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Abstract

Background: Internet addiction has become increasingly recognized as a mental disorder, though its neurobiological basis
is unknown. This study used functional neuroimaging to investigate whole-brain functional connectivity in adolescents
diagnosed with internet addiction. Based on neurobiological changes seen in other addiction related disorders, it was
predicted that connectivity disruptions in adolescents with internet addiction would be most prominent in cortico-striatal
circuitry.

Methods: Participants were 12 adolescents diagnosed with internet addiction and 11 healthy comparison subjects. Resting-
state functional magnetic resonance images were acquired, and group differences in brain functional connectivity were
analyzed using the network-based statistic. We also analyzed network topology, testing for between-group differences in
key graph-based network measures.

Results: Adolescents with internet addiction showed reduced functional connectivity spanning a distributed network. The
majority of impaired connections involved cortico-subcortical circuits (,24% with prefrontal and ,27% with parietal
cortex). Bilateral putamen was the most extensively involved subcortical brain region. No between-group difference was
observed in network topological measures, including the clustering coefficient, characteristic path length, or the small-
worldness ratio.

Conclusions: Internet addiction is associated with a widespread and significant decrease of functional connectivity in
cortico-striatal circuits, in the absence of global changes in brain functional network topology.
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Introduction

Internet addiction has been increasingly recognized both in

public and the scientific community worldwide [1], though it is a

relatively new condition and its psychopathological characteristics

and neurobiological mechanisms remain poorly understood.

Recent neuroimaging studies have reported significant changes

in brain function and structure associated with internet addiction.

The majority of these studies utilized functional magnetic

resonance imaging (fMRI) performed during tasks, and have

implicated frontal and striatal regions and, to a lesser extent, the

parietal and insula cortex [2–5]. Additionally, using positron

emission tomography (PET), Kim et al. (2011) found decreased

dopamine D2 receptor availability in bilateral caudate and right

putamen [6], and Hou et al. (2012) using single photon emission

computed tomography (SPECT) found decreased striatal dopa-

mine transporter expression level in adults with internet addiction

[7]. These findings accord with current theoretical models of

addiction disorders, comprising not only substance addiction but

also behavioral addiction (e.g., pathological gambling), which

emphasize pathology of fronto-striatal circuitry [8], as well as the

insula [9,10]. Structural MRI studies by Zhou et al. (2011) and

Yuan et al. (2011) have together suggested gray matter abnor-

malities in brain regions including the prefrontal cortex [11,12],

and a diffusion-tensor imaging study by Lin et al. (2012) reported

widespread white matter abnormalities in adolescents with internet

addiction [13]. Lastly, Liu et al. (2010) found altered regional

homogeneity in internet addiction [14], which is to our knowledge
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the only resting-state fMRI finding in the literature regarding this

disorder [15]. The authors investigated the temporal homogeneity

in the Blood-Oxygen-Level-Dependent (BOLD) signal of each

voxel with those of its nearest 26 neighbor voxels in a voxel-wise

way.

Resting-state fMRI is a relatively new imaging technique for

investigating inter-regional correlations of spontaneous brain

activity, recorded as someone lies quietly in the scanner without

being engaged in a specific task [16]. The approach provides a

robust method for mapping well-defined functional systems

[17,18]. Resting-state measures are reliable [19,20], under genetic

control [21–23], and thought to index an intrinsic property of

brain functional organization [24], subject to certain caveats [25].

In combination with graph theoretic techniques, resting-state

fMRI offers a powerful means for investigating the large-scale

organization of brain functional dynamics and its disruption in

psychopathological conditions [26].

In this study, we used resting-state fMRI data to map differences

in functional connectivity between a comprehensive set of 90

distinct cortical and subcortical brain regions in healthy individ-

uals and adolescents with internet addiction, focusing on

individuals engaging in excessive online gaming among the

proposed subtypes of this disorder [27]. We also conducted an

analysis of network topological disturbances [28] to assess whether

any between-group differences in connectivity strength were

further associated with a global reconfiguration of functional

interactions [26], as has been reported in many other psychiatric

disorders [29,30].

