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Abstract

Purpose: Excessive use of the Internet has been linked to a variety of negative psychosocial consequences. This study used
resting-state functional magnetic resonance imaging (fMRI) to investigate whether functional connectivity is altered in
adolescents with Internet gaming addiction (IGA).

Methodss: Seventeen adolescents with IGA and 24 normal control adolescents underwent a 7.3 minute resting-state fMRI
scan. Posterior cingulate cortex (PCC) connectivity was determined in all subjects by investigating synchronized low-
frequency fMRI signal fluctuations using a temporal correlation method. To assess the relationship between IGA symptom
severity and PCC connectivity, contrast images representing areas correlated with PCC connectivity were correlated with the
scores of the 17 subjects with IGA on the Chen Internet Addiction Scale (CIAS) and Barratt Impulsiveness Scale-11 (BIS-11)
and their hours of Internet use per week.

Results: There were no significant differences in the distributions of the age, gender, and years of education between the
two groups. The subjects with IGA showed longer Internet use per week (hours) (p<<0.0001) and higher CIAS (p<<0.0001)
and BIS-11 (p=0.01) scores than the controls. Compared with the control group, subjects with IGA exhibited increased
functional connectivity in the bilateral cerebellum posterior lobe and middle temporal gyrus. The bilateral inferior parietal
lobule and right inferior temporal gyrus exhibited decreased connectivity. Connectivity with the PCC was positively
correlated with CIAS scores in the right precuneus, posterior cingulate gyrus, thalamus, caudate, nucleus accumbens,
supplementary motor area, and lingual gyrus. It was negatively correlated with the right cerebellum anterior lobe and left
superior parietal lobule.

Conclusion: Our results suggest that adolescents with IGA exhibit different resting-state patterns of brain activity. As these
alterations are partially consistent with those in patients with substance addiction, they support the hypothesis that IGA as a
behavioral addiction that may share similar neurobiological abnormalities with other addictive disorders.
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Introduction IA is prevalent across Eastern and Western societies, indicating
that it is a global disorder worthy of more attention [6].
Recently, “non-substance-related behavioral addiction” has
been proposed in psychiatry [7]. Contrary to the commonly held
belief that addiction is specific to dependence on drugs and
chemical substances, the term “addiction” has been used to refer

In the past decade, research has accumulated suggesting that
excessive Internet use can lead to the development of a behavioral
addiction [1]. Internet addiction (IA) is considered a serious threat
to mental health, and excessive use of the Internet has been linked
to a variety of negative psychosocial consequences. Using Young’s
Diagnostic Questionnaire [YDQ][2], Sinmoes et al. found that
11% of 12-to 18-year-old adolescents in Greece fulfilled the
criteria for IA [3]. Cao and Su found that 2.4% of adolescents in
China were classified as having IA [4]. Shek et al. [5] reported that
19.1% of Hong Kong Chinese adolescents had IA. Accordingly,

to a range of excessive behaviors, such as gambling[8], video game
playing[9], sex, and other behaviors. Although such behavioral
addictions do not involve a chemical intoxicant or substance, a
group of researchers have posed that some core aspects of
behavioral addiction are similar to those of chemical or substance
addiction[10]. Others have stated that behaviorally addicted
individuals share certain symptoms with and will experience
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similar consequences to people addicted to alcohol and other
drugs, including compulsive behaviors.

Internet addiction disorder (IAD) is a mental health problem
worthy of further scientific investigation. Indeed, the prevalence of
IAD has garnered so much attention that it should be included in
the DSM-V[11]. Neuroimaging studies offer an advantage over
traditional survey and behavioral research approaches because it
makes it possible to distinguish particular brain areas that are
involved in the development and maintenance of addiction. In this
study, we used resting-state functional magnetic resonance
mmaging (fMRI) to investigate the default mode network (DMN)
in adolescents with IGA. The aims of this study were 1) to
investigate altered default network resting-state functional con-
nectivity (FC), 2) to examine whether any alterations are consistent
with those seen in the patients with substance addiction, and 3) to
determine whether there are any relationships between altered FC
and behavioral and personality measures in subjects with IAD.

Materials and Methods

Subjects

All subjects were recruited from the Department of Child and
Adolescent Psychiatry of Shanghai Mental Health Center. They
were 14 to 17 years old. We imaged seventeen subjects whose
behaviors corresponded with the DSM-IV criteria for IA
according to the modified Diagnostic Questionnaire for Internet
Addiction (i.e., the YDQ) criteria by Beard [12]. Twenty-four age-
and gender-matched healthy individuals with no personal or
family history of psychiatric disorders were also imaged as the
control group. All subjects were right-handed and none of them
smoked.

A basic information questionnaire was used to collect demo-
graphic information such as gender, age, final year of schooling
completed, and hours of Internet use per week. This study was
approved by the Ethics Committee of Ren Ji Hospital of Shanghai
Jiao Tong University School of Medicine. The participants and
their parents or legal guardians were informed of the aims of our
study before the magnetic resonance imaging (MRI) examinations
were conducted. Full and written informed consent was obtained
from the parents or legal guardians of each participant.

Inclusion and exclusion criteria

All subjects underwent a simple physical examination including
blood pressure and heart rate measurements, and were inter-
viewed by a psychiatrist regarding their medical history of nervous,
motor, digestive, respiratory, circulation, endocrine, urinary, and
reproductive problems. They were then screened for psychiatric
disorders with the Mini International Neuropsychiatric Interview
for Children and Adolescents (MINI-KID)[13]. The exclusion
criteria included a history of substance abuse or dependence,
previous hospitalization for psychiatric disorders, or a history of
major psychiatric disorders, such as schizophrenia, depression,
anxiety disorder, and psychotic episodes. The subjects with IAD
were not treated with psychotherapy or any medications.

