & Zack, 2019). These ﬁndings suggest that
these circuits may also mediate escalating and ultimately
compulsive use in behavioral addictions. Furthermore, brain
structural alterations in behavioral addictions such as
pathological gambling might be less pronounced, probably
due to the lack of neurotoxic effects (Clark et al., 2019), even
though a growing body of evidence reported altered gray
matter volume in individuals with (I)GD, including lower
volume in striatal circuits, most consistently affecting the

dorsal striatum, speciﬁcally the putamen (Qin et al., 2020;
Yao et al., 2017). Initial studies reported associations between the extent of gaming or the level of “Internet/social
media addiction” - symptoms and gray matter volume in
reward processing regions, including the striatum, suggesting that progressive volumetric changes in this region may
accompany the onset of (I)GD (Cai et al., 2016; Montag
et al., 2017). Moreover, neuroplastic and functional changes
of the striatum have already been observed during early
stages of the addictive process, suggesting that this region
may represent a promising marker to track early stages of
the development of addiction (Brand et al., 2019; Everitt &
Robbins, 2016; Vollstadt-Klein et al., 2010; Zhou et al.,
2019).
To determine whether the proposed symptom-level
criteria for (I)GD reflects the hypothesized neurobiological
basis of the disorder and if the different symptomatic
criteria proposed by the APA and WHO relate to the same
neurobiological markers, the present study employed a
dimensional neuroimaging approach with the goal to map
subclinical symptoms of (I)GD and striatal morphology.
This study employed non-parametric voxel-wise regression analyses on high-resolution T1-weighted MRI brain
structural images with (I)GD symptom-load assessed by
diagnostic-system specific scales (Internet Gaming Disorder Scale – Short-Form, IGDS9-SF, APA framework;
Gaming Disorder Test, GDT, WHO framework) (Pontes &
Grifﬁths, 2015; Pontes et al., 2019) as separate predictors
in a large sample of healthy young male adults. Symptom
load on dimensions such as depression and autism
frequently associated with (I)GD were controlled for.
Given the substantial associations between IGD and GD
scores when assessed with the IGDS9-SF and the GDT
(Montag et al., 2019), and the key role of the striatum in
substance-based addictions, it was expected that higher
symptom-load on both disordered gaming psychometric
tests would be accompanied by stronger alterations in
striatal morphology (i.e. lower striatal volume).

METHOD
Participants and procedures
For the present study N 5 256 healthy male individuals
from the Chengdu Gene Brain Behavior Project were recontacted via telephone interviews (N 5 256, at least 18
years old). All subjects underwent structural MRI assessment prior to the assessment of (I)GD symptoms (1.1 ±
0.764 years in the ﬁnal sample). Following MRI data quality
assessments and exclusion of duplicate datasets, subjects
were contacted via telephone and underwent an interview to
exclude those with current or previous history of psychiatric
disorders and current use of medication or psychotropic
substances. Among all eligible participants, N 5 119 agreed
to participate in the additional electronic data assessment.
The severity of (I)GD symptoms was assessed in light of the
APA and the WHO diagnostic frameworks. Given the existence of high levels of comorbidity between depressive
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disorder and autism spectrum disorder in disordered gaming
(e.g. Li et al., 2019; Xu et al., 2020), the potential confounding
effects for these two psychopathologies were controlled in the
present study using the Beck Depression Inventory-II (BDIII) and the Autism-Spectrum Quotient (ASQ) (Baron-Cohen,
Wheelwright, Skinner, Martin, & Clubley, 2001; Beck, Steer,
& Brown, 1996). Subjects meeting the clinical cut-off criteria
were excluded and symptom severities in both dimensions
were additionally included as covariates in the analyses. For
the ﬁnal sample, the following exclusion criteria were applied
(1) history or current psychiatric disorders according to
DSM-5 (validated by structured clinical interviews at the time
of MRI assessment), (2) pathological levels of depressive
(BDI-II ≥28) and autistic (ASQ ≥ 30) symptoms, (3) history
of, or current medical disorder, including neurological and
endocrinological disorders, (4) current or regular use of
medication and other psychoactive substances, and (5) lefthandedness. Of the eligible participants, a total of n 5 82
individuals (age at MRI assessment 5 21.8 ± 2.16 years)
provided complete self-report and MRI data, and were thus
included in the subsequent voxel-based morphometry (VBM)
analysis (exclusion of subjects detailed in Fig. 1).

