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Abstract

The insula has been implicated in salience processing, craving, and interoception, all of which are
critical to the clinical manifestations of drug and behavioral addiction. In this fMRI study, we
examined resting-state functional connectivity (rsFC) of the insula and its association with Internet
gaming characteristics in 74 young adults with Internet gaming disorder (IGD) and 41 age and
gender matched healthy control subjects (HCs). In comparison to HCs, IGD subjects (IGDs)
exhibited enhanced rsFC between the anterior insula and a network of regions including anterior
cingulate cortex (ACC), putamen, angular gyrus, and precuneous, which are involved in salience,
craving, self-monitoring, and attention. IGDs also demonstrated significantly stronger rsFC
between the posterior insula and postcentral gyrus, precentral gyrus, supplemental motor area, and
superior temporal gyrus (STG), which are involved in interoception, movement control, and
auditory processing. Furthermore, IGD severity was positively associated with connectivity
between the anterior insula and angular gyrus, and STG, and with connectivity between the
posterior insula and STG. Duration of Internet gaming was positively associated with connectivity
between the anterior insula and ACC. These findings highlight a key role of the insula in
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manifestation of the core symptoms of IGD and the importance to examine functional
abnormalities of the anterior and posterior insula separately in IGDs.
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Introduction

Internet gaming disorder (IGD) is regarded as a behavioral addiction, defined as compulsive
and uncontrolled gaming online, that jeopardizes individuals’ academic performance,
interpersonal relationships, and health condition (Petry et al., 2014). Recently, IGD has been
included in Section 111 of the DSM-5 as a topic deserving future studies (American
Psychiatric Association, 2013). There are more than 360 million current Internet games
players in China, and young adults make up the majority of this population (China Internet
Network Information Center, 2014). Since young adults get access to Internet easily and
often spend an excessive amount of time on online gaming, they become one of the most
susceptible populations to develop IGD (Chou et al., 2005). The development of IGD would
have a severe impact on both personal health and productivity.

Researchers have proposed that addiction is associated with structural and functional brain
reorganization (Koob and Volkow, 2010). In addition, abnormal interactions between brain
regions may contribute to behavioral deficits of addiction-related disorders (Sutherland et
al., 2012). Resting-state functional connectivity (rsFC) has emerged as a non-invasive and
systems-level approach to assess the interaction between brain areas and provided a
powerful tool to identify biological markers of various psychiatric disorders, including
addiction (Di Martino et al., 2009; Sutherland et al., 2012). RsFC studies are accumulating
to demonstrate impaired interactions of brain networks that underlie reward processing (Gu
et al., 2010; Ma et al., 2010; Motzkin et al., 2014), executive control (Janes et al., 2012),
self-monitoring and attention (Ding and Lee, 2013; Ma et al., 2011) in substance addiction.
An open question thus is whether these altered functional connectivities also manifest in
IGD.

To date, relatively few studies have examined the rsFC in individuals with IGD. For
example, a previous study focusing on the posterior cingulate cortex reported altered default
network rsFC in adolescents with IGD (Ding et al., 2013). In addition, studies showed
abnormal rsFC in reward circuits in adolescents with IGD (Hong et al., 2013; Hong et al.,
2015), consistent with the findings from substance use disorders. Furthermore, young adults
with 1GD exhibited lower rsFC in executive control network (ECN) in association with a
diminished Stroop effect (Dong et al., 2015). More details of these studies were listed in
Table S1.

In addition to widely examined dysfunction in reward system, default mode network
(DMN), and ECN in addiction-related disorders, more recently, studies indicated that the
insula, the structure that was largely overlooked for a long time in this field, may serve as a
key neural substrate in the pathogenesis addiction (Naqvi and Bechara, 2009; Nagqvi et al.,
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2014; Paulus and Stewart, 2014; Sutherland et al., 2013). Smokers with insula damage quit
smoking easily and remain abstinent for a longer period of time (Naqvi et al., 2007).
Furthermore, insula has been implicated in salience attribution, incentive motivation,
cognitive control, and interoception, processes that are critical to the development and
maintenance of addiction (Naqvi et al., 2014; Paulus, 2007). Given its central role in
cognitive and affective functions, understanding how rsFC of the insula is altered in
addiction-related disorders would elucidate neural mechanism underlying addiction and
contribute to the development of more effective interventions.

