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a b s t r a c t

Internet addiction (IA) incurs significant social and financial costs in the form of physical side-effects,
academic and occupational impairment, and serious relationship problems. The majority of previous
studies on Internet addiction disorders (IAD) have focused on structural and functional abnormalities,
while few studies have simultaneously investigated the structural and functional brain alterations un-
derlying individual differences in IA tendencies measured by questionnaires in a healthy sample. Here we
combined structural (regional gray matter volume, rGMV) and functional (resting-state functional con-
nectivity, rsFC) information to explore the neural mechanisms underlying IAT in a large sample of 260
healthy young adults. The results showed that IAT scores were significantly and positively correlated with
rGMV in the right dorsolateral prefrontal cortex (DLPFC, one key node of the cognitive control network,
CCN), which might reflect reduced functioning of inhibitory control. More interestingly, decreased an-
ticorrelations between the right DLPFC and the medial prefrontal cortex/rostral anterior cingulate cortex
(mPFC/rACC, one key node of the default mode network, DMN) were associated with higher IAT scores,
which might be associated with reduced efficiency of the CCN and DMN (e.g., diminished cognitive
control and self-monitoring). Furthermore, the Stroop interference effect was positively associated with
the volume of the DLPFC and with the IA scores, as well as with the connectivity between DLPFC and
mPFC, which further indicated that rGMV variations in the DLPFC and decreased anticonnections be-
tween the DLPFC and mPFC may reflect addiction-related reduced inhibitory control and cognitive ef-
ficiency. These findings suggest the combination of structural and functional information can provide a
valuable basis for further understanding of the mechanisms and pathogenesis of IA.

& 2015 Published by Elsevier Ltd.
1. Introduction

Once individuals spend too much time on Internet-related ac-
tivities, they may have a problem of Internet tendency, which
could lead to Internet addiction (IA). IA is considered as the in-
ability to control one's use of the Internet, which could be con-
sidered as an impulse-control spectrum disorder and one type of
behavioral addiction, and always results in social, psychological
and/or work difficulties (Holden, 2001; Young, 1997; Young and
Rogers, 1998). One study found that 11% of adolescents in Greece
exhibited behaviors that corresponded to the criteria for IA
19
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(Siomos et al., 2008), and about 18% of teenagers in Korea who
play computer games were diagnosed as patients suffering from IA
(Whang et al., 2003). IA also has become a serious threat to the
mental health of teenagers in China in recent decades. Current
data suggests that 2.4% of adolescents show Internet addiction
(Cao and Su, 2007), and 19.1% of Chinese adolescents in Hong Kong
are classified as having IA (Shek et al., 2008). These findings might
indicate that IA is prevalent worldwide, especially amongst ado-
lescents, suggesting that it is a serious mental health problem
which has expanded incredibly and gathered widespread
attention. Moreover, a variety of psychiatric disorders, such as
depression (Kim et al., 2006; Young and Rogers, 1998), anxiety
(Greenfield, 1999) and maladaptive cognitions (Bidi et al., 2012;
Spada et al., 2008) have been found to be related to Internet ad-
diction. It is important to recognize that psychological interven-
tions and behavioral treatments for IA are not very efficacious
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(Block, 2007), which might be at least partly due to the fact that
the cognitive and neural mechanisms underlying individual dif-
ferences in IA are unclear.