Disordered Gaming symptom load assessment
In the present study Chinese versions of the IGDS9-SF (Yam
et al., 2019) and the GDT (Pontes et al., 2019) were
administered. The IGDS9-SF assesses IGD according to the
APA framework using nine items answered on a ﬁve-point
Likert scale (from 1 5 never to 5 5 very often). Moreover,
the GDT consists of four items assessing GD according to
the WHO framework on a ﬁve-point Likert scale (from 1 5
never to 5 5 very often). Answering with often or very often
on the two tests indicates endorsement of the corresponding
diagnostic criterion. Consequently, fulﬁlling ﬁve out of nine
criteria on the IGDS9-SF and fulﬁlling all four criteria on the
GDT indicates disordered gaming. Internal consistencies
were satisfying for both tests (IGDS9-SF a 5 0.845 and GDT
a 5 0.912) in the present sample.
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MRI data acquisition
The data were acquired on a 3.0 T GE MR750 system
(General Electric Medical Systems, Milwaukee, WI, USA).
T1-weighted high-resolution anatomical images were acquired with a spoiled gradient echo pulse sequence, repetition time (TR) 5 6 ms, echo time (TE) 5 2 ms, ﬂip angle 5
98, ﬁeld of view (FOV) 5 256 3 256 mm, acquisition matrix
5 256 3 256, thickness 5 1 mm, number of slices 5 156.

Brain structural data – preprocessing
VBM analysis allows the voxel-wise estimation of the local
gray matter volume (Ashburner & Friston, 2005). Structural MRI data were preprocessed with CAT12 implementing the computational anatomy approach (http://
dbm.neuro.uni-jena.de/cat) based on SPM12 (Welcome
Department of Cognitive Neurology, London, UK, http://
www.ﬁl.ion.ucl.ac.uk/spm/software/spm12) running on
MATLAB Version 8.3 (Math Works Inc., Natick, MA). The
standard VBM preprocessing protocols of CAT12 (outlined
in the CAT12 manual) were employed. Brieﬂy, the T1weight images were bias-corrected, segmented into gray
matter (GM), white matter (WM), and cerebrospinal ﬂuid
(CSF) and spatially normalized to the standard Montreal
Neurological Institute (MNI) space using the East Asian
template. GM images were smoothed with a Gaussian
kernel of 8 mm full-width at half maximum (FWHM) for
subsequent statistical analysis and the total intracranial
volume (TIV) was estimated to correct for individual differences in brain size. Default parameters were applied
unless indicated otherwise. After preprocessing all images
passed visual inspection artefacts and an automated quality
protocol. Mean Image Quality Rating (IQR) of the ﬁnal
data was B- (84.37%) summarized by the quality assurance
framework of CAT12, which allows the evaluation of
essential image parameters such as noise, inhomogeneities,
and image resolution, indicating excellent image quality in
the present sample.

Statistical analyses

Fig. 1. Flow diagram displaying screening and exclusion of
participants.