Previous study showed reduced positive rsFC between the putamen and posterior insula in
cocaine-addicted individuals (McHugh et al., 2013). Cocaine dependence was associated
with greater rsFC of the right anterior insula with dorsomedial prefrontal cortex and inferior
frontal gyrus, and greater rsFC of the right middle insula with dorsolateral prefrontal cortex
(Cisler et al., 2013). Another study showed that nicotine withdrawal was associated with
increased rsFC between the anterior insula and amygdala and DMN, and maladaptive
interactions between the insula and other regions could be down-regulated by varenicline
and nicotine (Sutherland et al., 2013). Additionally, a recent study examining the amygdala-
centered network in IGD demonstrated stronger connectivity of bilateral amygdala and
insula in individuals with IGD than controls (Ko et al., 2015). However, there is a dearth of
research that systematically investigates the insula-centered rsFC in the context of IGD.

Moreover, previous studies have largely overlooked the fact that the insula is a multimodal
brain region, with the anterior insula involved in salience and motivational processes (Cauda
etal., 2011; Craig, 2002; Di Martino et al., 2009), and the posterior insula involved in
interoception (Craig, 2002; Deen et al., 2011; Naqvi et al., 2014). All of these processes are
critical to the development and maintenance of addiction, and examining the rsFC of the
anterior and posterior insula separately would help our understanding of the etiology of IGD
and develop more effective interventions targeting specific symptoms of IGD. The present
study addressed these issues in a large sample of young adults with IGD.

On the basis of afore-mentioned evidence that the anterior insula plays critical roles in
salience attribution, attention, and motivational processes (especially craving), through
interacting with regions such as anterior cingulate cortex (ACC), DMN, and striatum (Deen
et al., 2011; Sutherland et al., 2012; Zhang and Li, 2012a, b), we hypothesized that, in
comparison to healthy control subjects (HCs), IGD subjects (IGDs) would demonstrate
altered rsFC of the anterior insula with these brain regions.

On the other hand, as the posterior insula mediates interoception, which consists of the
receiving and integrating bodily signals and external stimuli to influence ongoing behavior,
we hypothesized altered rsFC between the posterior insula and somatosensory cortices in
IGDs (Cauda et al., 2011; Deen et al., 2011; Paulus and Stewart, 2014).
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Materials and Methods

Participants

Participants were recruited by means of online advertisements and word of mouth. A total of
76 IGDs and 41 HCs were selected through online questionnaire and telephone screening of
701 candidates (546 for IGD group and 155 for HC group). Two subjects in IGD group were
excluded due to excessive head motion during scanning, and the final dataset comprised 74
IGDs and 41 HCs for analyses. All participants were right-handed. Given the higher
prevalence of IGD in men versus women (Dong et al., 2015; Ko et al., 2009), only male
participants were included.

Participants were recruited according to their weekly Internet gaming time and scores on the
Chen Internet Addiction Scale (CIAS; Chen et al., 2003), which consists of 26 items on a 4-
point Likert scale. Inclusion criteria for IGDs were: (1) a score of 67 or higher on the CIAS
(Ko et al., 2009); (2) engagement in Internet gaming for over 14 hours per week for a
minimum of one year; and (3) reporting of Internet gaming as their primary online activity.
In contrast, HCs demonstrated: (1) a score of 60 or lower on the CIAS; and (2) less than 2
hours per week spent on Internet games (non-gamers also included). Participants who
reported current or history of use of illegal substances and gambling (including online
gambling) were excluded. Additional exclusion criteria included any history of psychiatric
or neurological illness and current use of psychotropic medications, as assessed by a semi-
structured personal interview.

Rate of cigarettes and alcohol use were recorded, and the Fagerstrom test for nicotine
dependence (FTND; Fagerstrom, 1978) was used to assess nicotine use disorders.
Additionally, current status of depression and anxiety were assessed using the Beck
Depression Inventory (BDI; Beck et al., 1961) and the Beck Anxiety Inventory (BAI; Beck
et al., 1988).

This study was approved by the Institutional Review Board of the State Key Laboratory of
Cognitive Neuroscience and Learning, Beijing Normal University. All participants provided
written informed consent and were financially compensated for their time.

Scanning procedure

Resting-state fMRI data were collected on a 3.0 T Siemens Trio scanner at Beijing Normal
University. Participants were instructed to keep their head still and eyes open during
scanning. Earplugs and a head coil with foam pads were used to minimize machine noise
and head motion. Scanning parameters were: repetition time (TR) = 2000 ms, echo time
(TE) = 30 ms, flip angle = 90°, field of view (FOV) = 200 x 200 mm?, acquisition matrix =
64 x 64, voxel size = 3.1 x 3.1 x 3.5 mm3, slice = 33, time point = 200. Additionally, a high-
resolution T1-wighted scan was acquired to permit functional localization (TR = 2530 ms,
TE = 3.39 ms, flip angle = 7°, FOV = 256 x 256 mm?, voxel size = 1 x 1 x 1.33 mm3, slice
=144).
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MRI data processing

Results

Data were preprocessed and analyzed using DPABI version 1.2 (http://rfmri.org/dpabi),
REST version 1.8 (Song et al., 2011; http://restfmri.net/forum/REST_V1.8), which are both
based on SPM8 software package (http://www.fil.ion.ucl.ac.uk/spm).