The diagnostic questionnaire for IA was adapted from DSM-IV
criteria for pathological gambling by Young [2]. The YDQ we
used consisted of eight “yes” or “no” questions translated into
Chinese. It included the following questions: (1) Do you feel
absorbed in the Internet, as indexed by remembering previous
online activity or the desire for the next online session? (2) Do you
feel satisfied with your Internet use if you increase your amount of
online time? (3) Have you failed to control, reduce, or quit Internet
use repeatedly? (4) Do you feel nervous, temperamental,
depressed, or sensitive when trying to reduce or quit Internet
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use? (5) Do you stay online longer than originally intended? (6)
Have you taken the risk of losing a significant relationship, job,
educational, or career opportunity because of the Internet? (7)
Have you lied to your family members, therapist, or others to hide
the truth of your involvement with the Internet? (8) Do you use the
Internet as a way of escaping from problems or of relieving an
anxious mood (e.g., feelings of helplessness, guilt, anxiety, or
depression)? Young asserted that five or more “yes” responses to
the eight questions indicate a dependent user. Later, Beard and
Wolf [12] modified the YDQ) criteria to state that respondents who
answered “yes” to questions 1 through 5 and at least one of the
remaining three questions should be classified as suffering from IA.

Behavioral and personality assessments

Four questionnaires were used to assess the participants’
behavioral and personality features, namely the Chen Internet
Addiction Scale (CIAS)[14], Self-Rating Anxiety Scale (SAS)[15],
Self-rating Depression Scale (SDS) [16], and Barratt Impulsiveness
Scale-11 (BIS-11) [17]. All questionnaires were initially construct-
ed in English and then translated into Chinese.

MRI acquisition

MRI was conducted using a 3T MRI scanner (GE Signa HDxt
3T, USA). A standard head coil with foam padding was used to
restrict head motion. During resting-state fMRI, the subjects were
instructed to keep their eyes closed, remain motionless, stay awake,
and not to think of anything in particular. A gradient-echo echo-
planar sequence was used for functional imaging. Thirty-four
transverse slices [repetition time (TR)=2000 ms, echo time(-
TE) =30 ms, field  of  view  (FOV)=230x230 mm,
3.6x3.6 x4 mm voxel size] aligned along the anterior commis-
sure-posterior commissure line were acquired. Each fMRI scan
lasted 440 s. Several other sequences were also acquired, including
(1) a sagittal T1-weighted 3D-magnetization prepared rapid
acquisition gradient echo sequence [TR=9.4 ms, TE=4.6 ms,
flip angle=15°, FOV=256x256 mm, 155 slices,1 x1x1 mm
voxel size], (2) axial Tl-weighted fast field echo sequences
[TR=331 ms, TE=4.6 ms, FOV=256x256 mm, 34 slices,
0.5x0.5x4 mm voxel size], and (3) axial T2W turbo spin-echo
sequences [TR =3013 ms, TE =80 ms, FOV =256 x256 mm, 34
slices, 0.5x0.5 x4 mm voxel size].

Image analysis

Two-sample /tests were used for group comparisons to examine
demographic differences between the two groups, and y*-tests
were used for gender comparisons. A two-tailed p-value of 0.05
was considered statistically significant for all analyses.

Structural brain MRI scans (T'1- and T2-weighted images) were
inspected by two experienced neuroradiologists. No gross abnor-
malities were observed in either group. Functional MRI prepro-
cessing was performed using the Data Processing Assistant for
Resting-State fMRI'V 2.0 (YAN Chao-Gan, http://www.restfmri.
net), which is integrated with MRIcroN toolset (Chris Rorden,
http://www.mricro.com), statistical parametric mapping (SPM5;
Wellcome Department of Imaging Neuroscience, London, UK),
and the Resting-State fMRI Data Analysis Toolkit (REST V1.8
software, Song et al., http://www.restfimri.net).

The first 10 volumes of each functional time-series were
discarded because of the instability of the initial MRI signal and
the initial adaptation of participants to the situation. Data from
each fMRI scan contained 220 time points, and the remaining 210
immages were preprocessed. The images were subsequently
corrected for slice timing and realigned to the first image by
rigid-body head movement correction (patient data exhibiting
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movement greater than 1 mm with maximum translation in x, y,
or z, or 1° maximum rotation about the three axes were
discarded). No participant was excluded because of movement.
The functional images were normalized into standard stereotaxic
anatomical Montreal Neurological Institute (MNI) space. The
normalized volumes resampled
3 mmx3 mmx3 mm. The echo-planar images were spatially
smoothed using an isotropic Gaussian filter of 4 mm full width at
half maximum.

The time-series in each voxel was detrended to correct for linear
drift over time. Nine nuisance covariates (time-series predictors for
global signal, white matter, cerebrospinal fluid, and the six
movement parameters) were sequentially regressed from the time-
series[18,19]. Subsequently, temporal filtering (0.01-0.08 Hz) was
applied to the time-series of each voxel to reduce the impact of
low-frequency drifts and high-frequency noise[8,20-22]

