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Neurobiological mechanisms underlying

internet gaming disorder
Aviv Weinstein, BSc, PhD; Michel Lejoyeux, MD, PhD

This review summarizes studies on the neurobiological correlates of internet gaming disorder (IGD), presently the most
direct approach to analyzing the impact of digital technology and the internet on brain mechanisms. Brain imaging studies
have shown that IGD shares, to a large extent, neurobiological alterations that are typical for other addictions, such as:
(1) activation in brain regions associated with reward, as evident from cue exposure and craving studies and neurotransmitter
systems studies that indicate an involvement of dopamine-mediated reward mechanisms; (ii) reduced activity in impulse
control areas and impaired decision making; and (iii) reduced functional connectivity in brain networks that are involved
in cognitive control, executive function, motivation, and reward. Moreover, there are structural changes, mainly reduction
in gray-matter volume and white-matter density. Comorbidity studies indicate that executive control networks in attention
deficit-hyperactivity disorder (ADHD) may increase the susceptibility to develop IGD. Most importantly, this review also
outlines findings that show the effects of excessive use of screens, here referring to the playing of computer games, which
activate many brain regions associated with cognitive, motor, and sensory function and not directly involved in other forms
of addiction. This review describes and summarizes comprehensively the neurobiological correlates of addictive internet
use in adolescents and young adults.
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Introduction

Excessive use of certain electronic media, including TV,
computer screens, and smartphones, is raising serious
concerns among health and educational authorities because
of the deleterious effects of such use in children and
adolescents. It has recently been shown that, in 5-year-old
preschool children, there is an association between increased
screen-based media use and reduced microstructural integ-
rity of brain white-matter tracts that are associated with
language and literacy skills, tracts that are important in the
early years of brain development.' Furthermore, assess-
ment of 4277 adolescents in the Adolescent Brain Cogni-

tive Development study (ABCD) via functional magnetic
resonance imaging (fMRI) has shown a negative correlation
between screen-media activity and cortical thickness.> As
cortical thickness naturally declines with age, these findings
imply that excessive use of screen media prematurely ages
the brain. The study also showed that screen-media use was
associated with crystallized and fluid intelligence and that
there was a positive association between screen-media use
and externalizing but not internalizing psychopathology.
The pervasive use of media screens has also been examined
in young adults, and heavy media multitaskers are more
susceptible to interference from irrelevant environmental
stimuli and from irrelevant representations in memory.
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This has been supported by evidence that heavy media
multitaskers perform worse on testing of task-switching
ability, probably due to impaired ability to ignore irrele-
vant stimuli.”** The findings thus far, spanning from early
childhood to adolescence, on rapidly
growing societal phenomena empha-
size the need to assess the effects of
media screens on cognitive function
and the brain in children, adolescents,
and young adults. Specifically, there
is extensive research on the exces-
sive use of the internet for gaming
and its effects on the brain in young
adults and in particular in adoles-
cents. The study of the neurobio-
logical correlates of internet gaming
disorder (IGD) appears particularly
effective to demonstrate the impact
of digital technology and the Internet
on brain mechanisms. Furthermore, this evidence has raised
major concerns in mental health professionals, and it has led
to a major debate as to whether IGD should be classified
as a clinical disorder. Brain imaging studies in IGD have
been reviewed previously.® This review will describe brain
imaging studies in IGD, particularly in adolescents from
2014 until December 2019. Keywords were entered into
PubMed search using “internet gaming disorder” as a search
word. “English language” was used as a search limiter, and
publication date was limited from 2014 to December 2019.
Studies on treatment and sex differences were excluded due
to limitation in the number of studies for this scope. The
search yielded 61 studies of IGD and brain imaging.

Brain imaging studies of the resting state
in internet gaming disorder

This section will describe the effects of IGD on the resting
state in the brain, elucidated through studies using a func-
tional neuroimaging technique that measures interactions
between brain areas when a participant is not executing
a specific action. Changes in resting-state brain activity
are evaluated through cerebral blood flow (CBF) changes
measured by a blood-oxygen-level-dependent (BOLD)
signal in fMRI. Early studies reviewed previously® showed
that individuals with excessive internet game use had
resting-state changes in areas associated with reward and
impulse control, memory and learning, the urge to use

Activation studies
demonstrate changes
in body image, adoption
of a virtual self, and
experience of emotional
changes that are unique
to multiplayer gaming

drugs, inhibition and executive function, sensory-motor
coordination, and visual and auditory mechanisms.
Enhanced regional homogeneity (ReHo) in the posterior
cingulate cortex and lower ReHo in the superior temporal
gyrus were shown in IGD partici-
pants compared with control partic-
ipants and participants diagnosed
with alcohol-use disorder.” ReHo
is a voxel-based measure of brain
activity that evaluates the similarity
or synchronization between the
time series of a given voxel and its
nearest neighbors. ReHo can provide
information about the local/regional
activity of areas throughout the brain.
Furthermore, amplitude of low-fre-
quency fluctuation (ALFF) values
in the superior frontal gyrus (SFG)
were lower in IGD participants, and
they correlated negatively with measures of impulsivity.'
ALFF is a measure of the amplitude of low-frequency oscil-
lations that reflect the intensity of regional spontanecous
brain activity.

