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Abstract
Internet Gaming Disorder (IGD) is a concerning issue that requires further research. Here, we
seek to examine its neural etiology with an emphasis on the role of the insula. To do so, we
relied on the tripartite neurocognitive model of addictive behaviors as applied to IGD. We
hypothesized that (1) video game cues will elicit stronger reward system activation, and
weaker prefrontal activation in gamers vs. controls, (2) the IGD scores of gamers will be
positively associated with activation of the reward system and negatively with activation of
prefrontal regions, (3) deprivation from video gaming will result in increased activation of the
insula, when gamers are exposed to videogame cues vs. to neutral cues, and (4) in deprivation
conditions, there will be positive and negative coupling, respectively, between activation of
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the insula and the reward and prefrontal regions in gamers. We tested these hypotheses with a
design with one between-subjects factor (gamers vs. controls), and two within-subjects factors:
stimuli (gaming vs. neutral; for all participants) and session (deprivation vs. satiety; only for
gamers). Findings based on functional magnetic resonance imaging (fMRI; applied to all 52
subjects, 26 gamers and 26 controls) and psychophysiological interaction (PPI; applied to the
26 gamers) engaged in a video-reactivity task supported our assertions. The IGD score
positively correlated with activity in the right ventral striatum and negatively with activity in
the right dorsolateral prefrontal cortex (DLPFC). Left insular cortex activity was the highest
when observing video gaming cues under deprivation. Lastly, there was an increased coupling
between the left insula and left ventral striatum and a decreased coupling with left DLPFC
when observing video gaming cues compared to when watching control videos in the
deprivation condition.
Keywords: insular cortex, Internet Gaming Disorder, Tripartite Neurocognitive Model,
Decision Making, Interoceptive awareness, fMRI

Introduction
Video gaming has become a popular form of leisure activity. For example, in China, there
were 554 million mobile game users in 2017, out of which 7.5% played for over 2 hours per
day 1. While low to moderate levels of gaming may induce some beneficial brain plasticity 2,
improved hand-eye coordination 3, and reduced interest in illicit substances 4, high-levels of
gaming can sometimes be excessive and adversely affect gamers’ normal functioning by
replacing other desirable activities 5,6.
Thus, excessive gaming can manifest in symptoms that are consistent with those observed in
behavioral addictions (i.e., salience [video gaming dominates people’s thoughts and
behaviors], tolerance [there is an increased need to video game more], mood modification
[video gaming creates relief], conflict [video gaming conflicts with desirable behaviors],
withdrawal [deprivation creates dysphoria], and relapse [attempts to quit video gaming are
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doomed to fail]) 7,8. While the recent Diagnostic and Statistical Manual of Mental Disorders
(DSM-5) does not yet formally recognize this phenomenon as a mental disorder, it calls it
Internet Gaming Disorder (IGD) and advocates for more research on it 9. Similarly, the World
Health Organization calls it Gaming Disorder in its 11th Revision of the International
Classification of Diseases (ICD-11) 10. It defines it as a pattern of video-gaming that is
characterized by increased salience of gaming, loss of control over gaming, and continuation
of or increase in gaming despite its negative consequences. It is vital to study IGD given its
potential adverse impacts on users, their families, and possibly nations 11. Hence, we seek
here to understand better the etiology of IGD, and specifically its neural underpinnings.
Because addictive behaviors can be viewed as a form of maladaptive responses to relevant
cues 12,13, it has been argued that IGD can be explained with a Tripartite Neurocognitive
Model 14. This model is based on the extension of traditional dual-process models of
maladaptive decision making 15,16 that also accounts for interoceptive awareness processes.
Ineroceptive awareness processes encompass the translation of somatic signals (e.g., in states
of deprivation) into a subjective state of desire 17. The dual-process part of this model
suggests that the development and maintenance of IGD relate to hyperactivity of the reward
(amygdala-ventral striatal dependent) system in response to videogame cues, coupled with the
weakening of inhibition abilities (prefrontal cortex, and specifically DLPFC dependent; it can
also include the ventromedial prefrontal, orbital frontal and anterior cingulate cortices) in
response to videogame cues. The third system that extends this model is the interoceptive
awareness system (insular cortex [insula] dependent), which senses somatic signals of
deprivation from videogame reward, and translates them into a subjective desire. This, in turn,
exerts an influence on the balance between the reward- and inhibition- systems. Specifically,
engaging the insula hijacks or weakens prefrontal activity (negative coupling), and
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exacerbates or enhances dopaminergic circuits (positive coupling) 18-20. When interoceptive
signal processing is disrupted, for example, through lesions to the insula, the desire to seek
reward resulting from deprivation is reduced, and individuals can more easily extinguish
addictive behaviors 21.
This model has been shown to explain several addictive behaviors 22,23. In addition, the roles
of the reward and inhibition systems have been demonstrated in prior IGD studies 24,25. What
is missing for a more comprehensive theoretical account of the brain underpinnings of IGD is
a focus on the role of the insula, and an integrative examination of the Tripartite
Neurocognitive Model. We address this gap in this study.
Specifically, systematic reviews provide preliminary but inconsistent support for the dualprocess assertions (but less so to the existence of the third system), by showing that IGD cases
differ from controls in the activation of the abovementioned regions 6. Nevertheless, past
results were somewhat inconsistent. For example, Ko, Liu, Hsiao, Yen, Yang, Lin, Yen, Chen
26