The PCC template, which consisted of Brodmann’s areas 29,
30, 23, and 31, was selected as the region of interest (ROI) using
WFU-Pick Atlas software[23]. The blood oxygenation level-
dependent signal time-series in the voxels within the seed region
were averaged to generate the reference time-series. For each
subject and seed region, a correlation map was produced by
computing the correlation coefficients between the reference time-
series and the time-series from all other brain voxels. Correlation
coefficients were then converted to z values using Fisher’s z-
transform to improve the normality of the distribution[22]. The
individual z-scores were entered into SPM5 for a one-sample ¢-test
to determine the brain regions with significant connectivity to the
PCC within each group. Individual scores were also entered into
SPM5 for random effect analysis and two-sample ¢-tests to identify
the regions exhibiting significant differences in connectivity to the
PCC between the two groups. Multiple comparison correction was
performed using the AlphaSim program in the Analysis of
Functional Neuroimages software package, as determined by
Monte Carlo simulations. Statistical maps of the two-sample #test
were created using a combined threshold of p<<0.05 and a
minimum cluster size of 54 voxels, yielding a corrected threshold
of p<<0.05. Regions exhibiting statistically significant differences
were masked on MNI brain templates. The CIAS developed by
Chen contains 26 items on a 4-point Likert scale. Its total score
ranges from 26 to 104 and represents the severity of Internet
addiction. Previous studies have shown that patients with IA have
impaired impulse control [24]. Therefore, contrast images
representing areas of correlation between activity in the seed
region and CIAS and BIS-11 scores and hours of Internet use per
week (hours) were generated for the 17 subjects with IGA to assess
the relationships between the severity of IGA symptoms,
impulsivity, and PCC connectivity, using a threshold of p<<0.05
AlphaSim corrected.

were to a voxel size of

Results

Demographic and behavioral measures

Table 1 lists the demographic and behavioral measures for the
IGA and control subjects. There were no significant differences in
the distributions of age, gender, and years of education between
the two groups. The subjects with IGA engaged in more hours of
Internet use per week (p<<0.0001) and had higher CIAS
(p<<0.0001) and BIS-11 (p=0.01) scores than the controls. No
differences in SAS or SDS scores were found between the groups.

Between-group analysis of PCC connectivity

A between-group analysis was performed using a two-sample t-
test in SPM5. Compared with the control group, subjects with
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IGA exhibited increased FC in the bilateral cerebellum posterior
lobe and middle temporal gyrus. Their bilateral inferior parietal
lobule and right inferior temporal gyrus exhibited decreased
connectivity (Table 2 and Figure6 1).

Correlation between PCC connectivity and CIAS and BIS-
11 scores and hours of Internet use per week in subjects
with IGA

Connectivity with the PCC was positively correlated with CIAS
scores in the right precuneus, posterior cingulate gyrus, thalamus,
caudate, nucleus accumbens, supplementary motor area (SMA),
and lingual gyrus, and it was negatively correlated in the right
cerebellum anterior lobe and left superior parietal lobule (Table 3
and Figure 2). There was no significant correlation between
connectivity with the PCC and BIS-11 scores or hours of Internet
use per week.

Note: The right part of the figure represents the patient’s left
side. PCC =posterior cingulate cortex; IGA= Internet gaming
addiction; CIAS = Chen Internet Addiction Scale.

Discussion

Accumulating research suggests that excessive Internet use can
lead to the development of a behavioral addiction [25,26]. People
experiencing IAD show clinical features that include craving,
withdrawal, and tolerance[11,27], increased impulsiveness [28],
and impaired cognitive performance in tasks involving risky
decision-making[29]. Some of these symptoms have been tradi-
tionally associated with substance-related addictions [30]. IA
comprises a heterogeneous spectrum of Internet activities that can
result in illness, such as gaming, shopping, gambling, or social
networking. Gaming represents a part of the postulated construct
of IA, and gaming addiction appears to be the most widely studied
form of IA to date [31]. In recent years, IAD has become more
prevalent worldwide and the recognition of its devastating impact
on users and society has rapidly increased. However, the
neurobiological mechanism of IAD has not been fully elucidated.

Some researchers support the claim that IAD shares similar
neurobiological abnormalities with other addictive disorders. Hou
et al.,[32] found dopamine transporter (DAT) expression levels in
the striatum were significantly lower in individuals with IAD using
99mTc-TRODAT-1 single photon emission computed tomogra-
phy brain scans. DATs play a critical role in the regulation of
striatal synaptic dopamine levels [33], and have been used as
markers of the dopamine terminals [34]. A reduced number of cell
membrane DATs may possibly reflect pronounced striatal
dopamine terminal loss or brain dopaminergic system impair-
ments, which has also been found in substance-related addiction
[35]. Because increased extracellular dopamine in the striatum is
associated with subjective descriptions of reward, such as high and
euphoria [36], individuals with IAD may also experience euphoria
as extracellular dopamine levels in the striatum increase. Patients
with pathological gambling demonstrated a high level of dopamine
in the ventral striatum during gambling[37]. Positron emission
tomography imaging studies have found increased release of
dopamine in the striatum during video game playing [38].

Some researchers [39-44] have applied resting-state fMRI in
patients with substance dependence to further understand its
mechanisms and help explain its behavioral and neuropsycholog-
ical deficits. A number of studies have identified key brain regions
thought to participate in addiction disorders, such as the nucleus
accumbens [45], dorsal striatum, and prefrontal cortex (PFC)
[46,47]. The results provided by Zhang et al,[39] showed
activation pattern differences between heroin-dependent and
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Table 1. Demographic and behavioral characteristics of the included participants.

Adolescent internet addiction

disorder group (n=17) Control group (n=24) p value

(Mean = SD) (Mean = SD)
Age(yeas) 16.94*+2.73 15.87%£2.69 0.22
Gender (M/F) 13/4 16/8 0.46
Education (yeas) 9+2.67 8.96+2.84 0.96
Time for internet use per week (hours) 26.44+21.47 10.50*+11.60 <0.0001
Chen Internet Addiction Scale (CIAS) 64.59+6.43 45.70+7.81 <0.0001
Self-Rating Anxiety Scale (SAS) 45.12x7.41 42.30*5.34 0.15
Self-rating depression scale (SDS) 50.76+7.93 47.13%7.31 0.16
Barratt Impulsiveness Scale-11 (BIS-11) 62.53+7.12 56.25+7.07 0.01

Abbreviation. SD: standard deviation.