Based on previous structural and functional neuroimaging

findings in internet addiction [3,4,6,7,15], along with the

established theoretical models of substance addiction disorders

[8,9], we hypothesized that adolescents with internet addiction

would show altered inter-regional connectivity between frontal

and striatal regions, with a possible further involvement of parietal

cortex and insula.

Materials and Methods

Ethics Statement
This study was approved by the institutional review board for

human subjects at the Seoul National University. All the

adolescents and their parents provided written informed consent

prior to study entry. The study was conducted in accordance with

the Declaration of Helsinki.

Participants
Twelve right-handed male adolescents with internet addiction

and 11 right-handed and gender-matched [31] healthy controls

participated in this study. The diagnosis of internet addiction was

established using the Young Internet Addiction Scale (YIAS),

which consists of 20 items, each based on a 5-point Likert scale

evaluating the degree of problems caused by internet use [32], and

the Kiddie-Schedule for Affective Disorders and Schizophrenia-

Present and Lifetime Version (K-SADS-PL), a semi-structured

diagnostic interview tool with established validity and reliability,

which enabled us to exclude other psychiatric disorders [33,34].

Participants with internet addiction were confined to those

reporting to have experienced typical components of addiction

(i.e., tolerance, withdrawal, preoccupation with playing online

games, repeated unsuccessful attempts to reduce or stop online

gaming, negatively influenced mood when attempting to reduce

online gaming, and neglecting important relationships or activities

because of online games) [35,36]. All participants with internet

addiction reported excessive online gaming among the proposed

subtypes of this disorder. The same instruments were applied

when recruiting healthy adolescents. Demographic information

and intelligence quotient (IQ) of all the participants were also

assessed (see Table 1).

Data Acquisition and Image Processing
Resting-state fMRI images were acquired on a 3T Siemens

scanner (Siemens Magnetom Trio Tim Syngo MR B17, Germany)

with the following parameters: repetition time (TR) 2700 ms; echo

time (TE) 30 ms; acquisition matrix 64664; field of view (FOV)

1926192 mm2; flip angle 90u; voxel size

3.0 mm63.0 mm63.0 mm; slices 40. The total time of the

acquisition was 6 min 45 sec. A head coil was used and head

motion was minimized by filling the empty space around the head

with sponge material and fixing the lower jaw with a tape.

The preprocessing of fMRI images was conducted using the

Data Processing Assistant for Resting-State fMRI (DPARSF) [37],

which is based on Statistical Parametric Mapping (SPM8) and

Resting-State fMRI Data Analysis Toolkit (REST). The first 5

images in each subject were discarded, and the remaining 145

images were corrected for slice timing and realigned to the first

volume in order to correct for motion artifacts. All participants

showed less than 0.5 mm of displacement and 0.5u of rotation in

their 6 head motion parameters. In addition, the two groups were

not significantly different (p,0.05) in the four head motion

parameters recently suggested by Van Dijk et al. [38]: i.e., mean

head displacement (internet addiction: 0.0460.01 mm, control:

0.0460.01 mm), maximum head displacement (internet addiction:

0.1860.14 mm, control: 0.1760.07 mm), number of micro

(.0.1 mm) movements (no more than 2 for all participants,

except for two individuals in internet addiction group having 5 and

6 micro movements), and head rotation (internet addiction:

0.0460.01u, control: 0.0460.00u). Before spatial normalization,

an age- and gender-matched brain template was created based on

data from the NIH MRI Study of Normal Brain Development,

using Template-O-Matic [39]. Our fMRI images were normalized

using this customized template and smoothed with a full-width

half-maximum Gaussian kernel of 6 mm. The data were then

detrended and low frequency fluctuations (0.01–0.08 Hz) were

filtered in order to detect signals from gray matter and reduce the

effect of noise. Six head motion parameters, white matter signals,

and cerebrospinal fluid signals were regressed from the filtered

BOLD signal. Finally, the residuals of this regression were

extracted from 90 brain regions (nodes) based on the Automated

Anatomical Labeling (AAL) atlas [40], and pair-wise associations

were calculated resulting in a 90 by 90 connectivity matrix per

each subject. Pearson’s correlation coefficient (zero lag) was used

to quantify each pair-wise association. Note that the global signal

was not included as a nuisance covariate, ensuring the proportion

of negative correlations was minimal.