found increased activity in response to video gaming cues in the reward system but also in

prefrontal regions in IGD cases; and Lee, Lee, Chun, Cho, Kim, Jung 27 found compromised
(reduced) frontal functioning in IGD cases. The inconsistencies may stem, in part, from the
yet-to-be agreed-upon measures and cutoffs for classifying people as IGD cases 28. In addition,
there is limited evidence for the relevance of the interoceptive awareness system in IGD. To
bridge these gaps, extend the dual system view by integrating it with activations of the
interoceptive awareness system in response to cues under deprivation conditions. Here, we
avoid the use of artificial cutoffs by treating IGD as a continuous concept that captures the
level of addiction-like symptoms that video-gamers experience.
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Given that gaming drives dopamine release in video gamers 29 and can become habituated and
less-inhibited 30, our first hypothesis (H1) is that video game cues elicit stronger reward
system activation and weaker prefrontal activation in gamers vs. controls. Based on the dualprocess model of addiction 12,15,16, and in line with evidence from other addictive behaviors 15,
our second hypothesis (H2) is that the IGD scores of gamers are (a) positively associated with
activation of the reward system and (b) negatively associated with activation of prefrontal
self-control regions. Based on the Tripartite Neurocognitive Model extension to IGD, we test
the third hypothesis (H3) that deprivation from video gaming will result in increased
activation of the insula when gamers are exposed to videogame cues vs. to neutral cues. The
same model suggests that this activation increases reward system activity and decreases
prefrontal activity through coupling. As such, our fourth hypothesis is that in deprivation
conditions, there will be (H4a) positive coupling between the insula and the reward system
and (H4b) negative coupling between the insula and prefrontal self-control regions. We test
H1 through comparing fMRI responses to video gaming cues in gamers vs. controls, H2
through correlational analyses of fMRI responses and IGD scores, and H3 through comparing
fMRI responses to neutral vs. video gaming cues in deprived gamers. Lastly, H4 is tested with
PPI analysis applied to deprived gamers. It links the activation of the hemisphere of insula
identified by testing H3 to prefrontal and reward system activations. This design allows
testing between- and within-subject differences in response to video gaming stimuli and
extending prior works that have primarily overlooked within-subjects differences between
video gaming deprivation and satiety conditions.

Methods
Participants
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Fifty-two healthy volunteers read and signed an informed consent form, which was approved
by the Institutional Review Board of a research university. They were recruited through two
types of flyers. One flyer targeted intensive League of Legends (LOL) gamers (advertised as
playing about 3 hours of hours/day and having >1.5 years of LOL experience). The other
recruited controls who do not play LOL and have not played videogames in the last six
months. We focused on LOL (a multiplayer battle arena game) because it is highly popular; it
had 100 million monthly active players in 2016 31. We ultimately recruited 26 intensive LOL
players (LOL or gamers, 6 females; Mage = 20.46 ± 2.10 years), and 26 age- and sex-matched
controls (CNT, 6 females; Mage = 20.69 ± 2.21 years). The sample was male-dominant, which
presumably represented the population of gamers in China 1
Procedures
Participants came to the lab for one or two sessions; the choice depended on group affiliation
(LOL or CNT). During their first session, both groups were interviewed regarding their LOL
play patterns. The criteria for intensive LOL players were 1) having at least 1.5 years of LOL
experience, and 2) spending about 3 hours per day playing LOL. The criteria for the control
group were 1) having no experience with LOL, and 2) not playing videogames in the last six
months. All participants were required to be right-handed. Both groups were next interviewed
using a computerized version of the Structured Clinical Interview for DSM-5 (SCID-5)
regarding current or lifetime neurological disorders that may affect the results. These included
psychoses, major depressive episode, and major depressive disorder, heavy drinking,
substance abuse, schizophrenia, current and history of anxiety disorders, and bipolar disorder.
Participants were also screened for alcohol use using AUDIT (Alcohol Use Disorders