doi:10.1371/journal.pone.0059902.t001

healthy subjects, in regions including the orbitofrontal cortex
(OFC), cingulate gyrus, frontal and para-limbic regions such as the
anterior cingulate cortex (ACC), hippocampal/parahippocampal
regions, amygdala, caudate, putamen, posterior insula, and
thalamus. These regions are involved in brain networks under-
pinning reward, motivation, learning and memory, and the
control of other circuits. Tanabe et al.,[40]found that nicotine
consumption was associated with decreased activity in regions
within the DMN and increased activity in extra-striate regions.
They suggested that these effects of nicotine, in the absence of
visual stimuli or effortful processing, suggest that its cognitive
effects may involve a shift from networks that process internal
information to those that process external information. Another
study reported that smokers had greater coupling versus non-

Two-sample t test was used for group comparisons but chi-square was used for gender comparison.

smokers between left fronto-parietal and medial prefrontal cortex
(mPFC) networks. Smokers with the greatest mPFC-left fronto-
parietal coupling had the most dorsal striatum smoking cue
reactivity as measured during an fMRI smoking cue reactivity
paradigm[41]. A study performed by Ko CH et al., [48] evaluated
brain correlates of cue-induced craving to play online games in
subjects with IGA. Their results showed that the bilateral
dorsolateral prefrontal cortex (DLPFC), precuneus, left parahip-
pocampus, posterior cingulate and right anterior cingulate were
activated in response to gaming cues in the IGA group in a
manner that was stronger than in the control group. Thus, these
findings suggest that the neurobiological underpinnings of IGA are
similar to those of substance use disorders.

Figure 1. Significant between-group differences in functional connectivity between healthy control subjects and those with IGA.
Compared with the control group, the subjects with IGA exhibited increased FC in the bilateral cerebellum posterior lobe and middle temporal gyrus.
Several regions also exhibited decreased connectivity, including the bilateral inferior parietal lobule and right inferior temporal gyrus. (p<<0.05,
AlphaSim-corrected). The t-score bars are shown on the right. Red indicates IGA>controls and blue indicates IAD<controls. Note: The left part of the
figure represents the patient’s right side. IGA = Internet gaming addiction; FC = functional connectivity.

doi:10.1371/journal.pone.0059902.g001
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Table 2. Significant between-group differences in functional connectivity between specific brain regions and the posterior

Peak MNI coordinate region

Peak MNI coordinates

Number of cluster voxels Peak T value

x y z
1 Left cerebellum posterior lobe -12 —78 -39 89 3.52
2 Right cerebellum posterior lobe 24 =75 —36 55 4.03
3 Left middle temporal gyrus —54 —54 0 71 3.05
4 Right middle temporal gyrus 51 —60 9 1M 3.52
5 Right inferior temporal gyrus 45 —45 —15 54 —3.26
6 Right inferior parietal lobule 57 -27 51 324 —4.07
7 Left inferior parietal lobule —36 -39 36 135 —3.63

(p<<0.05, AlphaSim-corrected, extent threshold =54 voxel)

Note: T>0 indicated IGA>controls in functional connectivity in PCC
T<O0 indicated IGA<controls in functional connectivity in PCC

IGA =internet gaming addiction
doi:10.1371/journal.pone.0059902.t002

Based on the model proposed by Volkowet al.,[49] a number of
neurobiological systems may mediate cue-induced gaming craving.
These include visual processing areas such as the occipital lobe or
precuncus that link gaming cues to internal information, and
memory systems that include the hippocampus, parahippocampus,
or amygdala and that provide emotional memories and contextual
information for the gaming cues. They also include reward systems
such as the limbic system and posterior cingulate that allow for the
evaluation of gaming-related information and provide expecta-
tions and reward significance, and they include motivation systems
such as the anterior cingulate and orbital frontal lobe that control
the desire for gaming. Finally, these systems include executive
systems such as the DLPFC and prefrontal cortex that allow one to
form a plan to get online for gaming.

We found subjects with IGA exhibited increased FC in the
bilateral cerebellum posterior lobe and middle temporal gyrus.

The bilateral inferior parietal lobule and right inferior temporal
gyrus exhibited decreased connectivity compared with the control
group. Connectivity with the PCC was positively correlated with
CIAS scores, which are related to the severity of the IGA, in the
right precuneus, posterior cingulate gyrus, thalamus, caudate,
nucleus accumbens, supplementary motor area, and lingual gyrus.
They were negatively correlated with the right cerebellum anterior
lobe and left superior parietal lobule.

The functions of the cerebellum are not limited to movement
and balance, as it also plays an important role in emotional and
cognitive processes [50,51]. It receives input from sensory systems
and other parts of the brain, and integrates these inputs to fine-
tune motor activity[52]. The posterior cerebellum is predomi-
nantly involved in cognitive regulation[53], signal processing, and
storage of relevant auditory-verbal memory processes[54]. Blood
flow (rCBF) apparently increases in the cerebellum when craving is

Figure 2. Brain regions in which functional connectivity with the PCC correlated with CIAS scores significantly in the subjects with

IGA. (p<0.05, AlphaSim-corrected).
doi:10.1371/journal.pone.0059902.g002
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Table 3. Brain regions in which functional connectivity with the PCC correlated with CIAS scores in the subjects with IGA.

Peak MNI coordinate region

Peak MNI coordinates Number of cluster voxels

X y z

1 Right cerebellum anterior lobe 27 =51 -33 98
2 Right lingual gyrus 9 —93 —30 99
3 Right precuneus/posterior cingulate 30 —57 12 219
4 Right thalamus/caudate/nucleus accumbens 9 0 0 95
5  Right supplementary motor area(SMA) 3 21 57 80
6  Left superior parietal lobule -30 —54 63 95

(p<<0.05, AlphaSim-corrected)

doi:10.1371/journal.pone.0059902.t003

induced by a cocaine cue [55]. Paradiso and Takeuchi contended
that cerebellar activation may be related to emotional processes
and attention during cue-induction [56,57]. In research regarding
alterations in regional homogeneity (Reho) of resting-state brain
activity in subjects with IGA[58], there was increased Reho in the
left posterior cerebellum. This suggests that the cerebellum plays
an important role in craving induced by IGA, especially during
preparation, execution, working memory[59], and fine-motor
processes modulated by extrapyramidal systems. We found
increased FC in the bilateral posterior cerebellum, but a negative
correlation in the right cerebellum anterior lobe with CIAS scores.
Although the locations were different, in terms of functions of the
cerebellum, there was a more important distinction along the
medial-to-lateral dimension. As such, this contention cannot be
confirmed in this present study and needs to be investigated by a
follow-up study.