Multiple linear regression models were employed in the
Statistical non-Parametric Mapping toolbox (SnPM13,
http://www.warwick.ac.uk/snpm) based on 10,000 random
permutations, taking GM maps as dependent variables and
IGDS9-SF and GDT scores respectively as independent
variable (similar approach see Li et al., 2019). Although false
positive rates in VBM are not strongly inﬂuenced by sample
size, a non-parametric estimation has been demonstrated as
robust against non-normal distribution of the underlying
data and might be more robust independent of sample size
(Scarpazza, Tognin, Frisciata, Sartori, & Mechelli, 2015;
Silver, Montana, Nichols, & Alzheimer's Disease Neuroimaging, 2011).
For both multiple linear regression models, age, education level, BDI-II, ASQ, and TIV were additionally
included as covariates. In line with the regional-specific a
priori hypothesis on striatal associations, voxel-wise
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analyses were restricted to the striatum (Fig. 2C) encompassing both bilateral ventral and dorsal striatal subregions
(for a description of the masks see Zhou et al., 2019).
Within the striatal mask, a voxel level threshold of p < 0.05
with FWE multiple comparison correction adjusted for the
search volume was applied. To further control for the potential effects of time between the brain structural assessments and the assessment of (I)GD symptoms, the time
between assessments was controlled for in additional control analyses.

Ethics
The study and its procedures had full approval by the local
ethics committee and adhered to the most recent version of
the Declaration of Helsinki and all participants were
required to provide informed consent.

RESULTS
Demographic characteristic of participants
The present sample reported a mean (±SD) symptom
severity of 5 18.4 ± 6.53 for the IGDS9-SF and 8.43 ± 3.07
for the GDT. Moreover, the mean trait score for depression
(BDI-II) was 6.26 ± 6.98, and for autism (ASQ) was 13.7 ±
3.77. Mean total intracranial volume was 1,563 ± 107, and
education level ranged from high school graduate to master's
degree student. Categorial analysis of the symptom-level
data revealed that in terms of disordered gaming, n 5 3
subjects fulﬁlled the diagnostic criteria for disordered
gaming on the APA framework (IGDS9-SF) and n 5 1
fulﬁlled all criteria in the WHO framework (GDT).

(I)GD symptom load and striatal gray matter volumes
across the APA and WHO diagnostic frameworks
In line with the regional a priori hypothesis the analysis
focused on the bilateral striatum using a small-volume
approach. Higher IGDS9-SF symptom severity was significantly associated with lower gray matter volume in the
bilateral caudate (pFWE <0.05), whereas higher GDT
symptom severity was associated with lower gray matter
volume in the right caudate only (pFWE <0.05) (Table 1,
Fig. 2A and B). Given the distinct contributions of the
ventral and dorsal striatum to addiction (Zhou et al., 2019),
signiﬁcant effects were further mapped and overlapped
(Fig. 2A), revealing that the IGDS9-SF and GDT shared 114
voxels in caudate volume. Additionally, for the IGDS9-SF

Table 1. Signiﬁcant negative associations between gray matter
volume and the IGDS9-SF and GDT respectively
Region

k (Cluster
Size)

x

y

z

t
Value

22

14
23
11
6
18

26
24
24
21
21

3
9
2
5
12

4.23
3.87
4.11
3.87
4.04

118

15

27

5

4.32

IGDS9-SF, negative
associations
Caudate R

207

Caudate L

103

Caudate L
GDT, negative
associations
Caudate R
R 5 right, L 5 left.

Fig. 2. Lower striatal volume with (I)GD symptom severity. A) Associations between symptom load and brain structure displayed at pFWE
<0.05 within the striatum (IGDS9-SF 5 red, GDT 5 green, and overlapping 5 yellow). B) Extracted gray matter from the signiﬁcant regions
and associations with symptom severity. C) The striatal mask, including ventral and dorsal regions as used in the present study.
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244 voxels mapped onto the ventral and 88 voxels mapped
to the dorsal striatum. For the GDT, 53 voxels mapped onto
the ventral and 65 on the dorsal striatum.
Associations between (Internet) Gaming Disorder
symptom load and striatal gray matter volumes across the
APA and WHO diagnostic frameworks were additionally
controlled for variations in the time between brain structural
data acquisition and questionnaire assessment. To this end
the identical statistical analysis pipeline was conducted with
additionally including time between the assessments as
additional covariate in the multiple regression model.
Findings revealed that higher IGDS9-SF symptom severity
was significantly associated with lower gray matter volume in
the bilateral caudate (pFWE <0.05, right caudate peak at [12,
26, 2], k 5 205, left peak at [9, 23, 0] and [18, 21, 12], k 5
128 and 15), whereas higher GDT symptom severity was
associated with lower gray matter volume in the right caudate
(pFWE <0.05, peak at [15, 27, 5], k 5 76).