In summary, these studies provide evidence for enhanced
cognitive function and decreased activity in sensory-motor
coordination in the resting state. Some of these changes
are associated with addiction, but others may be associ-
ated with sensory, cognitive, and motor effects on the brain.
Table I summarizes resting-state and structural studies of
IGD.*#

Imaging studies on the brain’s gray-matter
volume and white-matter density

This section will review studies on the gray matter of the
brain, which is composed of neurons that are associated
with emotions, perception, memory, and motor control,
and the brain’s white matter, which consists mostly of glial
cells and myelinated axons that transmit signals from the
cerebellum to other brain regions. An early study by Kuhn
et al* reported that frequent—video game-playing partic-
ipants performing the monetary incentive delay task had
greater left striatal gray-matter volume and an enhanced
activation in the left striatum when exposed to loss. These
findings were negatively associated with deliberation time
on another task, indicating impaired reward processing.*
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CITATION*

METHOD

PARTICIPANTS

MAIN FINDINGS

Sun et al,"
2014

Gray-matter diffusion
assessed via diffusional
kurtosis imaging

18 IGD
21 control participants

Lower gray-matter diffusion in the right anterolateral cerebellum,
right inferior and superior temporal gyri, right supplementary motor
area, middle occipital gyrus, right precuneus, postcentral gyrus, right
inferior frontal gyrus, left lateral lingual gyrus, left paracentral lobule,
left ACC, median cingulate cortex, bilateral fusiform gyrus, insula,
PCC, and thalamus.

Higher gray-matter volume in the right inferior and middle temporal
gyri, and right parahippocampal gyrus, and lower

volume in the left precentral gyrus.

Wang et al,"
2015

Gray-matter volume measured
via MRI

28 1GD
28 control participants

Smaller gray-matter volume of the bilateral ACC, precuneus,
supplementary motor area, superior parietal lobule, left DLPFC,
left insula, and bilateral cerebellum in IGD participants than in
healthy control participants.

Gray-matter volume of the ACC negatively correlated with the
incongruent response errors on the Stroop test.

Kim et al,®
2015

Regional homogeneity
(ReHo)t measured via MRI

16 1GD
14 alcohol-use disorder
15 control participants

IGD and alcohol-use disorder participants had increased ReHo in the
PCC. IGD participants showed decreased ReHo in the right superior
temporal gyrus compared with alcohol-use disorder and control
partic-ipants. Patients with alcohol-use disorder showed decreased
ReHo in the ACC.

Lin et al,™
2015

Gray-matter density and
white-matter density changes
assessed by voxel-based
morphometric analysis

in MRI.

35 IGD
36 control participants

Higher fractional anisotropy in the thalamus and left PCC.
Higher fractional anisotropy in the thalamus was associated with
greater severity of internet addiction.

Takeuchi et al,™
2016

Mean diffusivity assessed via
diffusion tensor imaging

114 boys
126 girls

The amount of videogame play positively correlated with mean
diffusivity in the left middle, inferior, and orbiofrontal cortxs (OFC);
left pallidum; left putamen; left hippocampus; left caudate; right
putamen; right insula; and thalamus in both cross-sectional and
longitudinal analyses.

Higher mean diffusivity in the areas of the left thalamus, left
hippocampus, left putamen, left insula, and left Heschl gyrus was
associated with lower intelligence.

Yuan et al,”®
2016

Assessment of white-matter
integrity and connectivity

28 1GD adolescents
25 control participants

Reduced fractional anisotropy in the ACC/right DLPFC pathways
in IGD.

Zhai et al,"®
2017

White-matter integrity
measured via diffusion tensor
imaging

16 right-handed adolescents
with IGD
16 control participants

Reduced nodal efficiency in frontal cortex, ACC, and pallidium in
IGD. Global efficiency of the white-matter network correlated with
the IAT scores in IGD.

Jeong et al,”
2016

Assessment of white-matter
integrity and connectivity

181 male patients including:
58 IGD subjects without
psychiatric comorbidity

26 male control participants

Increased fractional anisotropy values within forceps minor, right
anterior thalamic radiation; right corticospinal tract; right inferior
longitudinal fasciculus; right cingulum to hippocampus; and right
inferior fronto-occipital fasciculus (IFOF) decreases in radial diffusivity
value within forceps minor, right anterior thalamic radiation and
IFOF relative to control subjects

Table | (continued overleaf). Resting-state and structural studies of internet gaming disorder.

*Studies arranged chronologically by publication year. tRegional Homogeneity (ReHo) is a voxel-based measure of brain
activity that evaluates the similarity or synchronization between the time series of a given voxel and its nearest neighbors.
This measure is based on the hypothesis that intrinsic brain activity is manifested by clusters of voxels rather than single
voxels. ReHo can provide information about the local/regional activity of regions throughout the brain. ACC, anterior
cingulate cortex (ACC); DLPFC, dorsolateral prefrontal cortex; IAT, internet addiction test; MRI, magnetic resonance imaging;
OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; RGU, recreational internet game use.
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CITATION*

METHOD

PARTICIPANTS

MAIN FINDINGS

Sun et al,"
2019

Resting-state cerebral activity
alterations assessed via
amplitude of low-frequency
fluctuation (ALFF) and
functional connectivity

30 male IGD)

23 female IGD

30 male and 22 female
age-matched healthy
control participants

Greater ReHo* in the brain stem, inferior parietal lobule, cerebellum,
and middle frontal gyrus. Lower ReHo in occipital and parietal areas.