1

In 2015, 73% of gamers in China were males (see: https://www.go-globe.com/online-gaming-china/).
The proportion in our sample was 20/26=76.9%.
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Identification Test), and smoking dependence using FTND (Fagerström Test for Nicotine
Dependence). There were no differences between the two groups in alcohol (gamers: 0.62 ±
0.75; controls: 0.42 ± 0.70; t(50) = 0.95, p = 0.35) and cigarette use (gamers: 0.31 ± 0.47;
controls: 0.54 ± 0.51; t(50) = -1.70, p = 0.10). Participants were also questioned regarding
abnormal uncorrected vision. No exclusions were made based on any of the criteria; no
current or lifetime disorders were reported.
Next, both groups reported age and sex. The gamers completed an online survey that included
several descriptive variables related to LOL play (see details below). All participants were
scanned in an fMRI device while performing a video reactivity task. Cue reactivity tasks are
commonly used to elicit BOLD signals in brain regions that are relevant to addictive
behaviors 32. Gamers were invited to return for another fMRI scan, which was scheduled for
at least one month after the first session (mean difference: 38.4 ± 5.1 days, 31-45 days). In the
second scan, they finished the same fMRI tasks but under a different condition. Specifically,
we employed two conditions, normal play and deprivation, the order of which was
counterbalanced across participants. In one session, gamers were asked to avoid LOL playing
from 6 PM of the previous day (i.e., deprivation condition). In the other session, they were
asked to play normally. They were invited to play LOL right before the scan (i.e., satiety
condition). The scan of the deprivation condition took place between 10-11 AM, to ensure
exposure to the same deprivation duration. In all between-sessions analyses, results remained
virtually identical when we added session order as a factor. We checked manipulation
effectiveness by asking participants to rate their craving for playing LOL in both sessions,
right before the scan. The control group was scanned only once, because it was naturally
deprived of LOL, and had no basis for craving LOL.
Survey
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The survey captured age and sex in both groups. It captured years of experience with
videogames (not just LOL) and LOL daily use frequency only in the LOL group. It also
captured IGD scores in the LOL group with the IGD-Short Form scale by Pontes, Griffiths 33
on a 1-7 Likert Scale; see items in supplementary materials A. The scale was reliable (α =
0.877). It captures the last three months’ extent of sensing DSM-5 addiction-like symptoms
concerning playing LOL. We used a forward-backward translation process to ensure
equivalency between the original English version and the translated Chinese version.
Video Reactivity Task
This task used videos instead of static images because LOL is a dynamic online game. We
hence assumed that gaming videos would serve as more potent cues for gamers. In this task,
the brain activity was measured when participants watched two categories of video stimuli:
LOL videos and control videos (see example stimuli in supplementary materials B). There
were 12 videos (six LOL and six control videos) in total. Each video was 30 seconds long.
The LOL videos included screen captures of someone who played LOL. The control videos
were selected from news reports and tried to match the movements, pace, and scenes in the
LOL videos. In a pilot study, we asked 15 participants (not included in the main study) who
had some LOL experience to rate their familiarity with, perceived vividness, and colorfulness
of all videos, using a 1-7 Likert scale. Results suggested that the videos were matched on all
three dimensions (see statistics in Table S1 of the supplementary materials C). The task
used a block design: each video played as one block, preceded by two seconds of fixation
display “+,” and followed by 20 seconds of a blank screen. The order of the presented videos
was counterbalanced across participants (LCCLLCCLLCCL or CLLCCLLCCLLC 2).
fMRI Protocol and Analyses
2