The bilateral middle temporal gyrus showed increased FC in
the subjects with IGA, but the right inferior temporal gyrus
showed decreased FC. The inferior temporal gyrus is one of the
higher levels of the ventral stream of audio and visual processing,
and is associated with the representation of complex object
features[60]. Dong et al. found decreased Reho in the inferior
temporal gyrus, and they wrote that decreased ReHo in visual-
and auditory-related brain regions may suggest that the decreased
synchronization in subjects with IGA may be the result of a long
duration of game playing [58]. Our results are partially consistent
with this hypothesis, which should be investigated in future studies.

We found decreased FC in the bilateral inferior parietal lobule,
and the FC of the left superior parietal lobule including the PCC
was negatively correlated with CIAS scores. Various studies have
found that the parietal lobe has a concerted involvement in
visuospatial tasks. Position changes of the watched object can lead
to strong bilateral activation of the superior parietal cortex[61].
Olson et al.,[62]discovered that the parietal lobe played a
dominant role in short-term memory. Furthermore, some
researchers have hypothesized that the parietal cortex may play
a role in regulating attention or withholding motor responses
during response inhibition tasks[63,64].

Connectivity with the PCC was positively correlated with CIAS
scores in the right precuneus, posterior cingulate gyrus, thalamus,
caudate, nucleus accumbens, SMA, and lingual gyrus. Most of
these regions are part of the reward system[65]. The precuneus is
associated with visual imagery, attention, and memory retrieval. It
participates in the visual process and integrates related memories.
Research suggests that the precuneus is activated by gaming cues,
integrates retrieved memories, and contributes to cue-induced
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craving for online gaming[66]. As a central component of the
proposed DMN, the PCC is implicated in attentional processes.
Previous studies have demonstrated that PCC neurons respond to
reward receipt, magnitude, and visual-spatial orientation [67,68].
Previous studies have found that the thalamus plays an important
role in reward processing [69] and goal-directed behaviors, along
with many other cognitive and motor functions [70]. Dong et
al.,[71] found abnormal thalamo-cortical circuitry in subjects with
IGA, suggesting implications for reward sensitivity. Activation of
the striatum has been reported during reward prediction, tracking
reward prediction errors, and in more complex gambling
paradigms [72,73] Recently, it has been proposed that the
striatum is involved in coding stimulus saliency rather than having
an exclusive role in reward processing per se[74]. Action
preparation for reward could modulate activity in brain regions
such as the dorsal striatum.[75-77]. Studies of response inhibition
using fMRI have consistently found that the pre-SMA is critical for
the selection of appropriate behaviors, including executing
appropriate and inhibiting inappropriate responses [78].

The lingual gyrus is a visual area. We previously found
differences in grey matter density in the lingual gyrus in healthy
subjects as compared to those with IAD [79,80]. This visual
assoclative area has been implicated in schizophrenia[80-83]. One
study[83] demonstrated increased gyrification and reduced
cortical thickness of the lingual gyrus, which extended previous
findings of aberrant morphology of the lingual region in
schizophrenia[84]. The right parahippocampus and lingual gyrus
has been shown to be involved in right hemispheric dominated
networks mediating emotional functions [85]. In addition, Seiferth
et al. [86] showed that the right lingual gyrus was hyperactivated
during emotion discrimination in high-risk subjects.

Abnormalities in the FC of the PCC with the mPFC and ACC
were not found in the present study. This may be partly
attributable to the limited sample size and the mild severity of
IAD in the participants as compared to subjects we examined
previously [25,48,57].

Limitations of the study

There are several limitations that should be mentioned in this
study. First, the diagnosis of IAD was mainly based on results of
self-reported questionnaires, which could cause some error
classification. Second, the sample size was relatively small, which
could reduce the power of the statistical analyses and hamper
generalization of the findings. Owing to this limitation, the
reported results should be considered preliminary, and they should
be replicated in future studies with larger sample sizes. Third, as a
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cross-sectional study, our results do not clearly demonstrate
whether the psychological features preceded the development of
IAD or were a consequence of the overuse of the Internet.
Therefore, future prospective studies should clarify the causal
relations between IAD and psychological measures. Last, to
elucidate the shared neurobiology of substance addiction and
behavioral addictions such as IGA, further research investigating
patients from both clinical populations should be conducted.

Conclusions

This paper describes a preliminary study of FC in adolescents
with IGA. Our results suggested adolescents with IGA exhibited
different resting-state patterns of neuronal activity. The alterations
were partially consistent with those that have been reported in

References

1. Kuss DJ, Griffiths MD (2012) Internet and Gaming Addiction: A Systematic
Literature Review of Neuroimaging Studies. Brain Sciences 2: 347-374.

2. Young KS (1998) Internet addiction:the emergence of a new clinical disorder.
Cyberpsychology the Behavior 1: 237-244.

3. Siomos KE DE, Braimiotis DA, Mouzas OD, Angelopoulos NV. (2008) Internet
addiction among Greek adolescent students. Cyberpsychol Behav 11: 653-657.

4. Cao I SL (2007) Internet addiction among Chinese adolescents: prevalence and
psychological features. Child Care Health Dev 33: 2765-2781.