Seok et al,™
2018

Assessment of resting-state
gray-matter

volume and functional
connectivity

201GD
20 age- and sex-matched
healthy control participants

IGD severity was positively correlated with gray-matter volume in
the left caudate and it was negatively associated with functional
connectivity between the left caudate and the right middle frontal
gyrus.

participants

Pan et al,” Assessment of resting-state 67 male adolescents IAT score was negatively correlated with gray-matter volumes of

2018 gray-matter volume the bilateral postcentral gyri, the bilateral precentral gyri, the right
precuneus, the left posterior midcingulate cortex, the left inferior
parietal lobe, and the right middle frontal gyrus.

Lee et al,?® Assessment of resting-state 45 male adults with IGD 35 IGD subjects had thinner cortices in the right rostral ACC, right

2018 gray-matter volume age-matched male control lateral OFC, and left pars orbitalis than controls.

Smaller gray-matter volume in the right caudal ACC and left pars
orbital-is in IGD subjects.

Thinner cortex of the right lateral OFC in IGD subjects correlated with
higher cognitive impulsivity.

Whole-brain analysis in IGD subjects revealed thinner cortices in

the right supplementary motor area, left frontal eye field, superior
parietal lobule, and posterior cingulate cortex.

Dong et al,?!
2018

Assessment of white-matter
integrity

42 1GD
44 RGU participants

Increased fractional anisotropy in the bilateral anterior thalamic
radiation, anterior limb of the internal capsule, bilateral corticospinal
tract, bilateral inferior fronto-occipital fasciculus, corpus callosum,
and bilteral inferior longitudinal fasciculus.

Internet-addiction severity was positively correlated with fractional
anisotropy values.

Wang et al,?
2018

Assessment of cortical
thickness and volume

38 1GD
66 RGU participants

IGD showed decreased cortical thickness in the left lateral OFC,
inferior parietal lobule, bilateral cuneus, precentral gyrus, and right
middle temporal gyrus.

Reduced cortical volume in the left superior temporal gyrus and right
supra marginal gyrus in IGD.

Whole-brain correlational analysis indicated different correlations
between the two groups.

Wang et al,?
2018

Assessment of cortical
thickness and volume

48 I1GD male youths

32 age- and education-
matched control
participants

IGD showed increased cortical thickness in the bilateral insulae and
the right inferior temporal gyrus.

Decreased cortical thickness in bilateral superior temporal sulci, the
right inferior parietal cortex, the right precuneus, the right precentral
gyrus, and the left middle temporal gyrus.

A positive correlation between the left insular cortical thickness and
symptom severity.

Table | (continued). Resting-state and structural studies of internet gaming disorder.

*Studies arranged chronologically by publication year. tRegional Homogeneity (ReHo) is a voxel-based measure of brain
activity that evaluates the similarity or synchronization between the time series of a given voxel and its nearest neighbors.
This measure is based on the hypothesis that intrinsic brain activity is manifested by clusters of voxels rather than single voxels.
ReHo can provide information about the local/regional activity of regions throughout the brain. ACC, anterior cingulate
cortex (ACC); DLPFC, dorsolateral prefrontal cortex; IAT, internet addiction test; MRI, magnetic resonance imaging;

OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; RGU, recreational internet game use. Parts of Tables | and Il
reproduced with permission from ref 6: Weinstein A, Livny A, Weizman A. New developments in brain research of internet
and gaming disorder. Neurosci Biobehav Rev. 2017;75:314-330. Copyright © Elsevier 2017
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IGD severity was associated with gray-matter volume in the
left caudate and was negatively associated with functional
connectivity between the left caudate and the right middle
frontal gyrus, which mediate reward and cognitive control."

In adolescents, IGD was associated with changes in gray-
matter volumes in brain regions involved in sensory-motor
processes and cognitive control" evaluating reward, error
processing, and adjusting behavior,?® impulse control,
attention, emotional regulation, and motor function."
Reduced gray-matter volume was reported in the prefrontal
cortex and the amygdala, and the volume of these regions
was associated with measures on the Barratt Impulsiveness
Scale.” An inverse relationship was found between low
gray-matter volume of the anterior cingulate cortex (ACC)
and incongruent response errors on the Stroop task.'?

Early structural studies reviewed previously® have shown
evidence for reduced gray-matter density in brain regions
associated with motor, attention, and cognitive control and
reduced white-matter volume in brain regions associated
with memory, and sensory and motor neurotransmission in
IGD. Lower gray-matter volume was found in several brain
regions. Reduced fractional anisotropy was shown in other
white-matter regions. Further reports have indicated reduced
gray-matter volume in brain regions associated with motor
and cognitive control and reduced white-matter volume in
brain regions associated with cognitive control and plan-
ning. Higher white-matter density in the thalamus and
left posterior cingulate cortex was associated with greater
severity of IGD."