Numerous studies have explored the brain structural and
functional correlates of Internet addiction disorder (IAD) in recent
years, by utilizing structural and functional magnetic resonance
imaging (MRI). These neuroimaging studies of IAD usually have
identified abnormalities in frontal brain regions (especially the
dorsolateral prefrontal cortex, DLPFC) that are believed to be
responsible for cognitive control and control of inhibition (Be-
chara, 2005; Feil et al., 2010; Hayashi et al., 2013; Kuss and Grif-
fiths, 2012; Widyanto and Griffiths, 2006). For example, a voxel-
based morphometry (VBM) study showed that decreased gray
matter volumes (GMVs) in the bilateral DLPFC, the supplementary
motor area (SMA), the orbitofrontal cortex (OFC), the cerebellum,
and the left rostral anterior cingulate cortex (rACC) were asso-
ciated with IA, suggesting that the brain structural abnormalities
involved in IAD might be related to a dysfunction of cognitive
control (Yuan et al., 2011). Another study found that the right
DLPFC, right OFC, right nucleus accumbens, bilateral ACC and
medial frontal cortex were activated stronger in response to
gaming cues in a group addicted to Internet gaming compared to a
control group (Ko et al., 2009). Moreover, patients suffering from
IA had more brain activation in the left DLPFC, left occipital lobe
cuneus, and left parahippocampal gyrus relative to healthy sub-
jects when exposed to game cues (Han et al., 2010). Overall, these
findings revealed that abnormal brain structure and function of
frontal brain regions (especially the DLPFC) were closely related to
IA, the aggravation of which might be associated with weakened
cognitive control and stronger craving responses (Caplan, 2002;
Davis, 2001; Dong et al., 2012; Kuss and Griffiths, 2012; Şe-
normancı et al., 2010; Widyanto and Griffiths, 2006).

Other studies have revealed that a number of regions in the
cognitive control network (CCN), such as the DLPFC, play an im-
portant role in substance addiction, suggesting that structural
deficits and functional abnormalities in individuals with substance
addiction might be similar to those in IAD (e.g., similar behavior
symptoms, such as tolerance, withdrawal, preoccupation, and
negative repercussions; Feng et al., 2013; Hong et al., 2013; Ko
et al., 2009; Ng and Wiemer-Hastings, 2005; Young, 1997). Studies
of alcohol-dependent patients found DLPFC volume abnormalities
and abnormal functional connectivity between the DLPFC and the
striatum, which may reflect impairments in reward-related
learning and the magnitude of alcohol craving (Makris et al.,
2008). A recent study have reported the alterations in the fronto-
striatal circuitry associated with higher IAT scores, which could
reflect the striatal over-activation and the diminished top-down
modulation of prefrontal areas (Kühn and Gallinat, 2014). Simi-
larly, cocaine-dependent abusers also show reduced cortical
thickness in the DLPFC, which has been found to be associated
with abnormal decision making (Makris et al., 2008). In conclu-
sion, all the above studies suggest that the DLPFC (a core region of
the CCN) plays an important role in addiction, which includes
increased addiction-related weakened cognitive control and im-
pulsive decision making (Hooker et al., 2010; Kühn et al., 2012).

Moreover, in addition to the core regions of the CCN (especially
the DLPFC), a close correlation between the core regions of the
default mode network [DMN; such as the posterior cingulate
cortex (PCC) and medial prefrontal cortex (mPFC)] and addiction
has attracted more attention. For instance, Ding et al. (2013) re-
ported the DMN in adolescents with Internet gaming addiction
was altered. They found connectivity with the PCC (the key node
of the DMN) was positively correlated with IA scores in the right
precuneus, SMA, thalamus, PCC, caudate, nucleus accumbens and
lingual gyrus, while it was negatively correlated with the right
cerebellar anterior lobe and the left superior parietal lobule
(Fransson and Marrelec, 2008). Furthermore, Dong et al. (2012)
reported diminished efficiency of response-inhibition processes in
patients suffering from IA, which has been associated with in-
creased neural activity in the ACC (a region within the CCN; Cole
and Schneider, 2007). Another study found that patients suffering
from IA engaged more cognitive processes in a decision-making
task because of insufficient executive functioning during this task
(Dong et al., 2013a). Subsequently, it has been shown that com-
pared with controls, IAD subjects exhibit higher superior frontal
gyrus activity after continuous wins and decreased PCC activity
after continuous losses (Dong et al., 2013b). In addition, previous
studies also found the DMN and rACC network of heroin-depen-
dent individuals were different compared with healthy subjects,
which might suggest that the aberrance of the DMN and rACC
might be linked to addiction (Yuan et al., 2010). Moreover, Ma
et al. (2011, 2010) also found enhanced resting-state functional
connectivity (rsFC) in the hippocampus (a prominent node within
the DMN) and reduced connectivity in the ACC (within the DMN)
in drug addicts, which might reflect addiction-related abnormally
increased memory processing, or diminished cognitive control
related to attentional orientation and self-monitoring. It should be
noted that in previous neuroscientific studies, the regions asso-
ciated with addiction were mostly the core regions of the DMN
(such as the PCC and mPFC) and the CCN (such as the DLPFC and
dACC), and these two networks were considered to be anti-cor-
related (Cole and Schneider, 2007; Fox et al., 2005; Jović and
Đinđić, 2011; Ma et al., 2010; Volkow et al., 2004).