For preprocessing, the first 10 volumes were discarded to allow the magnetization to
approach a dynamic equilibrium and to allow participants get used to the scanning noise.
Individual EPI data were slice time corrected. Participants whose head motion exceeding 3.0
mm in translation or 3° in rotation were excluded; two subjects in IGD group were excluded
for this reason. We further reduced the confound of head motion with Friston’s 24-parameter
model (Friston et al., 1996; Yan et al., 2013). To reduce the effect of physiological artifacts,
we covaried signals from cerebrospinal fluid and white matter (Murphy et al., 2009). EPI
data were then normalized to the MNI space. A spatial filter of 4 mm full width at half
maximum (FWHM) Gaussian kernel was used. Subsequently, a band pass temporal filter
(0.01-0.08 Hz) was applied to reduce the low-frequency drifts and high-frequency noise
(Kuhn and Gallinat, 2015).

To compute the rsFC of the insula, four spherical seed regions of interest (ROIs) (radius = 6
mm) were defined, each corresponding to the left and right ventral anterior insula (MNI
coordinates: —33, 13, =7 and 32, 10, —6), and the left and right posterior insula (MNI
coordinates: —38, -6, 5 and 35, —11, 6) on the basis of a previous study investigating insula
connectivity at resting state (Deen et al., 2011). The average time-series within each seed
were regressed against whole brain voxels to generate cross correlation maps. Voxelwise
correlation coefficients were converted to Z-score via Fisher’s r~to-Z transformation.

Voxelwise two-sample #tests on the Z-score maps derived from each seed were performed
to compare the anterior and posterior insula-centered rsFC between IGD subjects and HCs.
Group difference maps were corrected by means of Monte Carlo simulation combining a
height threshold of £< 0.005 with cluster £< 0.05 to result in a family-wise-error rate of
5%. Cluster extents were calculated using DPABI and smoothing kernel was estimated based
on the 4D residual. Therefore, a corrected £ < 0.005 was achieved using a minimum cluster
size of 64-67 voxels according to different smoothing kernel of the statistical maps.

Furthermore, Spearman’s rank correlations were used to assess the relationships between
aberrant insula-centered rsFC identified by the two-sample #tests and Internet gaming
characteristics including CIAS score, weekly gaming time, duration of Internet gaming in
the 1GD group.

Demographic characteristics

Demographic characteristics of 74 IGDs and 41 HCs are shown in Table 1. IGDs and HCs
did not differ significantly in age or years of education. Consistent with the inclusion
criteria, IGDs had significantly higher CIAS scores than HCs, although they did not differ in
Internet use lifetime. Eight of the 41 HCs reported engaging in Internet games occasionally.
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However, the IGDs spent significantly more time on Internet games weekly than did the
subgroup of HCs reporting occasional Internet gaming.

Fifty-seven of 74 IGDs and 29 of 41 HCs were alcohol drinkers. Although the rates of
alcohol use were low in both groups (once a week or less), IGD subjects reported a higher
monthly frequency of alcohol use relative to HCs. Eight IGDs and no HCs reported current
cigarette smoking. In addition, IGDs scored significantly higher than HCs on the BDI and
BAI.

RsFC results

As shown in Table 2, IGDs exhibited generally stronger insula-centered rsFC relative to
HCs. Specifically, the left anterior seed showed greater connectivity in IGDs relative to HCs
with the right putamen, left angular gyrus, and inferior frontal gyrus (IFG). The right
anterior seed demonstrated greater connectivity with the ACC, right middle cingulate gyrus,
left angular gyrus, left precuneus, and bilateral superior frontal gyrus in IGDs relative to
HCs (Figure 1).

The left posterior seed showed greater connectivity with the bilateral postcentral gyrus, left
precentral gyrus, right supplemental motor area (SMA), and superior temporal gyrus (STG),
whereas the right posterior seed showed greater connectivity with the bilateral STG in IGDs
compared with HCs (Figure 2).

Relationship between rsFC strength and IGD characteristics

As shown in Table 3, within IGD group, IGD severity (i.e., CIAS score) is positively
associated with connectivity between the right anterior insula and left angular gyrus, right
STG, and left SFG, between the left posterior insula with adjacent left STG, and between the
right posterior insula and right STG. Additionally, years of Internet gaming is positively
associated with connectivity between the right anterior insula and ACC. No significant
association between weekly Internet gaming time and insula-centered rsFC was observed.