B Cerebellum

M |nferior temporal gyrus

There is also evidence for reduced white-matter volume in
brain regions that are associated with inhibition, decision
making, and emotional regulation, and reduced fractional
anisotropy in the ACC and the dorsolateral prefrontal cortex
(DLPFC) was shown in IGD and associated with perfor-
mance on the Stroop task." Video game playing correlated
with delayed development of several brain regions such
as hippocampus, orbitofrontal cortex (OFC), pallidum,
caudate/putamen insula, and the thalamus." Low intelli-
gence was associated with high diffusion measures in brain
regions including the hippocampus, thalamus, putamen, and
the insula.'" Reduced white-matter in the frontal cortex,
ACC, and the pallidum was reported in IGD.'® There is
further evidence for increased white-matter density and
decreased diffusion in fiber tracts in the frontal cortex."’
Finally, they showed increased fractional anisotropy in
tracts linking reward circuitry and sensory and motor
control systems, and these were associated with internet
addiction severity.”!

To sum up, the studies reviewed have shown evidence for
long-term changes in gray-matter volume and white-matter
density in brain regions associated with memory, attention,
impulse control, emotional regulation, and motor function
in IGD. Some of the reported effects of IGD are associated
with characteristics of addiction, such as reward and impul-
sivity, whereas others may result from changes to attention,
emotional regulation, and motor functions in the brain.

Figure 1 shows brain regions with reduced gray-matter
volume in frequent IGD players.

IYVIE Anterior cingulate

Figure 1. Regions that showed reduced gray-matter volume in internet gaming disorder (IGD) participants in more than two
studies. SMA, supplementary motor area. Figure reproduced from ref 6: Weinstein A, Livny A, Weizman A. New developments
in brain research of internet and gaming disorder. Neurosci Biobehav Rev. 2017;75:314-330. Copyright © Elsevier 2017
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Cortical thickness

Early studies (see ref 6 for review) showed contradictory
evidence pertaining to cortical thickness in IGD: some
reported enhanced cortical thickness in frontal and temporal
areas in adolescents with IGD who performed the Stroop
task; some reported decreased cortical thickness. Cortical
thickness of the OFC correlated with low performance on
the Stroop task. Reduced cortical thickness in the lateral
OFC was shown in male adolescents with IGD. Decreased
cortical thickness in brain regions that are involved in cogni-
tive control, decision making, and reward/loss processing
(OFC, inferior parietal lobe, cuneus, precentral gyrus, and
right middle temporal gyrus) was reported in IGD compared
with recreational internet game use.”? Finally, adolescents
with IGD showed decreased cortical thickness in distributed
cerebral areas and had a positive correlation between the left
insular cortical thickness and symptom severity.*

In summary, the studies reviewed so far showed changes
in cortical thickness in regions associated with addiction
processes such as reward, but also with regions asso-
ciated with executive function and decision making.
The conflicting results of enhanced and reduced cortical
thickness indicate that the findings are not robust and that
changes in cortical thickness merit further study.

Neuroimaging studies of functional connectivity
in internet gaming disorder

The aim of this section is to review studies on func-
tional connectivity, which measures the level of coact-
ivation of resting-state fMRI time-series between brain
regions. Early studies in IGD (see review in ref 6) showed
increased functional connectivity between brain regions
that are associated with signal processing, cognitive regu-
lation, and auditory-verbal memory, and decreased func-
tional connectivity with brain regions that are associated
with evaluation and expectancy of reward in smokers with
IGD. Reduced functional connectivity was shown in brain
regions associated with executive function and increased
functional connectivity in brain regions associated with
sensory-motor processing.”” Reduced functional connec-
tivity correlated with executive control.” Increased volume
of the caudate and nucleus accumbens (NA) and reduced
functional connectivity in brain areas that are associated
with reward were reported in young adults with IGD.”’

Early studies in adolescents with IGD (see review in ref
6) showed reduced functional connectivity in cortical-sub-
cortical circuits related to drug addiction. Recent studies
have also shown an impaired functional connectivity in
brain regions associated with memory and learning, exec-
utive function, sensory and motor processing,”’ and in
areas associated with reward (prefrontal cortex and stri-
atal circuits).?

Individuals with IGD had greater functional connec-
tivity between the precuneus and brain regions associated
with attention, salience, self-monitoring, and craving.?
However, the nucleus accumbens and the medial OFC in
subjects with this disorder were shown to have lower rest-
ing-state functional connectivity with the ventral tegmental
area.’® Treatment for this disorder with equine-assisted
activities and therapies (EAAT) has improved anxiety and
avoidance attachment scores and has increased functional
connectivity in affective networks, including the amygdala
and the frontal orbital gyrus.’' Subjects with this disorder
were shown to have functional connectivity of the DLPFC
with large-scale brain networks,* and adolescents with
IGD had increased functional connectivity in brain regions
involved in working memory, spatial orientation, and
attention processing.™

Lower functional connectivity in IGD has been shown to
affect executive control function and to have an inverse
relationship with the Stroop effect.** Impulsivity has also
been inversely associated with functional connectivity in
brain regions such as the amygdala, DLPFC, and the OFC**
and has been associated with changes in the frontal-limbic
networks.** Participants with IGD also showed increased
volumes of the ventral striatum (nucleus accumbens) and
dorsal striatum (caudate).*

To sum up, the studies so far have shown decreased func-
tional connectivity in IGD in brain networks that are
involved in cognitive control, executive function, motiva-
tion, and reward. Some of the changes in functional connec-
tivity associated with motivation, craving, and reward are
associated with addiction, whereas others may result from
changes in executive function and sensory-motor processing
that are not related to addiction per se.