L= LOL video; and = control video
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FMRI protocol details are given in supplementary materials D. Data preprocessing and
statistical analyses were performed with FSL (version 6.0.1, www.fmrib.ox.ac.uk/fsl). fMRI
images were realigned to compensate for small residual head movements 3. Data were
spatially smoothed using a 5-mm full-width-half-maximum (FWHM) Gaussian kernel. The
data were filtered using a nonlinear high pass filter with a 100-second cut-off. A two-step
registration procedure was used whereby EPI images were first registered to the MPRAGE
structural image, and then into standard MNI space, using affine transformations. Registration
from MPRAGE structural image to standard space was further refined using FNIRT nonlinear
registration. Statistical analyses were performed in the native image space, with the statistical
maps normalized to the standard space prior to higher-level analyses. The data were modeled
at the first level using a general linear model (GLM) within FSL’s FILM module.
Brain activations for both LOL videos and control videos were modeled in the single-subject
level. The boxcar response was convolved with the canonical hemodynamic response
function (HRF, double-gamma) to generate regressors used in the GLM. Temporal derivatives
were included as covariates of no interest to improve statistical sensitivity. Resting periods
were not explicitly modeled, and therefore constituted an implicit baseline. The six movement
parameters were also included as covariates in the model. Higher-level random-effects
models were tested for group differences using FMRIB’s Local Analysis of Mixed Effect
stage 1 only with automatic outlier detection.
The activity difference between LOL and control videos were entered at the second level
analysis. Two comparisons were made between groups/sessions. First, the LOL and control
groups were compared to examine activity differences between the LOL videos and the
control videos. Second, the activity difference was also compared between satiety and
3

Translational movement parameters never exceeded 1 voxel in any direction for any participant.
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deprivation sessions in the LOL group. This was done to understand the modulatory effect of
deprivation better. Group images were evaluated with a height threshold of Z > 3.1 and a
cluster probability of p < 0.05, corrected for whole-brain multiple comparisons based on
Gaussian random field theory.
To better illustrate the brain activity differences in each condition and each group, regions of
interest (ROI) were created from clusters of voxels with significant activation differences in
the voxel-wise analyses. Analyses were performed by extracting parameter estimates (betas)
of each type of stimuli from the fitted model and averaging across all voxels in the cluster for
each participant. To restrict the number of multiple comparisons, we only extracted the
following ROIs: right ventral striatum (Figure 2A, Figure 4B), left (Figure 4C), and right
(Figure 2B, Figure 4D) DLPFC, and left insular cortex (Figure 4A). Family-wise errors
were corrected using Bonferroni correction. For analysis of correlations between behavioral
and ROI data, robust regression was used to minimize the impact of outliers in the behavioral
data, using iteratively reweighted least-squares implemented in the robustfit command in
MATLAB. Reported r-values reflect (non-robust) Pearson product-moment correlation values.
In contrast, the reported p-values and regression lines are based on the robust regression
results.
To better understand the connectivity between brain regions, psychophysiological interaction
(PPI) analysis was performed using data from all sessions with LOL participants. A time
series of significantly activated voxels in the left insular cortex cluster was extracted for each
participant. The PPI analysis followed FSL community guidelines
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/PPI). For each individual session, we included LOL
video, control video, insula time course, as well as two interactions of LOL video by insula,
and control video by insula. Group analyses were performed to examine group differences
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between interactions and to specifically find whether brain connectivity with left insula
differed between LOL and control videos. Group images were evaluated with a height
threshold of Z > 3.1 and a cluster probability of p < 0.05, corrected for whole-brain multiple
comparisons based on Gaussian random field theory.