Table 1. Demographic and clinical characteristics of the
participants.

Internet Control P-value

Age (years) 13.4162.31 14.8160.87 0.071

Gender (male) 12 (100%) 11 (100%) N/A

IQ 102.83616.41 109.6369.87 0.247

YIAS 57.00617.39 38.3667.31 0.004

IQ, intelligence quotient; YIAS, Young Internet Addiction Scale
doi:10.1371/journal.pone.0057831.t001

Brain Connectivity and Internet Addiction
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Data Analysis
The network-based statistic (NBS) [41,42] was used to identify

regional brain networks showing a significant between-group

difference in inter-regional functional connectivity. Specifically, a

t-test was performed to test for a between-group difference in the

correlation coefficient at each of the 906(90-1)/2 = 4005 unique

regional pairings. Interconnected networks, formally known as

graph components, were then identified among the connections with a

t-statistic exceeding a threshold of t = 3.0. A family-wise error

(FWE)-corrected p-value was calculated for the size of each

resulting component using permutation testing (20000 permuta-

tions). Each permutation involved randomly shuffling the group

labels and identifying the size of the largest interconnected network,

thereby yielding an empirical null distribution of maximal

component sizes [43]. A FWE-corrected p-value was estimated

for each interconnected network as the proportion of permutations

that yielded a larger interconnected network, or one of equal size.

The two alternative hypotheses (addiction . controls and

addiction , controls) were evaluated independently. All these

steps were performed using the NBS software package, which is

freely distributed as part of the Brain Connectivity Toolbox

(http://www.brain-connectivity-toolbox.net/) or NITRC (http://

www.nitrc.org/projects/nbs/). To assess the reproducibility of any

significant findings to alternative atlases [44], the above analysis

was repeated separately with the AAL atlas substituted with two

alternative atlases for parcellating the cortex into non-overlapping

regions; namely, the Montreal Neurological Institute (MNI)

structural atlas (http://www.fmrib.ox.ac.uk/fsl/data/atlas-

descriptions.html) and a random parcellation comprising 120

regions [45]. The MNI atlas is a coarse parcellation representing

eight anatomical regions per cerebral hemisphere, thereby

facilitating characterization of inter-lobar connectivity.

Next, we tested for between-group differences in key graph-

based network measures [28]; namely, the average clustering

coefficient, characteristic path length and small-worldness ratio.

Interpretation of these measures in terms of brain complexity and

organization can be found in much recent literature [26,30,46–

49]. The connectivity matrices were first binarized with respect to

a set of fixed connection densities, ranging from 10% to 30% [28].

Network measures were calculated at each density using the

appropriate function provided in the Brain Connectivity Toolbox.

The clustering coefficient and characteristic path length were

normalized with respect to an ensemble of 20 random networks

generated using the Maslov-Sneppen rewiring algorithm [50].

Between-group differences were then assessed at each density

using a two-sided t-test.

Finally, the clustering coefficient and path length were

calculated locally for each of the 90 regions. A two-sided t-test

was also used to test for between-group differences in these region-

specific measures. The false discovery rate (FDR) [51] was used to

correct for multiple comparisons across the family of network

densities and regions.

Results

Participant Characteristics
All participants were right-handed males. No significant

difference was found in age and IQ between the two groups,

and YIAS score was significantly higher in internet addiction

group (Table 1).