5. Shek DT, Tang VM, Lo CY (2008) Internet addiction in Chinese adolescents in
Hong Kong: assessment, profiles, and psychosocial correlates. ScientificWorld-
Journal 8: 776-787.

6. Ko CH Y], Yen CF, Chen CS, Chen CC. (2012) The association between
Internet addiction and psychiatric disorder: a review of the literature. Eur
Psychiatry 27: 1-8.

7. Alavi SS, Ferdosi M, Jannatifard F, Eslami M, Alaghemandan H, et al. (2012)
Behavioral Addiction versus Substance Addiction: Correspondence of Psychi-
atric and Psychological Views. Int J Prev Med 3: 290-294.

8. Rogers P (1998) The Cognitive Psychology of Lottery Gambling: A Theoretical
Review. J] Gambl Stud 14: 111-134.

9. Keepers GA (1990) Pathological preoccupation with video games. ] Am Acad
Child Adolesc Psychiatry 29: 49-50.

10. Lesicur HR BS (1993) Pathological gambling, ecating disorders, and the
psychoactive substance use disorders. j addict Dis 12: 89-102.

11. Block JJ (2008) Issues for DSM-V: internet addiction. Am J Psychiatry 165: 306—
307.

12. Beard KW, Wolf EM (2001) Modification in the proposed diagnostic criteria for
Internet addiction. Cyberpsychol Behav 4: 377-383.

13. Shechan DV, Shechan KH, Shytle RD, Janavs J, Bannon Y, et al. (2010)
Reliability and validity of the Mini International Neuropsychiatric Interview for
Children and Adolescents (MINI-KID). J Clin Psychiatry 71: 313-326.

14. Chen SH WL, Su YJ,Wu HM,Yang PF. (2003) Development of Chinese
Internet addcition scale and its psychometric study. Chinese J Psychol 45: 279~
294.

15. Zung WW (1971) A rating instrument for anxiety disorders. Psychosomatics 12:
371-379.

16. Zung WW (1965) A Self-Rating Depression Scale. Arch Gen Psychiatry 12: 63—
70.

17. Patton JH, Stanford MS, Barratt ES (1995) Factor structure of the Barratt
impulsiveness scale. J Clin Psychol 51: 768-774.

18. Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, et al. (2005) The
human brain is intrinsically organized into dynamic, anticorrelated functional
networks. Proc Natl Acad Sci U S A 102: 9673-9678.

19. Fox MD SA, Vincent JL, Corbetta M, Van Essen DC, et al. (2005) The human
brain is intrinsically organized into dynamic, anticorrelated functional networks.
Proc Natl Acad Sci U S A 102: 9673-9678.

20. Greicius MD, Krasnow B, Reiss AL, Menon V (2003) Functional connectivity in
the resting brain: a network analysis of the default mode hypothesis. Proc Natl
Acad Sci U S A 100: 253-258.

21. Biswal B, Yetkin FZ, Haughton VM, Hyde JS (1995) Functional connectivity in
the motor cortex of resting human brain using echo-planar MRI. Magn Reson
Med 34: 537-541.

22. Lowe MJ, Mock BJ, Sorenson JA (1998) Functional connectivity in single and
multislice echoplanar imaging using resting-state fluctuations. Neuroimage 7:
119-132.

23. Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH (2003) An automated method
for neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data
sets. Neuroimage 19: 1233-1239.

24. Dong G ZH, Zhao X (2011) Male Internet addicts show impaired executive
control ability: evidence from a color-word Stroop task. Neurosci Lett 499: 114
118.

PLOS ONE | www.plosone.org

Altered Resting-State FC in Adolescents with IGA

patients with substance addiction. Therefore, these results support
the hypothesis that IGA as a behavioral addiction may share
similar neurobiological abnormalities with other addictive disor-
ders.

Acknowledgments

The authors thank Dr. Yong Zhang and Dr. He Wang of GE Healthcare
for technical support.

Author Contributions

Conceived and designed the experiments: YZ Y-sD J-rX. Performed the
experiments: W-nD J-hS Y-wS LL. Analyzed the data: Y-wS YZ W-nD.
Contributed reagents/materials/analysis tools: Y-wS YZ W-nD. Wrote the
paper: Y-wS YZ W-nD.

25. Young K (2010) Internet addiction over the decade: a personal look back. World
Psychiatry 9: 91.

26. Tao R HX, Wang J, Zhang H, Zhang Y, Li M (2010) Proposed diagnostic
criteria for internet addiction. Addiction 105: 56-564.

27. Aboujaoude E, Koran LM, Gamel N, Large MD, Serpe RT (2006) Potential
markers for problematic internet use: a telephone survey of 2,513 adults. CNS
Spectr 11: 750-755.

28. Shapira NA, Goldsmith TD, Keck PE Jr, Khosla UM, McElroy SL (2000)
Psychiatric features of individuals with problematic internet use. J Affect Disord
57: 267-272.

29. Sun DL, Chen ZJ, Ma N, Zhang XC, Fu XM, et al. (2009) Decision-making and
prepotent response inhibition functions in excessive internet users. CNS Spectr
14: 75-81.

30. Beutel ME, Hoch C, Wolfling K, Muller KW (2011) [Clinical characteristics of
computer game and internet addiction in persons seeking treatment in an
outpatient clinic for computer game addiction]. Z Psychosom Med Psychother
57: 77-90.

31. Kuss DJ, Griffiths MD (2011) Online social networking and addiction--a review
of the psychological literature. Int J Environ Res Public Health 8: 3528-3552.

32. Hou H, Jia S, Hu S, Fan R, Sun W, et al. (2012) Reduced striatal dopamine
transporters in people with internet addiction disorder. J Biomed Biotechnol
2012: 854524.

33. Dreher JC, Kohn P, Kolachana B, Weinberger DR, Berman KI (2009)
Variation in dopamine genes influences responsivity of the human reward
system. Proc Natl Acad Sci U S A 106: 617-622.