Results
Behavioral Results
The two groups were matched on age (t(50) = 0.39, p = 0.70) and sex. The LOL group had,
on average 8.11 ± 2.75 (standard deviation) years of online video gaming experience. In the
past three months, they spent, on average 3.88 ± 1.45 days per week on LOL. They spent
about 2.42 ± 0.95 hours on each game. Their average IGD score was 3.90 ± 1.13 (2.63 to
6.63). The mean of 3.90, which is based on a sample of heavy gamers, is much higher than
the mean reported by the original study of this scale, which was based on a sample of the
general population of gamers (2.00 on a 1-5 Likert scale, which is equivalent to 2.93 on a 1-7
Likert scale). While there is no formal way to classify people as clinical IGD cases or not, our
results increase confidence in our focus on people with a range of and some with relatively
high IGD scores. Because the video task required only passive viewing, no behavioral
measures were generated. Nevertheless, participants were monitored by an eye-tracking
system to ensure they were awake and attentive during the video presentation. Right before
the scan, the LOL group reported their craving on a 7-point Likert scale (1 = no craving at all,
7 = want to play really badly). Results pointed to significantly different cravings in the two
sessions (deprivation: 6.27 ± 0.60; satiety: 5.23 ± 0.71; t(25) = 5.78, p < 0.001), suggesting
that our manipulation produced the desired craving.
fMRI Results
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First, a second-level random-effects model was estimated in order to examine activation
differences between the groups on LOL-CNT video contrast. This was done with a mixed 2way ANOVA with stimuli as a within-subjects factor (LOL vs. control video) and group as a
between-subjects factor (LOL vs. CNT group). Results suggested no significant differences in
activation based on either stimuli or group (direct effects). However, stimuli x group
interaction had significant effects on the following brain regions (Table 1 4): right ventral
striatum (Figure 1A), right DLPFC (Figure 1B), left frontal pole (Figure 1C), and bilateral
ventromedial prefrontal cortex (VMPFC, Figure 1D). Results suggested that the right
striatum had a significantly stronger activation when gamers watched LOL videos than when
watching control videos; and when controls watched control videos compared to when
watching LOL videos (Figure 2A). In contrast, when gamers watched LOL videos, they
showed lower prefrontal activity than when watching control videos, while the control group
did not show such differences (Figure 2B). Furthermore, using the LOL-CNT contrast, the
IGD score significantly positively correlated with activity in the right striatum (Figure 2C),
and negatively correlated with activity in the right DLPFC (Figure 2D).
***Insert_Table_1_,_Figure_1_and_ Figure_2_About_Here***
Next, a second-level random-effects model was estimated to examine activation differences
between the two sessions (deprivation vs. satiety) of the LOL group (i.e., gamers only). This
was done with a within-subjects two-way ANOVA, in which “stimuli” and “session” were
within-subjects factors. Results pointed to a significant main effect of “session” in the left
(Table 2 and Figure 3A) and right insular cortex (Table 2 and Figure 3B). No voxels

4

Currently there are no tools for calculating effect sizes for fMRI data. We therefore reported
the effect sizes in all behavioral analyses, but not in fMRI analyses.
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showed main effect of stimuli. There were significant interaction effects in the right ventral
striatum (Table 3 and Figure 3C), bilateral DLPFC region (Table 3 and Figure 3D), as well
as the left insular cortex (Table 3 and Figure 3E). The activity in the left insular cortex was
extremely higher when watching LOL videos in the deprivation condition than in all other
conditions (Figure 4A). Activity in the right striatum was higher in deprivation condition
than in satiety condition when participants watched LOL video (Figure 4B). Bilateral DLPFC
activation was lower in the satiety condition than in the deprivation condition when watching
LOL videos (Figure 4C, Figure 4D).
***Insert_ Table_2_Table_3_and_Figure_3_and_Figure_4_About_Here***
Last, we used the left insula, which showed an interaction between session and stimuli, as a
region of interest and applied PPI analysis. Results showed increased coupling between the
left insula and left ventral striatum when watching LOL videos compared to when watching
control videos in the deprivation condition, but not in the satiety condition (Table 4 and
Figure 5). It also showed a decreased coupling between the left insula and left DLPFC when
watching LOL videos compared to when watching control videos in the deprivation condition,
but not in the satiety condition (Table 4 and Figure 5).
***Insert_ Table_4_and_Figure_5_About_Here***

Discussion
This study sought to empirically test the Tripartite Neurocognitive Model of IGD, and more
broadly, to provide evidence for the relevance of brain systems that were implicated in other
addictive behaviors to the case of video gaming. More importantly, this study addressed the
question of whether deprivation from external sensory cues, such as video games, has the
capacity to induce a deprivation state similar to that induced by ingested substances, which
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generate interoceptive signals mediated through the insula. Because deprivation is needed for
activation of the interoceptive process described in the tripartite model, we used a design with
one between-subjects factor (gamers vs. controls), and two within-subjects factors: stimuli
(LOL vs. neutral; for all participants) and session (deprivation vs. satiety; only for gamers).
We focused on one popular and possibly “addictive” video game, namely League of Legends
34

.