Table Il summarizes studies on functional connectivity in
IGD'15,25-27,29-40
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CITATION*

METHOD

PARTICIPANTS

MAIN FINDINGS

Wee et al,”
2014

Functional connectivity in
fMRI

17 1GD adolescents
16 control participants

Disruption of functional connectivity in the frontal, occipital, and
parietal lobes.

Functional connectivity with the frontal, occipital, and parietal
lobes correlated with IGD severity.

Chen et al,*”
2014

Functional connectivity in
fMRI

29 IGD smokers
22 IGD nonsmokers
30 control participants

Decreased resting-state functional connectivity with posterior
cingulate cortex in the right gyrus rectus.

Increased resting-state functional connectivity in the left middle
frontal gyrus in smokers with IGD compared with nonsmokers
with IGD.

Dong et al,®®
2015

Functional connectivity in
fMRI

351GD
36 control participants

Lower functional connectivity in executive-control network.
Functional-connectivity measures in executive-control networks
were negatively correlated with Stroop effect and positively
correlated with brain activations in executive-control regions across
groups.

Ko et al,*
2015

Gray-matter density and
functional connectivity in fMRI

30 male IGD
30 control participants

Lower gray-matter density in the bilateral amygdala and higher
impulsivity.

Lower functional connectivity with the left amygdala over the left
DLPFC and with the right amygdala over the left DLPFC and OFC.
Higher functional connectivity with the bilateral amygdala over
the contralateral insula.

Functional connectivity between the left amygdala and DLPFC
negatively correlated with impulsivity.

Functional connectivity of the right amygdala to the left DLPFC
and OFC also negatively correlated with impulsivity.

Hong et al,*®
2015

Functional connectivity
in fMRI in subdivisions of
striatum

12 male IGD adolescents
11 male control participants

Reduced dorsal putamen functional connectivity with the posterior
insula-parietal operculum.

Time spent playing online games predicted significantly greater
functional connectivity between the dorsal putamen and bilateral
primary somatosensory cortices.

Lower functional connectivity between the dorsal putamen and
bilateral sensorimotor cortices in healthy control participants.

Wang et al,*®
2015

Functional connectivity and
voxel-mirrored homotopic
connectivity (VMHC) method

17 1GD
24 healthy control
participants

Decreased VMHC between the left and right superior frontal gyrus
(orbital part), inferior frontal gyrus (orbital part), middle frontal
gyrus, and superior frontal gyrus.

Zhang et al,*®
2016

Functional connectivity of
the insula in fMRI

74 1GD young adults
41 control participants

Enhanced functional connectivity between the anterior insula and
a network of regions including ACC, putamen, angular gyrus, and
precuneous.

Stronger functional connectivity between the posterior insula and
post-central gyrus, precentral gyrus, supplementary motor area,
superior temporal gyrus.

IGD severity was positively associated with connectivity between
the anterior insula and angular gyrus, and superior temporal gyrus,
and with connectivity between the posterior insula and superior
temporal gyrus.

Duration of internet gaming was positively associated with
connectivity between the anterior insula and ACC.

Cai et al,*®
2016

Functional connectivity
in fMRI in striatal nuclei
(caudate, putamen,

and nucleus accumbens)
volumes

27 I1GD adolescents
30 control participants

Increased volumes of dorsal striatum (caudate) and ventral striatum
(nucleus accumbens) and more errors on the Stroop task.

Caudate volume correlated with Stroop task performance, and
nucleus accumbens volume was associated with the internet
addiction test score in the IGD group.

Table Il (continued overleaf). Studies of functional connectivity in fMRI.

*Studies arranged chronologically by year. ACC, anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex;
fMRI, functional magnetic resonance imaging; IGD, internet gaming disorder; OFC, orbitofrontal cortex;
VMHC, voxel-mirrored homotopic connectivity; VTA/SN, ventral tegmental area/substantia nigra
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CITATION*

METHOD

PARTICIPANTS

MAIN FINDINGS

control participants

Du et al,** Resting-state functional 27 male IGD adolescents IGD adolescents exhibited higher global/long-range resting-state

2017 connectivity density in fMRI 35 healthy control participants | functional connectivity in the bilateral dorsal lateral prefrontal
cortex (DLPFC) and the right inferior temporal cortex/fusiform than
healthy control participants.

Jin et al,®® Functional connectivity 25 IGD adolescents Decreased functional connectivity between the insula, and

2016 21 age- and gender-matched temporal and occipital cortices and dorsal striatum, pallidum, and

thalamus in IGD.
Some of those changes were associated with the severity of IGD.