34. Volkow ND, Chang L, Wang GJ, Fowler JS, Franceschi D, et al. (2001) Loss of
dopamine transporters in methamphetamine abusers recovers with protracted
abstinence. J Neurosci 21: 9414-9418.

35. Shi ], Zhao LY, Copersino ML, Fang YX, Chen Y, et al. (2008) PET imaging of
dopamine transporter and drug craving during methadone maintenance
treatment and after prolonged abstinence in heroin users. Eur J Pharmacol
579: 160-166.

36. Drevets WC, Gautier C, Price JC, Kupfer DJ, Kinahan PE, et al. (2001)
Amphetamine-induced dopamine release in human ventral striatum correlates
with euphoria. Biol Psychiatry 49: 81-96.

37. Steeves TD, Miyasaki J, Zurowski M, Lang AE, Pellecchia G, et al. (2009)
Increased striatal dopamine release in Parkinsonian patients with pathological
gambling: a [11C] raclopride PET study. Brain 132: 1376-1385.

38. Koepp MJ, Gunn RN, Lawrence AD, Cunningham V], Dagher A, et al. (1998)
Evidence for striatal dopamine release during a video game. Nature 393: 266
268.

39. Zhang Y, Tian J, Yuan K, Liu P, Zhuo L, et al. (2011) Distinct resting-state
brain activities in heroin-dependent individuals. Brain Res 1402: 46-53.

40. Tanabe J, Nyberg E, Martin LF, Martin J, Cordes D, et al. (2011) Nicotine
effects on default mode network during resting state. Psychopharmacology (Berl)
216: 287-295.

41. Janes AC, Nickerson LD, Frederick Bde B, Kaufman M]J (2012) Prefrontal and
limbic resting state brain network functional connectivity differs between
nicotine-dependent smokers and non-smoking controls. Drug Alcohol Depend
125: 252-259.

42. Cole DM, Beckmann CF, Long CJ, Matthews PM, Durcan M]J, et al. (2010)
Nicotine replacement in abstinent smokers improves cognitive withdrawal
symptoms with modulation of resting brain network dynamics. Neuroimage 52:
590-599.

43. Hong LE, Gu H, Yang Y, Ross TJ, Salmeron BJ, et al. (2009) Association of
nicotine addiction and nicotine’s actions with separate cingulate cortex
functional circuits. Arch Gen Psychiatry 66: 431-441.

44, Ma N, Liu Y, Li N, Wang CX, Zhang H, et al. (2010) Addiction related
alteration in resting-state brain connectivity. Neuroimage 49: 738-744.

March 2013 | Volume 8 | Issue 3 | 59902



46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

. Di Chiara G, Imperato A (1988) Drugs abused by humans preferentially

increase synaptic dopamine concentrations in the mesolimbic system of freely
moving rats. Proc Natl Acad Sci U S A 85: 5274-5278.

Everitt BJ, Robbins TW (2005) Neural systems of reinforcement for drug
addiction: from actions to habits to compulsion. Nat Neurosci 8: 1481-1489.
Goldstein RZ, Volkow ND (2011) Dysfunction of the prefrontal cortex in
addiction: neuroimaging findings and clinical implications. Nat Rev Neurosci
12: 652-669.

Ko CH, Liu GC, Yen JY, Chen CY, Yen CF, et al. (2011) Brain correlates of
craving for online gaming under cue exposure in subjects with Internet gaming
addiction and in remitted subjects. Addict Biol.

Volkow ND, Wang GJ, Fowler JS, Tomasi D, Telang F, et al. (2010) Addiction:
decreased reward sensitivity and increased expectation sensitivity conspire to
overwhelm the brain’s control circuit. Bioessays 32: 748-755.

Tirapu-Ustarroz J, Luna-Lario P, Iglesias-Fernandez MD, Hernaez-Goni P
(2011) [Cerebellar contribution to cognitive process: current advances]. Rev
Neurol 53: 301-315.

Strata P, Scelfo B, Sacchetti B (2011) Involvement of cerebellum in emotional
behavior. Physiol Res 60 Suppl 1: S39-48.

De Zeeuw CI, Hoebeek FE, Bosman LW, Schonewille M, Witter L, et al. (2011)
Spatiotemporal firing patterns in the cerebellum. Nat Rev Neurosci 12: 327—
344.

Baillieux H, De Smet HJ, Dobbeleir A, Paquier PF, De Deyn PP, et al. (2010)
Cognitive and affective disturbances following focal cerebellar damage in adults:
a neuropsychological and SPECT study. Cortex 46: 869-879.

Grasby PM, Frith CD, Friston KJ, Bench C, Frackowiak RS, et al. (1993)
Functional mapping of brain areas implicated in auditory--verbal memory
function. Brain 116 (t 1): 1-20.

. London ED, Ernst M, Grant S, Bonson K, Weinstein A (2000) Orbitofrontal

cortex and human drug abuse: functional imaging. Cereb Cortex 10: 334-342.
Paradiso S, Anderson BM, Boles Ponto LL, Tranel D, Robinson RG (2011)
Altered neural activity and emotions following right middle cerebral artery
stroke. J Stroke Cerebrovasc Dis 20: 94-104.

Takeuchi H, Taki Y, Sassa Y, Hashizume H, Sekiguchi A, et al. (2011) Regional
gray matter density associated with emotional intelligence: evidence from voxel-
based morphometry. Hum Brain Mapp 32: 1497-1510.

Dong G HJ, Du X. (2012) Alterations in regional homogeneity of resting-state
brain activity in internet gaimg addicts. Behavioral and Brain Functions 8: 41.
Passamonti L, Novellino F, Cerasa A, Chiriaco C, Rocca F, et al. (2011) Altered
cortical-cerebellar circuits during verbal working memory in essential tremor.
Brain 134: 2274-2286.