Group Differences in Functional Connectivity
The NBS identified a single network showing significantly

(p,0.05, FWE-corrected) decreased connectivity in adolescents

with internet addiction compared to controls. This affected

network comprised 59 links, involving 38 different brain regions

(Figure 1). The network was broadly replicated when the AAL

atlas was substituted with two alternative atlases for parcellating

the cortex into non-overlapping regions (see Figure S1). Despite

considerable variation in the total number of regions comprising

these atlases (AAL: 90, MNI: 16, random: 120), remarkable

consistency was evident in the overall network structure. Network

size expectedly increased with atlas resolution (i.e., total number of

regions), giving rise to a more complex configuration. However,

the cortical and sub-cortical regions (and corresponding lobes)

implicated were broadly replicated across the three atlases. Figures

were visualized with the BrainNet Viewer (http://www.nitrc.org/

projects/bnv/).

Following Fornito et al. [52], AAL regions were categorized into

corresponding major lobes (e.g., frontal, temporal, parietal) and

the proportion of connections linking these large-scale divisions

was quantified for each pair of lobes. Fronto-temporo-parietal

connections were found to be affected, but the occipital lobe was

not included in the affected network. The majority of connections

that were reduced in the internet addiction group involved links

between subcortical regions and frontal (,24%) and parietal

(,27%) cortices (Figure 2). To better understand which subcor-

tical regions may be contributing to this finding, we examined the

connectivity between each cortical lobe and each subcortical

region separately in the NBS network (Figure S2). This analysis

revealed that the subcortical regions included hippocampus,

globus pallidus, and putamen. The amygdala and caudate nucleus

were not included in the affected network. Bilateral putamen was

the most extensively involved subcortical region, showing

decreased connections with all three major cerebral lobes involved.

This pattern was replicated using the MNI atlas, from which the

resulting network only included putamen and insula, in addition to

frontal, parietal, and temporal lobes; caudate nucleus and occipital

lobe were not included in the affected network.

We did not identify any network with increased connectivity in

the internet addiction group. No significant correlation was found

between functional connectivity in the identified network and

YIAS score, either in the internet addiction group or in controls.

Group Differences in Network Topology
No between-group difference was noted in the average

clustering coefficient, the characteristic path length or the small-

worldness ratio at any of the network densities investigated

(p,0.05, FDR-corrected) (Figure 3). Additionally, no between-

group difference in the corresponding local (region-specific)

measures survived FDR correction for multiple comparisons.

Applying a less stringent false positive correction p,(1/90) = 0.011

[53] in order to explore trend level effects yielded between-group

differences in the local clustering coefficient and the local path

length appearing predominantly in the occipital lobes (Tables S1

and S2).

Discussion

Evidence of decreased brain functional connectivity was found

in adolescents with internet addiction. Consistent with current

models emphasizing the role of cortico-subcortical pathology in

addiction [54], 24% of the connections in the altered network

differentiating addicted individuals and healthy controls involved

links between frontal and subcortical regions. An additional 27%

linked subcortical and parietal areas, with more limited evidence

for involvement of the insula, again consistent with recent evidence

of an involvement of these regions in addiction. Note that our

Brain Connectivity and Internet Addiction
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analysis provides a stringent test of cortico-subcortical models of

addiction, as it included measures of pair-wise functional

connectivity between 90 different regions distributed throughout

the brain. The fact that cortico-subcortical systems emerged as a

prominent pathology using this completely data-driven analysis

provides strong support for the involvement of these systems in

internet addiction. Moreover, our findings indicate that internet

addiction shares neurobiological characteristics in common with

other addictive disorders, and that subcortical regions in particular

may represent core sites of brain network pathology. An important

note is the view from the National Institute on Drug Abuse that

behavioral addictions might be relatively pure models of addiction,

taking into account that these conditions are not contaminated by

the effects of substances [55]. Whereas the study of many other

addiction disorders is invariably confounded by secondary toxicity

effects of substance abuse, internet addiction is diagnosed

behaviorally and thus provides a more targeted model for studying

addiction that is free from long-term drug effects.

In this study, the NBS was used with network size measured

based on its extent; that is, the total number of connections

comprising the network. This size measure is not suited to

detecting focal effects involving single, isolated connections that do

not collectively form a network. To test for these kinds of focal

between-group differences, the NBS analysis was repeated testing

for differences in component mass rather than size. The mass

statistic provides greater sensitivity to focal, intense effects than

testing for differences in component size. In addition, we also

thresholded edge-wise comparisons using the FDR, which will be

very sensitive to high-intensity, focal effects. No significant

between-group differences were apparent with either the FDR

or mass statistics, suggesting that aberrant connectivity in internet

addiction encompasses a distributed network involving several

cortical and subcortical regions.