However, up until now, the majority of previous research has
studied individuals whose behaviors corresponded to the diag-
nostic criteria for IA (i.e., the Internet usage was causing significant
problems in their life), and compared these IA subjects with
healthy controls. These studies focused on the consequences of
enhanced behavioral addiction and considered the control sample
to be a heterogeneous group. In addition, strictly speaking, video
gaming or Internet gaming addiction (IGA) is only a subtype of IAD
and significant difference may exist among the different IAD
subtypes (Block, 2008). We can therefore only generalize the ob-
served volumetric and activity differences in Kühn et al. (2011)
and Dong et al. (2012) to the specific IGA subgroup but not to
general IAD subjects. More importantly, although the relevant
clinical studies already existed, there were some discrepancies in
healthy sample. Evidently, non-addicted, healthy individuals who
score high on IA tests (i.e., potential problematic Internet users)
might be more susceptible to IAD, so investigation of the neural
basis underlying individual differences in IA tendencies in young
healthy subjects is important. Although a recent study has linked
IA tendency (excessive but non-pathological Internet use) to GMV
and functional connectivity (Kühn and Gallinat, 2014), it in-
vestigated relatively small sample consisting of only male
participants. To increase the power of the statistical analyses and
enhance generalization of the findings, structural and functional
investigations with larger sample sizes for both genders are
necessary.

Therefore, in light of the above findings, we wanted to test the
relationship between individual differences in IA and GMV at a
whole-brain level in the healthy population, using voxel-based
morphometry (VBM) on structural magnetic resonance images.
The VBM is regarded as non-invasive structural MRI to identify
brain anatomy associated with differences in behavior (Kanai and
Rees, 2011; Takeuchi et al., 2012). Since neuroimaging measures of
brain structure could be used to provide better insights into brain
mechanisms about stable individual personality traits, the ex-
amination of anatomical features using structural imaging (e.g.
VBM) might be more efficacious than using fMRI for investigating
the tendency toward IA (Ashburner and Friston, 2000; Hayakawa
et al., 2013; Hong et al., 2013; Takeuchi et al., 2012). Furthermore,
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other studies have indicated that most altered structural regions in
IA patients may be related to aspects of the CCN associated with
inhibitory control, and aspects of the DMN associated with self-
referential processing (Han et al., 2012; Yuan et al., 2010; Zhou
et al., 2011). Thus, we hypothesized that in the healthy population,
individual differences in IA scores might be associated with rGMV
variations in the DLPFC or dACC (key nodes of the CCN) and the
mPFC or PCC (key nodes of the DMN), and these structural al-
terations may be, at least in part, associated with cognitive control
and goal-directed behavior dysfunctions.