Wang et al,*
2016

Functional connectivity

37 1GD
35 matched control
participants

Reduced connectivity in the prefrontal cortex, left posterior
cingulate cortex, right amygdala, and bilateral lingual gyrus, and
increased functional connectivity in sensory-motor-related brain
networks in IGD.

Park et al,3¢
2017

Functional connectivity
in fMRI

19 IGD adolescents
20 age-matched control
participants

Higher impulsiveness, higher global efficiency, and lower local
efficiency pathological states.

Topological alterations were specifically attributable to inter-
regional connections incident on the frontal region, and the degree
of impulsiveness was associated with the topological alterations
over the frontal-limbic connections.

Yuan et al,"
2016

Functional connectivity
in fMRI

28 1GD adolescents
25 control participants

Reduced fractional anisotropy in salience network, right central
executive network tracts, and between-network (the ACC-right
DLPFC tracts).

Correlation between the effective and structural connection from
salience network to central executive network and the number of
errors during incongruent condition in Stroop task in both IGD
and control participants.

Kang et al,*
2018

Resting-state functional
connectivity

15 IGD adolescents with
insecure attachment

15 healthy control
adolescents with secure
attachment

Functional connectivity from the left amygdala to the left
parahippocampal gyrus, left medial frontal gyrus, and left inferior
frontal gyrus, and from the right amygdala to the left caudate,
right claustrum, and left inferior frontal gyrus increased.

In IGD adolescents, functional connectivity from the left amygdala
to the left frontal orbital gyrus, and from the right amygdala to the
right corpus callosum also increased.

Han et al,*
2018

Resting-state functional
connectivity

301GD
30 control participants

IGD showed lower static functional connectivity between the right
DLPFC and the left rolandic operculum and higher static functional
connectivity between the right DLPFC and the left pars triangularis.
IGD had decreased dynamic functional connectivity between the
right DLPFC and the left insula, right putamen and left precentral
gyrus, and increased dynamic functional connectivity in the left
precuneus.

The dynamic functional connectivity between the right DLPFC and
the left insula was negatively correlated with the severity of IGD.

Wang et al,*'
2019

Resting-state functional
connectivity and diffusion
tensor imaging—based
structural connectivity of
VTA/SN circuits

33 male IGD

28 male control participants

The nucleus accumbens and medial OFC showed lower resting-
state functional connectivity with VTA in IGD participants.
Resting-state functional connectivity strength of VTA-right nucleus
accumbens and VTA-left medial OFC correlated negatively with
internet addiction test score in IGD participants.

IGD participants showed lower structural connectivity in bilateral
VTA-nucleus accumbens tracts, but the connectivity did not
correlate with internet addiction test score.

Table Il (continued). Studies of functional connectivity in fMRI. *Studies arranged chronologically by year. ACC, anterior
cingulate cortex; DLPFC, dorsolateral prefrontal cortex; fMRI, functional magnetic resonance imaging; IGD, internet gaming
disorder; OFC, orbitofrontal cortex; VMHC, voxel-mirrored homotopic connectivity; VTA/SN, ventral tegmental area/substan-
tia nigra. Parts of Tables | and Il reproduced with permission from ref 6: Weinstein A, Livny A, Weizman A. New developments
in brain research of internet and gaming disorder. Neurosci Biobehav Rev. 2017;75:314-330. Copyright © Elsevier 2017
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Studies of brain activation

The aim of this section is to evaluate brain activation
studies that measure and interpret the change between
a baseline condition and a stimulation condition. Early
studies (see review in ref 6) in IGD participants who were
presented with gaming and neutral images during fMRI
showed activation of brain regions associated with reward,
response inhibition, and cognitive control, and the activa-
tion of these areas was associated with craving in response
to the gaming images. Participants with IGD who played
videogames for 6 weeks responded to videogame cues by
showing increased reactivity in the OFC and ACC. Such
cues activated regions associated with working memory,
attention, and executive function in IGD. A positive rela-
tionship was noticed between the activation and cue-in-
duced self-reported urges for gaming. Similar mechanisms
of cue-induced reactivity of the frontal-limbic network
were shown for gaming and smoking cues. Finally, expo-
sure to figures from the World of Warcraft game activated
the left caudate nucleus, parahippocampal gyrus, right
hippocampus, right cuneus, right inferior parietal lobule,
cerebellum, bilateral temporal cortex, and DLPFC, and
activity in brain regions associated with motivation,
emotion, and cognitive function was positively associated
with craving. Recent studies have shown that watching
video games activates brain regions associated with atten-
tion, executive function, and visuospatial orientation in
individuals with IGD.*° They have also reported changes
in attention to game images and in medial prefrontal
cortex (MPFC) and ACC activation.* Four functional
connectivity networks related to the response to game
cues showed altered engagement/disengagement in IGD.*
Finally, greater cue-induced activations within both the
ventral and dorsal striatum were shown in IGD subjects.
Activity within the left ventral striatum correlated nega-
tively with cue-induced craving in IGD, and activations
within the dorsal striatum had positive associations with
duration of IGD play. These results suggest that a transi-
tion from ventral to dorsal striatal processing may occur
in individuals with IGD.*