Given that brain network properties are known to be sensitive to

the choice of parcellation template, we investigated several

alternative parcellation schemes in order to assess the reproduc-

ibility of any findings to changes in nodal definitions [45,56,57].

This enabled us to rule out the possibility that certain findings

were merely due to a statistically favorable positioning of nodes,

but not reproducible with other well-known parcellations.

In contrast to the decreased strength of functional connectivity,

topological parameters revealed no significant group differences.

Even when we conducted further exploratory analyses based on

less stringent control against type I error, the results indicated

possible topological difference mainly involving the occipital lobe,

Figure 1. Network of decreased brain functional connectivity in
adolescents with internet addiction.Red dots represent stereotac-
tic centroids of brain regions (nodes) defined by Automated Anatomical
Labeling (AAL) atlas, and blue lines represent suprathreshold links
(t = 3.0) comprising the affected network identified with the network-
based statistic (NBS) (p,0.05, component-wise corrected).The axial view
illustrates the involvement of interhemispheric connections (i.e.,
connections crossing between the right and left hemisphere). The
sagittal view illustrates the involvement of frontal, temporal, and
parietal lobes in the affected network.
doi:10.1371/journal.pone.0057831.g001

Figure 2. Proportion of connections affected in internet
addiction linking distinct pairs of broad cerebral divisions.The
number of links involving each pair of divisions is normalized by total
number of pair-wise links.Note that the hippocampus, globus pallidus,
and putamen were assigned to the subcortical category, and the
anterior cingulate gyrus was assigned to the frontal category. The
amygdala and caudate nucleus were not included in the disrupted
network and thus there was no need to assign these regions to a lobe.
The putamen, bilaterally, was the most extensively involved subcortical
region, showing decreased connections with all three major cerebral
lobes involved.
doi:10.1371/journal.pone.0057831.g002
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which was unaffected in the NBS analysis. Thus, while internet

addiction was associated with a widespread and significant

decrease of functional connectivity in cortico-subcortical circuits,

this decrease was not associated with a global disruption in brain

functional network topology. This study demonstrates that

widespread differences in functional connectivity can exist in the

absence of alterations in basic topological measures. It may seem

remarkable that differences in connectivity strength were so

widespread in the absence of any significant topological differenc-

es. However, it is important to remark that topology and

connectivity strength are distinct properties of the connectome

and abnormalities in one need not imply abnormalities in the

other. Similar findings have been observed in other disorders

[52,58]. We note however, that group differences in some

topological properties trended towards statistical significance.

Analysis of a larger sample may afford the necessary power to

declare these effects significant. Our results suggest that topological

changes may be more subtle than those observed for functional

connectivity measures.

Among the 59 connections included in the altered network, 25

were interhemispheric connections and 34 were intrahemispheric,

pointing to involvement of long-range as well as short-range

connections throughout the brain. Given that internet addiction is

a newly recognized mental health condition, with its concept and

diagnostic criteria still elusive and undetermined, perhaps it might

be surprising to find such an extensively affected network in the

brain of these subjects. Recently, Lin et al. (2012) investigated

brain white matter integrity in adolescents with internet addiction

using diffusion-tensor imaging, and found a widespread decrease

in fractional anisotropy (FA) throughout the brain with no area of

higher FA in internet addiction group [13]. Such results implicate

a possible anatomical basis for the functional disturbances

observed in our sample, a hypothesis that could be tested using

combined fMRI and diffusion-weighted imaging in the same

participants [59].