Supplemental analyses

Given the group differences in anxiety, depression and the use of alcohol and tobacco, we
conducted additional analyses controlling with scores of BAl and BDI, weekly drinking
frequency, and status of tobacco use as covariates. As can be seen in Table S1, group
differences in these variables do not explain the main findings of this study.

Discussion

In the current study, IGDs demonstrated enhanced rsFC of the anterior insula with a network
of brain regions including ACC, putamen, precuneus and angular gyrus, relative to HCs. We
also observed greater rsFC of the posterior insula with somatosensory and sensorimotor
cortices in IGDs, compared with HCs. Additionally, correlational analyses indicate that the
connectivity between the anterior insula and angular gyrus, SFG, and STG, and that between
the posterior insula and STG are positively associated with IGD severity, and connectivity
between the anterior insula and ACC is positively associated with duration of Internet
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gaming in IGDs. The different pattern of altered functional connectivities suggest the
importance to examine abnormalities of the anterior and posterior insula separately and their
distinct effects on cognitive and affective processes in IGD.

In accord with the neurocircuit model of addiction (Naqvi and Bechara, 2009; Naqvi et al.,
2014; Sutherland et al., 2012), we observed greater positive connectivity between the right
anterior insula with ACC in IGDs, relative to HCs, in association with duration of Internet
gaming in IGDs. The anterior insula is anatomically connected to ACC (Deen et al., 2011;
Nagvi et al., 2014), centrally situated in the salience network (Menon, 2011), a circuit
critical for switching between DMN and ECN activation in the decision whether to maintain
ongoing behavior (Cisler et al., 2013; Sutherland et al., 2012). Enhanced interactions
between the right anterior insula and ACC in IGDs may be related to elevated salience of
Internet games and related cues at the expense of other activities. The disrupted ACC-insula
circuits may in turn render IGDs more prone to being engaged in Internet games.

We also observed stronger connectivity between the anterior insula and angular gyrus,
precuneus, and inferior parietal lobule, which are thought to be components of the DMN
(Fransson and Marrelec, 2008; Menon, 2011; Zhang and Li, 2012a, b). These findings are
paralleled a previous report of enhanced functional connectivity during the presence of
smoking cues between the right anterior insula and DMN (bilateral precuneus and left
angular gyrus) during exposure to smoking cues in nicotine-dependent smokers (Maria et al.,
2014). Furthermore, increased rsFC between the insula and DMN is associated with nicotine
withdrawal in abstinent smokers (Sutherland et al., 2013). DMN is involved in self-
monitoring, attention, and introspective thoughts (Ma et al., 2011; Raichle et al., 2001), and
maladaptive interactions between the insula and DMN have been thought as a key neural
marker underlying the development and maintenance of addiction (Sutherland et al., 2012).
As mentioned above, the anterior insula serves a monitoring role in modulating dynamic
interaction between DMN and ECN. DMN and ECN are two competitively brain networks
(Menon, 2011). One is tempted to speculate that enhanced connectivity between anterior
insula and DMN would suppress ECN activities, disrupting cognitive control and goal-
directed behavior (Dong et al., 2015; Sutherland et al., 2013). Therefore, maladaptive
interactions between the anterior insula and DMN may reflect heightened sensitivity to
subjectively state of Internet experience, such as arousal and craving for gaming in 1GDs.
This hypothesis is supported by the findings that IGDs exhibited reduced rsFC in ECN
(Dong et al., 2015), which limits their ability to control Internet gaming behaviors and
related thought (Ferr et al., 2012).

Another important finding of the current study is that, in comparison to HCs, IGDs
demonstrated elevated rsFC between left anterior insula and right putamen, a part of the
dorsal striatum. Additionally, such altered connectivity is positively associated with IGD
severity. A large body of previous studies in substance addiction highlight dorsal striatum as
a core subcortical region involved in craving, compulsive drug seeking and drug taking
(Everitt and Robbins, 2005; Koob and Volkow, 2010; Volkow et al., 2006). Naqvi et al.
(2007) found that smokers with insula damage quit smoking easily and immediately, and
followed a prolonged abstinence. Taken together, these findings suggest a large-scale brain
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network, including the insula and dorsal striatum, is critical to addictive behavior and the
insula may serve as a hub in this network (Naqvi et al., 2007).