The first hypothesis focused on the general involvement of reward and self-control centers in
the brain in responding to video gaming cues. Because video gaming is intrinsically
rewarding 29, we expected that video gaming cues drive stronger reward system activation,
compared to neutral cues, especially in gamers. Because through repetition and learning
gamers habituate their behavior, beyond awareness and self-control 30, we expected that
video gaming cues drive weaker prefrontal activation in gamers. Our results supported the
first hypothesis and showed that the ventral striatum was more strongly activated and that the
left frontal pole and DLPFC were more weakly activated in gamers in response to game cues
than in controls. These results suggest that it is reasonable to posit that video gaming can
overtime sensitize the brain in such a way that video gaming becomes increasingly automatic
and dissociated from long-term motives 12,13. Because this process is necessary for IGD
development 35,36, future research can rely on such findings and examine the processes
through which normal video gaming transitions into IGD.
The second hypothesis addressed the dual-system perspective of addiction 15,37. Predicated on
the idea that IGD may be similar to other addictive behaviors 38,39, we expected IGD scores of
gamers to be positively associated with reward system activation and negatively with
inhibition system activation. The observed positive associations between IGD scores and right
ventral striatum activity and negative association with the right DLPFC activity supported our
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hypothesis. These results are in line with several studies on IGD 6, but point to possible
differences between excessive use of different technologies. While here we observed
dysregulation deficits in both the reward and self-control brain systems, in the case of social
media, excessive use scores manifested primarily from hyperactivity of the reward system,
and the prefrontal-inhibition system was intact 40,41. These differences suggest that the concept
of excessive use of technology may be too broad. Instead, the excessive use of each
technology can have its own etiology that should be studied independently.
It should also be noted that these findings can be inconsistent with some of the findings of
two meta-analyses, which are also inconsistent in their results. In one meta-analysis of cuereactivity studies, people with IGD were found to exhibit no significant DLPFC impairment
and no differences in the striatum 42. In another 43, nucleus accumbens responses were
consistent with what we observed here. Still, there was also increased activity in the inferior
frontal gyrus. Such differences may be an artifact of the differences between our cuereactivity task (video-based) and prior studies, the use of artificial cutoffs for IGD
classification in prior studies, and/or our focus on LOL vs. a different range of games that
other studies have focused on. Such differences ultimately allude to the need to further study
the brain etiology of IGD under different conditions and with different tasks.
The third hypothesis was based on findings from studies of the insula 44, and suggested that
deprivation from video gaming will result in increased insular activation when gamers are
exposed to videogame cues. As a center for processing somatic markers and developing
interoceptive awareness of “needs” 45, the insula mediates cue-induced cravings in substance
use contexts, such as smoking 46,47 and opioid use 48. We found that the left insula is activated
when video gamers are deprived of gaming and are exposed to video gaming cues. This result
not only supports our hypothesis (at least in a lateralized fashion), but also points to an

This article is protected by copyright. All rights reserved.

additional potential similarity between IGD and other addictive behaviors in terms of the role
of the insula 44, and to the potentially overlooked role of the insula in understating online
gaming behavior. The observed insular activation in response to deprivation from video
games is similar to insular responses to deprivation from substance use 45.
The last hypothesis suggested that the observed insular activation in the deprivation condition
is associated with increased reward system activity and decreased prefrontal activity. This
hypothesis was based on evidence derived from other addictive behaviors 19,45,49,50, such as
smoking, where deprivation states exert an influence on the dual neural systems via the insula
17

. The hypothesis also implied that deprivation states and the insula play a similar role in

IGD, as in other addictive behaviors 14. Our results support this hypothesis. The PPI analysis
showed that under deprivation (but not satiety) conditions, left insula activation was
positively associated with left ventral striatum activation, and negatively associated with left
DLPFC activation. This lends support to the theoretically assumed role of insular activity in
sensitizing dopaminergic systems and reducing the ability of key prefrontal regions to
respond to the stimuli 14. It points to further similarity between neural models of substance use
45

, gambling 49, food intake 22, and IGD.