Regarding the large number of interhemispheric connections

found in the altered network, efficient interhemispheric commu-

nication has long been thought to be important in brain functions

[60–63]. However, relatively few neuroimaging studies of addic-

tion have addressed the functional integration between bilateral

hemispheres. Recently, Kelly et al. (2011) observed reduced

interhemispheric functional connectivity in cocaine-dependent

adults [64]. They showed primary involvement of a fronto-parietal

network, with a relative sparing of temporal regions, results that

parallel our findings. Although the authors discussed the finding

mainly as reflecting the long-term effects of chronic cocaine

exposure, they also mentioned the possibility that reduced

interhemispheric functional connectivity may have preceded the

exposure to cocaine as a vulnerability to addiction disorders. Our

results suggest that these interhemispheric changes reflect either a

vulnerability for addiction disorders or a neural correlate of

generic addictive behavior, rather than being secondary to

prolonged drug use, given that addiction in our sample was

defined in purely behavioral terms. These possibilities could be

evaluated by testing for phenotypic similarities between unaffected

relatives of individuals with either drug or behavioral addiction

disorders.

Interestingly, a similar pattern of decreased resting-state

functional connectivity between frontal and parietal regions was

reported both in cocaine- and heroin-dependent individuals

[64,65]. In a recent review, Sutherland et al. (2012) suggested

that decreased connectivity in the fronto-parietal circuits might be

a central component in the impaired cognitive control network of

drug-addicted populations [54]. Our finding in internet addiction

also supports the notion that decreased functional connectivity

between frontal and parietal regions might be a common

characteristic across different types of addiction, suggesting the

presence of a shared phenotype that is not a secondary

consequence of drug use. In addition, a recent investigation of

whole-brain functional connectivity in schizophrenia showed

prominent fronto-temporal rather than fronto-parietal or fronto-

striatal changes [52], consistent with classical pathophysiological

models of the disorder [66]. Of course, the most remarkable

finding of the present study is that internet addiction was

associated with pathology of striatal circuits in particular, a system

commonly implicated in other addictive disorders, suggesting a

shared neurobiological phenotype. Identifying altered striatal

circuits overlapping with those of well-established addictive

disorders might be useful for testing whether the addiction model

is an appropriate theoretical framework for understanding the

disorder [67,68]. However, whether a relatively stronger impair-

ment of fronto-parietal and fronto-striatal functional connectivity

could be largely specific to addiction disorders still remains in

question. Future studies directly comparing different disorders are

needed in order to establish specificity.

One of the most interesting findings in the current study was the

strong involvement of the putamen. This brain structure is known

to modulate several neurotransmitters including dopamine, and

blunted striatal dopaminergic function has been strongly impli-

cated as one of the key biological mechanisms of addiction

Figure 3. Small-world parameters of brain functional connectivity in adolescents with internet addiction.
doi:10.1371/journal.pone.0057831.g003
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disorders [8]. Dopamine is a key modulator of putamen function

and may play an important role in the functional connectivity

disturbances observed in this study. This is consistent with recent

evidence that striatal dopamine transporter and D2 receptor

availability is altered in people with internet addiction [6,7] and

that genetic and pharmacologic modulation of brain dopamine

levels can exert a profound impact on functional connectivity

patterns [69–71]. Taking into account these former reports and

the proposed neurobiological mechanism of addiction involving

blunted striatal dopaminergic function [8], understanding the

effects of dopamine on the network identified as showing altered

functional connectivity in the present study will represent an

important way forward in understanding the neurobiological

correlates of internet addiction.

Our finding that the putamen was the most extensively involved

subcortical region in the decreased functional network, sparing the

caudate nucleus, is also interesting. Both structures are part of the

striatum, which in turn is part of the subcortical structures. The

putamen is typically considered a brain region associated with

motor activity, and has less often been implicated in substance

addition than the caudate. Among motor activities, a well-learned

sequence of repetitive finger movements has been shown to be

associated with activation in the putamen [72–76]. People

suffering from internet addiction may undergo a far higher

frequency of certain behaviors over a long period of time, which

include repetitive manipulation of the mouse and keyboard, and

these experiences can affect their brain. Therefore, aberrant

connectivity stemming from the putamen perhaps indicates a

specific characteristic of internet addiction. However, as we did

not measure the degree of finger manipulation in our participants,

the implication of decreased rather than increased functional

connectivity involving the putamen in relation to mouse/keyboard

manipulation remains open to future research. Alternatively, the

involvement of the putamen in our findings may reflect its role in

cognitive processes that are shared with the caudate and which are

impaired in addiction, such as reward processing [77,78].