Moreover, in light of the fact that studies have shown a cor-
relation between volumetric reduction and decreased brain ac-
tivity (Johnson et al., 2000; Thomsen et al., 2004; Yang and Raine,
2009), functional and structural imaging studies are thought to
complement each other well (Drevets et al., 2008; Wang et al.,
2012a, 2012b; Watkins et al., 2008). Several studies have already
combined structural MRI and rs-fMRI by choosing the structurally
affected areas for subsequent resting-state functional connectivity
analysis (Di et al., 2012; Jung et al., 2013; Liao et al., 2011; Lui et al.,
2009; Wang et al., 2012a, 2012b). For instance, Yuan et al. (2010)
combined VBM and rsFC analysis to study heroin addicts and
found a reduction in the gray matter density (GMD) of the right
DLPFC and a decrease rsFC between the right DLPFC and the left
inferior parietal lobe (IPL), which might indicate that the volu-
metric and rest-state functional abnormalities in the DLPFC were
related to heroin addiction. Thus, we also tried to use rsFC to in-
vestigate the relationship between rsFC and IA scores, and we
hypothesized that inter-individual differences in IA scores would
be associated with altered rsFC within the CCN (i.e., DLPFC) and
DMN (i.e., mPFC/PCC), or would be associated with altered antic-
orrelations between the CCN-DMN (e.g., DLPFC and mPFC/PCC)
(Bjork et al., 2011; Kehagia et al., 2010; Schlagenhauf et al., 2009).
Recently, a systematic review and a meta-analysis of fMRI studies
of Internet gaming disorder (IGD) revealed that subjects with IGD
showed an abnormal activation in the medial frontal gyrus (MFG)/
cingulate gyrus (included ACC and PCC), the left middle temporal
gyrus and fusiform gyrus when compared with healthy controls.
Furthermore, the symptom severity (the on-line time) was asso-
ciated with activations in the left MFG (dorsolateral prefrontal
cortex) and the right cingulate gyrus (Meng et al., 2014). These
findings were consistent with some of the aforementioned struc-
tural and functional neuro-imaging studies (Feng et al., 2013; Han
et al., 2012; Kuss and Griffiths, 2012; Zhou et al., 2011), which
implicate the important role of dysfunctional prefrontal lobe in the
neurophysiological mechanism of IGD.

Hence, we combined structural (GMV) and functional (rsFC)
information in the present study to examine the neural substrates
of inter-individual differences in IA scores in a sample of 260
healthy young adults. In sum, the combination of morphometric
results and functional connectivity findings could provide a valu-
able basis for further understanding of the neural mechanisms
underlying individual differences in IA, which could help to ex-
plain the neurobiological variations that might place certain peo-
ple at greater risk of developing IAD.
2. Materials and methods

2.1. Subjects

A total of 260 right-handed, healthy subjects (120 male;
19.971.2 years; range, 18–27 years) participated in the study as
part of our ongoing project to examine the associations among
brain imaging, creativity and mental health (Li et al., 2014; Wei
et al., 2014). All subjects were undergraduates or postgraduates
from the Southwest University, China. None of them had a history
of neurological or psychiatric illness, or substance abuse by a self-
report questionnaire before the scan. The study was approved by
the Institutional Review Board of Southwest University Imaging
Center for Brain Research, and written informed consents were
obtained from all participants.

2.2. Assessment of Internet addiction levels

The Internet Addiction Test (IAT; Young, 1998) is a 20-item
questionnaire which covers an individual's Internet use habits,
their thoughts about the Internet as well as the influence of In-
ternet use on their lives (such as compulsive use, withdrawal, re-
lated problems in school, work, and sleep). The IAT was found to
be a valid and reliable instrument for assessing IA (Widyanto et al.,
2011; Widyanto and McMurran, 2004). For each item, a scaled
selection (1¼“not at all” to 5¼“always”) can be made with the
higher total item scores suggesting a tendency toward addictive
usage. The following cut-off points were applied to distinguish the
extent of Internet use: normal (0–30 points), mild (31–49 points),
moderate (50–79 points), and severe range (80–100 points)
(Young, 2011). One's Internet usage is causing significant problems
in one's life when his/her IA score was above 80 (Alavi et al., 2011;
Chang and Man Law, 2008). The test–retest reliability of IAT was
0.83 and a significant correlation with time spent on the Internet
was demonstrated (Barke et al., 2012). Many studies have reported
that time online is an important predictor of Internet addiction
(e.g., Wang et al., 2011; Yang and Tung, 2007). Furthermore, the
two-wave longitudinal findings lent support for stability of Inter-
net addiction tendency (i.e., one's prior pathological use of the
Internet significantly predicted their later Internet addictive be-
haviors and the probability of being classified as Internet addicts,
with all possible influence of demographic factors being excluded)
(Shek and Yu, 2012). All these studies indicate that individuals
with higher IAT score might have higher risk of IAD. In the present
study, the internal reliability of this test was good (Cronbach's
alpha¼0.901).