From a practical standpoint, our findings suggest that the insula can be a target for
interventions developed in future research for treating IGD. Its activity can be modulated with
transcranial direct current stimulation 51 and repeated transcranial magnetic stimulation 52.
Disrupting its activity can extinguish addictive behaviors such as smoking 45. Thus, future
research can consider testing insula-based interventions for reducing IGD. Moreover, our
findings can also explain changes in video gaming behavior in subjects with insular lesions 53.
Despite these promising findings and implications, our results should be interpreted with
caution, given the limitations of our sample and design. Our sample was small, included
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mostly young-adult males, all from one country (China), all right-handed, and all played a
specific video game. Generalizability to other populations and video games should be
established in future research. These limitations may also underlie the inconsistent laterality
we observed here: while most deprivation processes (H3 and H4) were lateralized to the left,
IGD-related deficits (H2) were lateralized primarily to the right. This could be an artifact of
the right-handedness of the sample, the fact that it is male-dominant, or its size, which may
not have afforded to detect bilateral processes. Future research should examine such issues. In
addition, we measured cue responses in an experimental setting, where the cues may not be as
potent as real cues (e.g., watching one’s own game). While the cues were sufficiently potent
to elicit the expected activations, future research should consider different designs that
include more naturalistic cues, and extend the cue-reactivity paradigm we employ here to
capture behavioral measures (e.g., by using a go/no-go paradigm). It may also extend our
findings by examining associations between craving and neural activity.

Conclusion
Video gaming can benefit many users. Nevertheless, it can result in some gamers in high
levels of IGD. We sought to examine the neural underpinnings of IGD as a first step in
developing interventions aimed at IGD preventions and reduction. Our findings lend
empirical support to a tripartite model of IGD, according to which the interaction between
reward, inhibition, and interoceptive awareness brain systems determines responses to video
gaming cues, and is associated with IGD symptoms.
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Data availability: The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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Tables
Table 1 Brain regions showing significant interaction between group and stimuli

L/R

Brain Region

No of Voxels

L

Frontal Pole
Ventral Striatum extending to
VMPFC
DLPFC

479

L/R
R

MNI Coordinates
x
y
z
-26
36
-4

z
5.04

395

6

28

-14

4.26

185

46

14

22

4.84

Table 2 Brain regions showing significant main effects of session (deprivation > satiety)

L/R

Brain Region

No of Voxels

L
R

Insula
Insula

236
144

MNI Coordinates
x
y
z
-36
10
-8
36
8
-2

z
5.22
4.50

Table 3 Brain regions showing significant interaction between session and stimuli

L/R

Brain Region

No of Voxels

L
R
L
R

Insula
DLPFC
DLPFC
Ventral Striatum

308
284
206
105

MNI Coordinates
x
y
z
-34
0
4
44
32
-16
-42
32
-16
8
10
-6

z
5.30
4.41
4.34
4.83

Table 4 PPI results with the left insular cortex as seed region

L/R
L
L

MNI Coordinates
x
y
z
Deprivation Condition (LOL > Control Videos)
Ventral Striatum
151
-24
-6
8
Deprivation Condition (Control > LOL Videos)
DLPFC
162
-50
0
6
Brain Region

No of Voxels
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zscore
4.28
5.09

Satiety Condition (LOL > Control Videos)
NONE
Satiety Condition (Control > LOL Videos)
NONE
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Figures