Players of massively multiplayer online role-play games
(MMORPGs) have shown lower activity in areas associ-
ated with visuospatial attention and body self-awareness
while reflecting on their own body image.* Furthermore,
increased identification with one’s avatar has been associ-

ated with high left angular gyrus activation in patholog-
ical internet gamers.* Evaluation of ideal self and actual
self in young adults with IGD have been reported to be
more negative than in healthy control participants, and
fMRI-measured brain activity in the inferior parietal lobule
found to be decreased, indicating dysfunctional emotional
regulation.*® While thinking about their game characters,
adolescents with IGD showed activation within MPFC and
ACC, indicating attachment to game figures that are equated
with humans.*

Adolescents with IGD have also shown changes in
emotional regulation, indicated by blunted neural responses
within the striatum, insula, lateral prefrontal cortex, and
ACC in response to negative affective cues and emotion
regulation.”’ Finally, impairment in executive function and
related visual networks, as indicated by performance on the
Stroop task in fMRI, has been reported. Adults with IGD
showed impaired functional connectivity of the right execu-
tive control network, increased cognitive control processing,
and diminished response inhibition.*®

An early study (review in ref 6) by Dong et al, found that
IGD subjects performing the Stroop task showed impaired
response inhibition during exposure to gaming-cue distrac-
tion, revealed by higher activity in the posterior cingulate
cortex and ACC. Participants with IGD showed stronger
impulsivity and reduced activation of the supplementary
motor areas while performing the Go/No-Go task.* Adoles-
cents with IGD showed activation in brain regions asso-
ciated with attention and cognitive control during No-Go
trials.’® During performance on the Go-Stop task, they
showed reduced activation of the frontal-basal ganglia
network and reduced inhibition of undesired movements,
indicating that changes in the prefrontal cortex may be asso-
ciated with impulsivity and impaired cognitive control.”!
IGD participants processing social anxiety words showed
decreased temporal gyrus activation.>

In summary, activation studies show evidence that individ-
uals with IGD have impaired inhibition, a finding supported
by meta-analysis.* There is further evidence that videogame
cues activate craving, as well as working memory, attention,
and executive function. Some of these cognitive, senso-
ry-motor, and emotional processes may not be associated
with addiction per se but with changes to the brain as a
result of prolonged exposure to screens.
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Figure 2. Regions that showed activation in response to internet and videogame cues in internet gaming disorder (IGD)
participants in more than two studies. DLPFC, dorsolateral prefrontal cortex. Reproduced from ref 6: Weinstein A, Livny A,
Weizman A. New developments in brain research of internet and gaming disorder. Neurosci Biobehav Rev. 2017;75:314-330.
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Figure 2 shows brain regions activated in response to
videogame cues in IGD players (reproduced with permis-
sion from Elsevier).

Brain activation studies of reward and decision
making

The following section will describe studies of decision
making and delay discounting in IGD. While performing
a guessing task, IGD participants experienced mone-
tary gain and loss.’* An early study by Dong et al (see
review in ref 6) showed that with consecutive wins on
a repeated—wins-and-losses task in fMRI, IGD partici-
pants had higher brain response in the ACC, insula, and
inferior frontal cortex and lower brain response in the
caudate and posterior cingulate cortex. After consecu-
tive losses, they showed activation of the inferior frontal
gyrus and deactivation of the posterior cingulate cortex.
IGD participants preferred probable options to safe ones
on a probability-discounting task, and they were faster
than control subjects, indicating impulsive decision
making. IGD participants also showed lower response
in the inferior frontal gyrus and the precentral gyrus in
response to options with varying probability.>* Compared
with recreational internet game users, IGD participants
preferred risky options to the fixed ones and spent less
time in making risky decisions.’ This was indicated by
stronger functional connectivity than seen in recreational
internet game users in reward circuits and the executive
control network and lower functional connectivity in the
anterior salience network (ASN).

The behavioral performance and fMRI measures suggest
that altered risk assessment might explain why individuals
with IGD persist in playing online games in spite of detri-
mental consequences. IGD participants, while choosing
probabilistic options, showed decreased activation in the
inferior frontal gyrus and the precentral gyrus. They also
preferred risk-disadvantageous choices and made quick,
risky decisions without utilizing brain regions associated
with impulse control.’” Similarly, decreased reward sensitivity
and enhanced sensitivity to error monitoring regardless of
satisfaction was indicated in adolescents who performed the
probability-discounting task.’® There is also evidence that
negative outcomes have influenced the covariance between
the level of risk and the activation of brain regions associ-
ated with estimation of value, anticipation of reward, and
learning, delineating the underlying neural mechanisms of
risky decision making.* IGD participants who performed
on a delay-discounting task also showed stronger functional
connectivity while selecting small and immediate gains.*
This is further evidence for augmented sensitivity to reward
and decreased impulse control in IGD.®

IGD participants performing a decision-making task have
shown lower changes in the DLPFC and inferior parietal
lobule in response to risk exposure for potential losses and
higher activity in response to reward in the OFC, ventro-
medial prefrontal cortex (vimnPFC), and ventral striatum
for potential gains during outcome processing.®' Partici-
pants with IGD and nicotine smokers who performed the
delay-discounting task showed lower response accuracy
in the DLPFC and vmPFC, and decoding accuracy in the
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DLPFC was associated with impulsivity.®* To sum up, these
studies suggest that IGD, similarly to other addictions, is
associated with long-term changes in decision making and
preference for immediate reward over long-term gains.