2.3. Assessment of psychometric measures of general intelligence

In order to eliminate the effect of general intelligence on brain
structures (Haier et al., 2004), the Combined Raven's Test (CRT;
Raven and Court, 1998) was used to assess individuals' in-
telligence. The CRT, which with a high degree of reliability and
validity (He-ming, 2008; Raven, 2000), consists of 72 items (Ra-
ven's standard progressive matrix and Raven's colored progressive
matrix) as revised by the Psychology Department of East China
Normal University in 1989. The total score of this test (number of
correct answers in 40 min) was used as a psychometric index of
individual intelligence (Takeuchi et al., 2011; Wei et al., 2014).

2.4. Assessment of depression and anxiety

Given that IA was closely associated with anxiety and depres-
sion (Ha et al., 2007; Kim et al., 2006; Young, 1998), and these
factors might have contributed to the increased severity of brain
atrophy, adjustments were made to exclude the possibility that
any significant correlations between rGMV and IA were caused by
associations between (a) IA and anxiety/depression and (b) rGMV
and anxiety/depression.

The State-Trait Anxiety Inventory (STAI, Spielberger et al., 1970)
was used to measure individuals' anxiety levels. The trait scale
(STAI-T) which consists of 20 items was administered to assess
individual differences in the frequency and intensity with which
anxiety is experienced over time. Each item is rated on a 4-point
frequency scale ranging from “almost never” to “almost always”.
Subjects who get high scores in trait anxiety tend to perceive more
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situations as dangerous or threatening than subjects who have
lower trait anxiety scores (Spielberger, 1972; Spielberger et al.,
1983). The STAT-T has been shown to have good psychometric
properties, with high internal consistencies (Cronbach's
alpha¼0.835) in the present study.

Depressive symptomatology was evaluated using the Self-rat-
ing Depression Scale (SDS, Zung, 1965). The SDS is a 20-item self-
report questionnaire purported to measure depressed affect and
related symptoms. Subjects use a 4-point scale to rate each item
based on how they felt during the preceding week, with a re-
sponse format ranging from 1 “a little of the time” to 4 “most of
the time”. The total scores can range from 20 to 80, and a higher
score means a higher level of depressive symptoms. The SDS de-
monstrated good internal consistency (Cronbach's alpha¼0.8) in
the present study.

Furthermore, it should be noted that, based on Chinese youth
norms, there were no clinically depressed or anxious patients in-
cluded in our samples.

2.5. Assessment of Stroop task

To further examine whether the changes of the brain was ef-
fected by the weakened cognitive control ability or not, a color-
word Stroop task was assessed. Programmed with E-prime soft-
ware, the classic Stroop conflict paradigm (Jensen, 1965; MacLeod,
1991) was presented to participants using a DELL computer. Sti-
muli consisted of one of four words in Chinese (red, orange, blue,
or green) printed in one of four colors. The trials were either
congruent (e.g., the word “blue” in blue ink) or incongruent (e.g.,
the word “blue” in green ink). Participants are required to cate-
gorize a color (red, orange, blue, or green) in the presence of a
word, by using the “SDJK” keys, respectively. They were instructed
to be accurate with speed. After an exercise, a formal program
comprises 108 trials divided by two blocks. Each trail was 2.75 s
long and consisted of a color word for 150 ms followed by a
fixation cross (þ) for 600 ms and a blank for 2 s. The Stroop
interference effect (ΔRT) reflects the cognitive control ability
(MacLeod, 1991) and was calculated by subtracting the mean re-
action time on congruent trials from the mean reaction time on
incongruent trials. Trials with incorrect responses and responses
with reaction times less than 200 milliseconds and greater than
1000 milliseconds were excluded to avoid rapid or slow responses
unduly influencing average response time. Participants completed
a practice session which continued until they reached an accuracy
rate of 90% or higher (Dong et al., 2012) to assure that participants
understood the instructions and were performing the task
appropriately.