Figure 1: Brain regions that showed a significant interaction effect of stimuli by group. A)
ventral striatum; B) right dorsolateral prefrontal cortex; C) left frontal pole; D) ventromedial
prefrontal cortex. Images were mapped onto a standard brain with the left side of the paper
represent the right side of the brain for A), C), and D). The numbers below each subplot
indicate the slice number. The color bar represents the Z statistics.
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Figure 2: Brain activity pattern of the right ventral striatum (A) and right DLPFC showed an
interaction between group and stimuli. Results suggested that the right striatum responded
with higher activity when the LOL group watched LOL videos compared to when they
watched control videos; and when the control group watched the control video compared to
when they watched LOL videos. In contrast, when the LOL group watched LOL videos, they
showed less prefrontal activity compared to when watching the control video. The control
group did not show such differences. Brain behavior correlation also suggested that in the
LOL group IGD scores were positively correlated with the activity difference of the right
striatum when watching LOL videos vs. control videos (C), and negatively correlated with the
activity difference of the right DLPFC when watching LOL videos vs. control videos (D).
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Figure 3: the left (A) and right (B) insular cortex showed a significant main effect of
“session.” There were significant interaction effects in the right ventral striatum (C), bilateral
DLPFC region (D), as well as the left insular cortex (E). Images were mapped onto a standard
brain with the left side of the paper representing the right side of the brain for (C) and (D).
The numbers below each subplot indicate the slice number. Color bar represent the Z statistics.
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Figure 4: The activity of the left insular cortex (A), the right ventral striatum (B), the left (C),
and right (D) DLPFC showed interaction of session and stimuli. Activity in the left insular
cortex was higher when watching LOL videos in the deprivation condition than in all other
conditions (A). Activity in the right striatum was higher in deprivation condition than in
satiety condition when participants watched LOL video (B). Bilateral DLPFC activation was
lower in the satiety condition than in the deprivation condition when watching LOL videos (C
and D). Error bar represented the standard error.
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Figure 5: Using the left insular cortex as a region of interest, PPI analysis showed increased
coupling between the left insula and ventral striatum (red region) when watching LOL videos
compared to when watching control videos in the deprivation condition, but not in the satiety
condition. It also showed decreased coupling between the left insula and left DLPFC (blue
region) when watching LOL videos compared to when watching control videos in the
deprivation condition, but not in the satiety condition.
Images were mapped onto a standard brain with the left side of the paper representing the
right side of the brain for the upper panel. The numbers below each subplot indicate the slice
number. Color bar represent the Z statistics.
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Supplementary Materials
A. IGD Scale
IGD Scale- Short Form (borrowed from Pontes, Griffiths 33)
Reflecting on your LoL play in the latest 3-month period, to what extent….
[1=very low extent/never; 7=very high extent/very frequently]
1. Do you feel preoccupied with your gaming behavior? (Some examples: Do you
think about previous gaming activity or anticipate the next gaming session? Do you
think gaming has become the dominant activity in your daily life?)
2. Do you feel more irritability, anxiety or even sadness when you try to either reduce
or stop your gaming activity?
3. Do you feel the need to spend an increasing amount of time engaged in gaming in
order to achieve satisfaction or pleasure?
4. Do you systematically fail when trying to control or cease your gaming activity?
5. Have you lost interest in previous hobbies and other entertainment activities
because of your engagement with the game?
6. Have you continued your gaming activity despite knowing it was causing
problems between you and other people?
7. Have you deceived any of your family members, therapists, or others because of
the amount of your gaming activity?
8. Do you play in order to temporarily escape or relieve a negative mood (e.g.,
helplessness, guilt, anxiety)?
9. Have you jeopardized or lost an important relationship, job or an educational or
career opportunity because of your gaming activity?

B. Sample Stimuli
External File A: Supplemental-LOL video. AVI
External File A: Supplemental-Control video.AVI

C. Table S1- Ratings of the materials (1-7 Likert Scale, N = 15)
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Dimension

LOL video

Control video

Statistics

familiarity

5.67 ± 1.18

5.87 ± 0.83

t(14) = -0.59, p = 0.57

vividness

4.80 ± 1.21

4.67 ± 1.45

t(14) = 0.29, p = 0.78

colorfulness

5.80 ± 1.15

5.87 ± 0.99

t(14) = -0.16, p = 0.88

D. fMRI Protocol Details
The MRI scans were performed in a 3T Siemens MAGNETOM Tim/Trio scanner at the
Brain Imaging Center at a research University. Participants lay in the supine position on
the scanner bed. Foam pads were used to minimize head motion. They were instructed to
rest and avoid head movement during the structural scan. During the fMRI scan, the task
was back-projected onto a screen through a mirror attached to the head coil. Stimulus
presentation and timing of all stimuli and response events were operationalized with Eprime (version 2.0) on an IBM-compatible PC. The T1-weighted 3D-Magnetization
Prepared RApid Gradient Echo (MPRAGE) sequence was used for covering the whole
brain for registration purpose (TR (repetition time)/TE (echo time) = 2530/3.39 ms, flip
angel = 7o, matrix = 256 × 256, 196 sagittal slices, 1 mm isotropic resolution). Functional
MRI images were acquired with blood oxygen level dependent (BOLD) scan using a zshim gradient echo EPI (echo planer imaging) sequence with PACE (prospective
acquisition correction). This specific sequence is designed to reduce signal loss in the
prefrontal and orbitofrontal areas. The PACE option can help reducing the impact of head
motion during data acquisition. The scanning parameters were: TR/TE = 2000/25 ms; flip
angle = 90°; 64 × 64 matrix size with resolution 3 × 3 mm2. Thirty-one 3.5-mm axial
slices were used to cover the whole cerebral cortex and most of the cerebellum with no
gaps. The slices were tilted about 30° clockwise along the AC-PC plane to obtain better
signals in the orbitofrontal cortex.
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