Lewald J, Staedtgen M, Sparing R, Meister IG (2011) Processing of auditory
motion in inferior parietal lobule: evidence from transcranial magnetic
stimulation. Neuropsychologia 49: 209-215.

Vandenberghe R, Gitelman DR, Parrish TB, Mesulam MM (2001) Functional
specificity of superior parietal mediation of spatial shifting. Neuroimage 14: 661
673.

Olson IR BM (2009) Some Surprising Findings on the Involvement of the
Parietal Lobe in Human Memory. Neurobiol Learn Mem 91: 155-165.
Braver TS, Barch DM, Gray JR, Molfese DL, Snyder A (2001) Anterior
cingulate cortex and response conflict: effects of frequency, inhibition and errors.
Cereb Cortex 11: 825-836.

Garavan H, Ross TJ, Stein EA (1999) Right hemispheric dominance of
inhibitory control: an event-related functional MRI study. Proc Natl Acad
Sci U S A 96: 8301-8306.

. O’Doherty JP (2004) Reward representations and reward-related learning in the

human brain: insights from neuroimaging. Curr Opin Neurobiol 14: 769-776.
Cavanna AE, Trimble MR (2006) The precuneus: a review of its functional
anatomy and behavioural correlates. Brain 129: 564-583.

PLOS ONE | www.plosone.org

67.

68.

69.

70.

71.

72.

73.

74.

78.

79.

80.

81.

82.

83.

84.

86.

Altered Resting-State FC in Adolescents with IGA

McCoy AN, Crowley JC, Haghighian G, Dean HL, Platt ML (2003) Saccade
reward signals in posterior cingulate cortex. Neuron 40: 1031-1040.

Pearson JM, Hayden BY, Raghavachari S, Platt ML (2009) Neurons in posterior
cingulate cortex signal exploratory decisions in a dynamic multioption choice
task. Curr Biol 19: 1532-1537.

Yu C, Gupta J, Yin HH (2010) The role of mediodorsal thalamus in temporal
differentiation of reward-guided actions. Front Integr Neurosci 4.

Corbit LH, Muir JL, Balleine BW (2003) Lesions of mediodorsal thalamus and
anterior thalamic nuclei produce dissociable effects on instrumental conditioning
in rats. Eur J Neurosci 18: 1286-1294.

Dong G, DeVito E, Huang J, Du X (2012) Diffusion tensor imaging reveals
thalamus and posterior cingulate cortex abnormalities in internet gaming
addicts. J Psychiatr Res 46: 1212-1216.

O’Doherty JP, Dayan P, Friston K, Critchley H, Dolan R]J (2003) Temporal
difference models and reward-related learning in the human brain. Neuron 38:
329-337.

Delgado MR, Nystrom LE, Fissell C, Noll DC, Fiez JA (2000) Tracking the
hemodynamic responses to reward and punishment in the striatum.

J Neurophysiol 84: 3072-3077.

Zink CF, Pagnoni G, Martin ME, Dhamala M, Berns GS (2003) Human striatal

response to salient nonrewarding stimuli. J Neurosci 23: 8092-8097.

. Haruno M, Kuroda T, Doya K, Toyama K, Kimura M, et al. (2004) A neural

correlate of reward-based behavioral learning in caudate nucleus: a functional
magnetic resonance imaging study of a stochastic decision task. ] Neurosci 24:
1660-1665.

. O’Doherty J, Dayan P, Schultz J, Deichmann R, Friston K, et al. (2004)

Dissociable roles of ventral and dorsal striatum in instrumental conditioning.
Science 304: 452-454.

. Ramnani N MR (2003) Instructed delay activity in the human prefrontal cortex

is modulated by monetary reward expectation. Cereb Cortex 13: 318-327.
Simmonds DJ, Pekar JJ, Mostofsky SH (2008) Meta-analysis of Go/No-go tasks
demonstrating that fMRI activation associated with response inhibition is task-
dependent. Neuropsychologia 46: 224-232.

Zhou Y, Lin FC, Du YS, Qin LD, Zhao ZM, et al. (2011) Gray matter
abnormalities in Internet addiction: a voxel-based morphometry study.
Eur J Radiol 79: 92-95.

Collin G, Hulshoff' Pol HE, Haijma SV, Cahn W, Kahn RS, et al. (2011)
Impaired cerebellar functional connectivity in schizophrenia patients and their
healthy siblings. Front Psychiatry 2: 73.

Ruef A, Curtis L, Moy G, Bessero S, Badan Ba M, et al. (2012) Magnetic
resonance imaging correlates of first-episode psychosis in young adult male
patients: combined analysis of grey and white matter. J Psychiatry Neurosci 37:
305-312.

Alonso-Solis A, Corripio I, de Castro-Manglano P, Duran-Sindreu S, Garcia-
Garcia M, et al. (2012) Altered default network resting state functional
connectivity in patients with a first episode of psychosis. Schizophr Res 139:
13-18.

Schultz CC, Koch K, Wagner G, Roebel M, Nenadic I, et al. (2010) Increased
parahippocampal and lingual gyrification in first-episode schizophrenia.
Schizophr Res 123: 137-144.

Voets NL, Hough MG, Douaud G, Matthews PM, James A, et al. (2008)
Evidence for abnormalities of cortical development in adolescent-onset
schizophrenia. Neuroimage 43: 665-675.

. Piskulic D, Olver JS, Norman TR, Maruff P (2007) Behavioural studies of spatial

working memory dysfunction in schizophrenia: a quantitative literature review.
Psychiatry Res 150: 111-121.

Seiferth NY, Pauly K, Habel U, Kellermann T, Shah NJ, et al. (2008) Increased
neural response related to neutral faces in individuals at risk for psychosis.
Neuroimage 40: 289-297.

March 2013 | Volume 8 | Issue 3 | 59902