All the 260 subjects completed the IAT, the CRT, the STAI-T, and
the SDS. Because some participants gave up the ongoing project,
only 188 of these 260 participants completed the procedures re-
lated to the Stroop task. Thus, data from all the 260 subjects were
included in structural and functional imaging data analyses; data
from 188 subjects were included in investigation of associations
between cognitive control (the Stroop color-word task) and the
volume of the DLPFC, IAT scores and the connectivity between
DLPFC and mPFC.

2.6. Image data acquisition

All magnetic resonance imaging (MRI) data were acquired on a
3.0-T Siemens Trio MRI scanner (Siemens Medical, Erlangen, Ger-
many). During data acquisition, subjects were instructed to keep
their heads still. Earplugs and foam padding were used to reduce
scanner noise and head motion. High-resolution T1-weighted
anatomical images were obtained with a magnetization-prepared
rapid gradient echo (MPRAGE) sequence (repetition time [TR]¼
1900 ms; echo time [TE]¼2.52 ms; inversion time¼900 ms;
flip angle¼9°; resolution matrix¼256�256; field of view
(FOV)¼256�256 mm2; slices¼176; thickness¼1.0 mm; voxel
size¼1�1�1 mm3).

During resting-state scanning, subjects were instructed to close
their eyes, remain still and relaxed, but not sleep. The whole-brain
resting-state functional images were acquired using gradient-echo
echo planar imaging (EPI) sequences with the following para-
meters: TR¼2000 ms, TE¼30 ms, flip angle¼90°, resolution
matrix¼64�64, FOV¼220�220 mm2, slices¼32, slice
gap¼1 mm, voxel size¼3.4�3.4�4 mm 3.

2.7. Structural imaging data analysis

Preprocessing of structural image data was performed with the
SPM8 software (Wellcome Department of Cognitive Neurology,
London, UK; www.fil.ion.ucl.ac.uk/spm) which was implemented
in MATLAB 7.8 (MathWorks Inc., Natick, MA, USA). Structural
images from each subject were displayed in SPM8 to check arti-
facts or gross anatomical abnormalities and manually coregistered
to anterior commissur-poterior commissure. Gray matter (GM),
white matter (WM) and cerebrospinal fluid (CSF) was segmented
using the new segmentation toolbox in SPM8. Subsequently, we
performed registrations, normalization, and modulation using
Diffeomorphic Anatomical Registration through Exponentiated Lie
algebra (DARTEL) in SPM8 (Ashburner, 2007). Then the study-
specific brain template was created with all the subjects in our
sample. To facilitate the determination of regional differences in
the absolute amount of GM, the image intensity of each voxel was
modulated by the Jacobian determinants (Ashburner, 2007). Sub-
sequently, registered images were transformed to Montreal Neu-
rological Institute (MNI) space. Finally, the normalized and
modulated images (GM and WM images) were smoothed with an
8 mm full width at half maximum (FWHM) Gaussian kernel to
increase the signal to noise ratio.

The association between GMV and individual differences in IA
tendency was investigated. Statistical analysis of imaging data was
performed with SPM8. In the analysis, we used whole brain
multiple regression analysis, in which the IA score was the variable
of interest. Total GM volume, age, gender, general intelligence
score, STAI-T and SDS scores were covariates. Absolute voxel signal
intensity threshold masking of 0.2 was used to minimize gray
matter/white matter boundary effects. In other words, voxels with
probability to be GM which lower than 0.2 were excluded from the
analysis. The voxel-level false discovery rate (FDR) method was
used at the whole-brain level. The significance threshold was set
at po0.05, corrected for multiple comparisons.