DISCUSSION
In line with the study's hypothesis, the findings from this
initial examination of the recently proposed (I)GD criteria
revealed that stronger symptom-load across both diagnostic
frameworks was associated with lower striatal gray matter
volume, primarily in the caudate region. The caudate bridges
the ventral and dorsal striatum and is strongly implicated in
addiction-relevant domains, with ventral regions being
implicated in the initial formation of reward-related salience
and associative learning processes (Anderson et al., 2017)
whereas dorsal parts mediate habit formation (Everitt &
Robbins, 2016). Exaggerated cue-reactivity in the ventral
striatum has not only been consistently observed in substance use disorders but also in individuals without substance use disorders (Vollstadt-Klein et al., 2010; Zhou et al.,
2019). This ﬁnding provides initial and preliminary evidence
for a neurobiological correlate of the proposed (I)GD criteria
in the classiﬁcation systems and further suggests that
development of (I)GD may be accompanied by progressive
neurobiological changes in brain motivational systems that
have been suggested to mediate the development of established addictive disorders, including substance use disorders
and pathological gambling (Clark et al., 2019; Koob &
Volkow, 2016).
Although (I)GD criteria in both frameworks aligned with
the respective core substance-based disorder diagnoses, the
specific symptom criteria differ slightly. For scientists and
practitioners alike, a key issue is related to diagnosing essentially
the same condition using the two diagnostic frameworks (APA
vs. WHO) and potential neurobiological discrepancies between
them. The findings obtained suggest that the APA framework
may capture more extensive striatal, particularly ventral striatal
regions. The ventral striatum mediates dysregulations in
reward-related processes during early, whereas dorsal regions
involved in habit formation mediates compulsive use during
later stages of the addictive process (Everitt & Robbins, 2016).
The discrepancies in the neurobiological associations may
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reﬂect a higher sensitivity of the APA framework to detect early
stages of disordered gaming, which aligns with the higher
prevalence of IGD according to APA criteria in the present
sample (see also similar results in a large-scale study Montag
et al., 2019).
Previous meta-analytic studies (Qin et al., 2020; Yao
et al., 2017) revealed that hyperactivation of the anterior
cingulate cortex, dorsolateral prefrontal cortex, inferior
frontal gyrus, caudate and precuneus and lower gray matter
volume of the putamen, anterior cingulate cortex, orbitofrontal cortex, dorsolateral prefrontal cortex, and supplementary motor characterize (I)GD. A few previous studies
that employed whole brain and region of interest analyses
have also reported increased caudate volume in (I)GD (Cai
et al., 2016; Seok & Sohn, 2018), however the small sample
size and differences in the diagnostic criteria and potential
confounders limit the comparability between studies.
Moreover, these studies employed traditional case-control
designs which are often hampered by limitations inherent to
the design such as generally increased pathological symptom
load, stress or alterations reﬂecting vulnerability factors that
precede the onset of the disorder (Etkin, 2019). To this end,
the present study employed the ofﬁcial diagnostic criteria for
disordered gaming in combination with a dimensional
neuroimaging approach (Li et al., 2019).
The observed association with volumes of the putamen
resonate with overarching conceptualizations of the development of substance use disorder and IGD and may reflect the
progression towards more clinical stages of (I)GD (Brand et al.,
2019; Everitt & Robbins, 2016). On the one hand, the ﬁndings
in healthy subjects will reﬂect changes during early stages of
Internet gaming, which are still characterized by incentivedriven motives and probably an initial transfer to habitual
behavior (speciﬁcally for the IGDS9-SF framework more items
related to incentive aspects and may thus captured more
ventral striatal alterations). On the other hand, the caudate and
putamen are both also implicated in motor function (Ena, De
Kerchove D'ExaErde, & Schiffmann, 2011), therefore the
assumption that the association between symptom load and
caudate volume may additionally reﬂect effects of gaming time
cannot be ruled out. In summary, in the context of addictive
behavior, the present ﬁndings may provide a preliminary
approach to explore early stages of habitual control over
behavior in IGD, yet long-term studies are needed to examine
whether the striatal volume changes determine the transition to
IGD.
In this context, it should be mentioned that the IGD
criteria according to the DSM-5 seem to grasp disordered
gaming earlier than the criteria for GD proposed in the ICD11 (Montag et al., 2019). As aforementioned, ﬁrst prevalence
estimates of disordered gaming in a German sample were
higher when applying the framework of APA compared
to WHO. This might be due to the inherent diagnostic differences across the two disordered gaming frameworks as
according to the APA ﬁve out of ﬁne symptoms are needed for
a disordered gaming diagnosis (every constellation is possible),
whereas according to the WHO framework all criteria proposed need to be met (Table 2). Some symptoms such as lying
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Table 2. Comparison of (I)GD criteria between the APA and WHO framework