Consistent with our hypothesis, we found that the posterior insula demonstrated greater
functional connectivity with somatosensory and sensorimotor cortices, including postcentral
gyrus, precentral gyrus, SMA, cingulate gyrus, and STG in IGDs relative to HCs. The
posterior insula is a critical site for interoception, somatosensory processing, and movement
execution (Deen et al., 2011; Di Martino et al., 2009; Naqvi et al., 2014), and it is
anatomically and functionally connected to primary and secondary motor and
somatosensory cortices (Cauda et al., 2011; Craig, 2002; Deen et al., 2011). Maladaptive
interactions between the posterior inusla and postcentral gyrus among 1GD subjects may
reflect abnormality in receiving, processing, and integrating body-relevant signals to guide
ongoing behavior (Cauda et al., 2011; Paulus and Stewart, 2014). Furthermore, the
precentral gyrus, SMA, middle cingulate gyrus, and STG control movement and process
auditory signals (Howard et al., 2000; Yalachkov et al., 2010). While gaming online, players
need to attend to sounds and control their avatars skillfully to achieve actions, such as
dodging enemies and selecting weapons (Bavelier et al., 2011). Therefore, it is plausible that
excessive gaming altered rsFC between posterior insula and sensorimotor cortices.
Altogether, these findings also indicate the importance to distinguish anterior and posterior
insula abnormality in IGD.

Our study has identified two separate functional networks centered on the anterior and
posterior insula that have gone awry in 1IGDs. These findings may help develop more
effective interventions for IGD. For example, pharmacological interventions targeting
circuits including the anterior insula and dorsal striatum may be effective in attenuating
craving in individuals with IGD. Moreover, real-time fMRI feedback (Li et al., 2012) can
also be used to normalize the interactions between the anterior or posterior insula with other
regions according to specific IGD-related symptoms.

Several limitations of the current study should be considered. First, we only recruited young
male adults in this study. Although this population is particularly at risk for IGD (Chou et
al., 2005; Ko et al., 2009), the current findings should be considered as specific to young
adult males with IGD, and future studies should verify our findings in female subjects and in
subjects with other age groups. Another limitation is that these findings are cross-sectional
and longitudinal studies are needed to determine whether altered insula connectivity
preceded the development of IGD or were the consequences of excessively gaming. Finally,
functional connectivity between brain regions is correlational and the direction of activity
between nodes cannot be determined only using rsFC approach (Gu et al., 2010).

In summary, the present study is the first to assess rsFC of the anterior and posterior insula
in IGDs. IGDs demonstrated enhanced anterior insula-centered rsFC with a network of brain
regions implicated in salience, self-monitoring, and craving, accompanied by enhanced rsFC
of the posterior insula with somatosensory and sensorimotor cortices. These findings
highlight the key and distinct roles of the anterior and posterior insula underlying core
symptoms of IGD, consistent with current neuropathological models of addiction (Li and
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Sinha, 2008), and indicate the importance to examine abnormalities of the anterior and
posterior insula separately in individuals with IGD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Demographic characteristics of IGD and HC subjects.

Page 14

1GDs HCs
(n=74) (n=41) t/y? value
mean+S.D. mean+S.D.
Age 2228+198 23.02+2.09 -1.89
Years of education 1574184 1632171 -1.64
CIAS 7831850 4349964 5g05***
Years of Internet use 8.72+2.84 7.83 £3.05 1.56
Years of Internet gaming 7.28 £3.02 5.13 + 3.099 1.92
Time spent on Internet gaming (hours per week)  25.62+12.89 1 19+0534 16217
Alcohol use (at least once per month) 57 29 0.55
Frequency of alcohol use (per month) 1.91+1.50 1.28+0.70 2677
Cigarette use (at least once per month) 8 0 476%
FTND 2.29+1.50 - -
BAI 5.49 +5.48 2.61+3.26 352%F
BDI 897£572  285%364  gg7***
*P<0.05;
**p<0.01;
**p<0.001.

S.D. = standard deviation; IGD = Internet gaming disorder; HC = healthy control; CIAS = Chen Internet addition scale; FTND = Fagerstrom test
for nicotine dependence; BAI = Beck Anxiety Inventory; BDI = Beck Depression Inventory.
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Table 3

Regions showing significant correlations with Internet gaming characteristics in IGD group.

Seed Region Variable r P
Right anterior insula STG CIAS scores 0.23 0.048
Angular gyrus CIAS scores 0.23 0.045
SFG CIAS scores 0.25 0.029
ACC Duration of Internet gaming  0.33  0.002
Left posterior insula STG CIAS scores 0.27 0.021
Right posterior insula STG CIAS scores 0.23 0.049

IGD = Internet gaming disorder; STG = superior temporal gyrus; SFG = superior frontal gyrus; CIAS = Chen Internet addiction scale.
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