2.8. Functional imaging data analysis

Processing of the resting-state image data was performed using
the data processing assistant for resting-state fMRI (DPARSF)
software (http://www.restfmri.net/forum/DPARSF) (Yan et al.,
2009) and the REST toolkit (Song et al., 2011). Both toolboxes work
on the basis of the SPM8 software package. To ensure signal
equilibrium and participants’ adaptation to their immediate en-
vironment, the first 10 volumes of the functional images were
excluded. The remaining 232 scans images were preprocessed
including slice timing, head motion correction, and spatial nor-
malization to a standard template. Global mean signal, white
matter, cerebrospinal fluid, and 24 motion parameters for head
movement were regressed out as nuisance variables to cancel out
the potential impact of physiological artifacts. Moreover, the Fris-
ton 24-parameter model (i.e., 6 head motion parameters, 6 head
motion parameters one time point before, and the 12 corre-
sponding squared items; Friston et al., 1996) was utilized to
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Table 1
Demographic variables and behavioral data.

Subjects characteristic Mean SD Range

Age (years) 19.89 1.22 18–27
General intelligence 66.32 3.30 52–72
STAI score 41.15 7.66 22–61
SDS score 35.15 6.94 22–55
IA score 40.82 11.22 22–78

Note: STAI, State-Trait Anxiety Inventory; SDS, Self-rating Depression Scale; IA,
Internet Addiction Test.
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regress head motion effects out of the realigned data based on
recent reports that higher-order models demonstrated benefits in
reducing head micro movements effect (Satterthwaite et al., 2013;
Yan et al., 2013). The images were then resampled to 3-mm cubic
voxels, followed by spatial smoothing (8 mm FWHM). The
smoothed data was linear detrended and filtered using a band pass
filter (0.01–0.08 Hz) to eliminate low frequency fluctuations. The
preprocessing steps of functional connectivity followed the stan-
dard protocol reported by Yan and Zang (Chao-Gan and Yu-Feng,
2010; Chen et al., 2012; Tian et al., 2012)

The significant encephalic region on GMV analysis was selected
as a seed region for functional connectivity analysis, which is the
DLPFC (peak MNI coordinate, x, y, z¼39, 6, 47) and including 296
voxels. Functional connectivity analysis was performed for the
selected seed region. For the detailed procedure, first, the averaged
blood–oxygen-level-dependent (BOLD) time series in the DLPFC
seed was extracted. Then the correlation coefficient between the
seed time course and the time course from all brain voxels was
calculated using a voxel-by-voxel method to get the whole brain
correlation maps. Finally, the correlation maps were transformed
to z-scores using Fisher r-to-z transformation. To obtain the brain
regions which were significantly correlated with the seed region,
we performed a random effect one-sample t-test of individual z-
valued functional connectivity maps. In this way, composite
functional connectivity maps were obtained with a threshold of
po0.05, corrected for FDR. Further, positive and negative func-
tional connectivity maps were saved respectively as masks for
subsequent multiple linear regression analysis. In order to make
results more accurate and credible, another two seed regions in
the CCN (Cole and Schneider, 2007) [right inferior frontal junction
(IFJ); radius, 6 mm; central coordinates, 44, 13, 30; right pre-sup-
plementary motor area (pSMA); radius, 6 mm; central coordinates,
3, 16, 50] were selected for functional connectivity analysis.

Finally, multiple linear regression analysis was performed to
identify the brain regions in which the strength of the functional
connectivity to the seed region (DLPFC) significantly correlated
with IA scores. The multiple comparison corrections were per-
formed at po0.05 using the FDR approach, and gender, age,
general intelligence score, SDS score, and STAI-T score were in-
cluded as regressors of no interest. To further explore whether the
associations seen between IA tendency and DLPFC connectivity
were generally the same as those seen between IA tendency and
the other regions in the CCN, the right IFJ and right pSMA were
chosen as seed regions using the same procedure described above.