Another point worthy of discussion is the absence of any

increased functional connectivity in the internet addiction group.

Although we mainly expected to find decreased functional

connectivity in the addiction group, in fact, we did not exclude

the possibility of observing increased functional connectivity as

well, particularly given the hypothesis that adolescents with

internet addiction might show a practice effect due to excessive

online activities [79–82]. One possible explanation for the negative

finding could be that our small sample size lacked the power to

detect this practice-related increase in functional connectivity.

However, it is not yet fully established whether cognitive

performance in certain tasks or severity of certain psychopathol-

ogies manifest as decreased or increased functional connectivity

[83,84]. Another consideration should be that the effect of long-

term excessive internet use might differentially influence the brain

according to subpopulation. For example, a subpopulation called

professional online game players engages in intensive internet

activities, spends similarly long amounts of time practicing online

games and probably performs better in those games than people

with internet addiction, and yet seems not to be addicted as

evidenced by significantly lower YIAS score [85]. Hence, it could

be hypothesized that practice effects in internet activities perhaps

manifest differently depending on the individual.

The present study has some important limitations. First, the

sample size was quite small, which likely limited our power to

detect significant correlations between functional connectivity and

YIAS scores. Thus, the current finding needs to be replicated in a

larger sample of participants with internet addiction and controls.

It is, however, noteworthy that our sample size was on the whole

comparable to that of former functional neuroimaging studies of

internet addiction. Our sample was unique, as most former studies

were based on adults [2–7]. Second, the diagnostic criteria for

internet addiction are not solidly established yet, though our

findings do point to a potential neurobiological basis for this

putative disorder. Third, although we excluded comorbid mental

disorders using K-SADS-PL, subthreshold-level symptoms of

comorbid mental conditions might have still been present. Fourth,

collection of a broader range of clinical information such as

sleeping habits may have enriched our data and improved our

contribution to the literature [86,87]. Finally, the cross-sectional

study design limits the interpretation of a causal relationship

between decreased functional connectivity and the development of

internet addiction. It should be noted that head motion has

emerged as an important confound in functional neuroimaging

[38,88]. Head motion was comprehensively assessed in this study

using a range of recently proposed rotational and displacement

measures [38]. No significant difference between groups was found

for any of the head motion measures considered.

In summary, the results of this study suggest that adolescents

with internet addiction display altered brain functional connectiv-

ity in the absence of gross disturbances of network topology. The

altered network showed an extensive involvement of long-range

interhemispheric connections as well as short-range intrahemi-

spheric links throughout the brain. Subcortical brain regions may

play an important role in this altered network, particularly the

putamen, which showed decreased connections with all three

major cerebral lobes involved.

Supporting Information

Figure S1 Network of decreased brain functional con-
nectivity in adolescents with internet addiction (using
different atlases).Red dots represent stereotactic centroids of

brain regions (nodes) defined by Montreal Neurological Institute

(MNI) structural atlas (A) and random parcellation atlas (B), and

blue lines represent suprathreshold links (t = 2.1 and 3.0,

respectively) comprising the affected network identified with the

network-based statistic (NBS) (p,0.05, component-wise corrected).

(TIF)

Figure S2 Proportion of connections affected in internet
addiction linking distinct pairs of broad cerebral
divisions (detailed for subcortical regions).The number

of links involving each pair of divisions is normalized by total

number of pair-wise links.

(TIF)

Table S1 Local clustering coefficient.This table shows

trend level results with less stringent false positive correction

p,(1/90) = 0.011; no result survived the standard false discovery

rate correction for multiple comparisons.

(DOC)

Table S2 Local path length.This table shows trend level

results with less stringent false positive correction p,(1/

90) = 0.011; no result survived the standard false discovery rate

correction for multiple comparisons.

(DOC)
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