Brain imaging studies on dopamine and
serotonin

Dopamine and serotonin (5-HT) have an important role in
drug and alcohol dependence, in particular in reward and
withdrawal mechanisms. This section will review brain
imaging studies on dopamine and 5-HT in IGD. Early
studies in IGD (review in ref 6) that included a small
number of participants showed low levels of dopamine
D, receptor availability and dopamine transporter (DAT)
availability in the striatum. A following study with a larger
number of participants (12 with IGD and 14 control partici-
pants) measured dopamine D, receptor and 5-HT,, receptor
occupancy together with '8F-fluorodeoxyglucose (**F-FDG)
to assess regional brain glucose metabolism via positron
emission tomography.® Results showed decreased glucose
metabolism in the prefrontal, temporal, and limbic regions
together with low dopamine D, receptor availability in the
striatum, which correlated with years of gaming. Reduced
glucose metabolism in the OFC correlated with dopamine
D, receptor occupancy in the striatum.” In summary,
these results suggest that low levels of dopamine-D,— and
5-HT, ,-receptor occupancy together with dysregulation of
the OFC could be an underlying mechanism of compulsive
behavior and loss of control in IGD.®

Discussion

Similar to drug-abuse research, neuroimaging studies of
reward have shown lower dopamine-transporter density and
reduced occupancy of dopamine D, receptors in the stri-
atum, an area that mediates dopamine reward in IGD. This
evidence is further supported by brain-activation studies
showing that video game-playing stimuli activate the brain
similarly to activation by drug cues. These studies show
how cue exposure can affect the brain’s reward, processing
of sensory information, and self-reflection. There is also
evidence for long-term changes as a result of play, indi-
cated by an association between activity in the striatum and
duration of IGD. Regular use of the internet for gaming
was also associated with impulsivity and impaired cognitive
control and impaired function of the prefrontal cortex in

adults and adolescents. There is further evidence for lower
connectivity in brain regions that are involved in cognitive
control, executive function, and processing of motivation
and reward that are also involved in substance-use disorders.
This evidence provides strong support for the inclusion of
IGD as a behavioral addiction alongside other behavioral
addictions such as gambling disorder.

The brain changes that are associated with use of the
Internet and videogames are not only associated with
reward, but with a myriad of sensory, cognitive, and motor
functions. Changes in the brain’s resting state are associ-
ated with addiction, but also may result from enhanced
sensory, cognitive, and motor effects on the brain. Similarly,
structural changes in gray-matter volume and white-matter
density are associated with addiction, but they are also asso-
ciated with enhanced sensory, cognitive, and motor effects
on the brain. Some of the changes in functional connec-
tivity associated with motivation, craving, and reward are
associated with addiction, whereas others may result from
changes in executive function and sensory-motor processing
that are not related to addiction per se. Activation studies
demonstrate changes in body image, adoption of a virtual
self, and experience of emotional changes that are unique
to multiplayer gaming. Playing computer games online acti-
vates many brain areas responsible for cognitive, motor, and
sensory function that are not directly involved in addiction,
indicating the pervasive effects of screen use on the brain.

Studies of comorbidity of IGD with attention deficit-hyper-
activity disorder (ADHD) and depression have provided
new insights into the brain mechanisms that underlie these
disorders. Executive control mechanisms in ADHD may
increase susceptibility to develop IGD.** Adolescents with
ADHD may play cyber games to increase their capacity to
focus their attention.® IGD participants with ADHD had
larger gray-matter volume in the right precuneus and smaller
gray-matter volume in the right inferior frontal gyrus than
IGD participants without ADHD and control participants.5
Patients with ADHD and IGD who were treated with cogni-
tive behavioral therapy and medication showed improved
functional connectivity between the cortex and subcortex in
all ADHD and IGD patients, with good prognoses after 1-year
treatment.®”” IGD patients with a major depressive episode
had an impaired ability to inhibit activity in the hippocampus
while performing the Wisconsin Card-Sorting Test.®® Further-
more, they showed diminished functional connectivity with
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the prefrontal cortex.® Treatment of IGD was associated with
decreased connectivity between the amygdala and the middle
frontal and precentral gyrus. Impaired functional connectivity
between executive control and emotional mechanisms, a
characteristic of depression, can be ameliorated in IGD.”
IGD participants also showed greater functional connectivity
of brain areas involved in executive control that are associ-
ated with comorbid ADHD and depressive disorder.”!

Conclusions

Studies thus far have shown reward deficiency, reduced
impulse control mechanisms, impaired decision making,
and impulsivity in IGD. Studies on comorbidity of IGD and
ADHD indicate that executive control networks in ADHD
may increase the susceptibility to develop IGD. Similarly

to depression, IGD can be ameliorated by treating dysfunc-
tional connectivity between emotion and executive control
mechanisms. Finally, the neurobiological mechanisms of
IGD and excessive use of digital media require further
examination, in particular in young children and adoles-
cents since it expands to domains such as media, social
communication, and multitasking, with deleterious effects
on reading and executive function. B
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