Diagnosis
Symptom

APA framework

WHO framework

Five or more of these symptoms within
a year
–Preoccupation with gaming

All symptoms for at least 12 months

–Giving up other activities, loss of
interest in previously enjoyed activities due to gaming

–Increasing priority given to gaming
over other activities

–Continuing to game despite problems

–Continuation or escalation of gaming
despite the occurrence of negative
consequences

–Inability to reduce playing, unsuccessful attempts to quit gaming

–Sufﬁcient severity to result in significant impairment in personal, family,
social, educational, occupational or
other important areas of functioning

–Impaired control over gaming

–Deceiving family members or others
about the amount of time spent on
gaming
–Risk, having jeopardized or lost a job
or relationship due to gaming
–Withdrawal symptoms when gaming
is taken away or not possible (sadness,
anxiety, irritability)
–Tolerance, the need to spend more
time gaming to satisfy the urge
–Use of gaming to relieve negative
moods, such as guilt or hopelessness
Original wording taken from APA: https://www.psychiatry.org/patients-families/internet-gaming.
Original wording taken from WHO: https://www.who.int/news-room/q-a-detail/gaming-disorder.

about one's own gaming habits and using games to escape
negative mood can only be found in the APA framework. An
overlap can be seen for disordered gaming symptoms such as
preoccupation/increased priority given to gaming, loss of
control, engaging in gaming despite negative consequences,
and signiﬁcant impairments due to gaming in everyday life.
The findings of the present study need to be considered
in the context of potential limitations. First, the present
study applied a dimensional approach in a healthy sample
and future studies need to extent to the findings reported to
clinical samples with (I)GD according to the current official
diagnostic criteria while long-term studies are needed to
investigate the association between striatal volume and
escalation of Internet gaming and subsequent transition to
disordered gaming. Second, since disordered gaming is
strongly intervened with the acquisition of new skills,

particularly in the motor domain, future studies need to
distinguish between neuroplastic changes related to motor
learning or the addictive process (e.g. by inclusion of a group
of healthy, yet non-disordered, gamers). Third, the study
excluded subjects with pathological levels of depression.
Together with the inclusion of depression levels as covariate,
this allowed controlling at some extent for potential confounding effects. However, this approach may limit the
generalizability of the findings.
Despite the potential limitations, the present study is to the
best of the authors' knowledge, the first to examine disordered
gaming within a comparative framework between the APA
and WHO diagnostic framework in the context of MRI.
Additionally, the findings reported provide initial evidence for
a neurobiological basis of the official disordered gaming
diagnostic criteria in accordance with both current diagnostic
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systems and suggest that the proposed criteria may reflect
dysregulations in the motivational systems of the brain.
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