In addition, a complementary analysis was carried out in order
to ascertain the possible link between the structural and func-
tional results. Firstly, correlation analysis was carried out to in-
vestigate the relationship between altered GMV in DLPFC and the
anticorrelations between DLPFC and mPFC. Subsequently, to ex-
amine whether the functional abnormalities between DLPFC and
mPFC about IA would explain the relationship between the GMV
in seed area (the altered DLPFC) and IA, a mediation analysis was
conducted using the indirect macro designed for SPSS (Preacher
and Hayes, 2008). In this analysis, 5000 bootstrapped samples
using bias-corrected and accelerated 95% confidence intervals (CI)
were reported. CIs without zero indicate a significant indirect ef-
fect of the independent variable on the dependent variable
through the mediators (Preacher and Hayes, 2008).
3. Results

3.1. Behavioral data

The average IAT score of all subjects was 40.82 (SD¼11.22), and
none of the scores was higher than 80, which means there were no
clinical patients suffering from IA in this sample. IAT scores were
significant related to STAI-T scores (r¼0.175, po0.05) and SDS
scores (r¼0.231, po0.05), which was consistent with previous
studies that have reported the association of IA with anxiety and
depression (Ha et al., 2007; Tao, 2003; Young and Rogers, 1998)
(Table 1).

3.2. Correlation between GMV and IAT scores

We investigated individual differences in IA behaviors asso-
ciated with rGMV. A multiple regression analysis controlling for
age, gender, total brain GMV, general intelligence, anxiety and
depression as no interest revealed that IAT scores were sig-
nificantly and positively correlated with rGMV in the DLPFC [MNI
coordinates, x, y, z¼39, 6, 47, t (260)¼5.25, p (corrected)o0.05;
296 voxels] (Fig. 1).

3.3. DLPFC connectivity and its relations to IAT scores

As seen in Fig. 2, one-simple t-tests were performed to explore
which regions were positively/negatively connected with the
DLPFC. Subsequently, we used the positively connected regions as
a positive mask, and the negatively connected regions as a nega-
tive mask.

Then, to explore whether the DLPFC functions in concert with
other brain regions for IA, we performed seed-voxel-based corre-
lation analysis between the DLPFC region that was found to be
clearly associated with IA scores and all other voxels in the two
masks. In the negative mask, the rACC (MNI coordinates, x, y, z¼9,
42, �3, t (260)¼4.72, po0.05) was found to be connected with
the DLPFC, correcting for multiple comparisons at voxel-level FDR,
and 92 voxels alive with po0.05 (for more information, see Fig. 3)
(Table 2).

Moreover, IFG was found to be connected with mPFC
(po0.001, uncorrected, 111 voxels; Fig. 4a), and pSMA was found
to be connected with mPFC (po0.001, uncorrected, 45 voxels;
Fig. 4c). We compared these regions with the mPFC/rACC which
was obtained before, and a similar overlapping mPFC/rACC was
found (for more information, see Fig. 4). This provided more evi-
dence indicating that the anticorrelation between the CCN and
mPFC/rACC was associated with IA tendencies.

In addition, our complementary analysis showed that the al-
tered GMV in the DLPFC was significantly and positively related
with the anticorrelation between the DLPFC and mPFC/rACC
(r¼0.19, po0.05), which may indicate that individuals with
higher IA are more likely to have a higher GMV in the DLPFC and
abnormal functional connectivity between the DLPFC and mPFC/
rACC. Moreover, mediation analysis showed a significant indirect
effect of IA on GMV in the DLPFC and anticorrelation between
DLPFC and mPFC/rACC [CI: 0.0138, 0.0757], which may suggest
that the structural and functional abnormalities interacted in IA.

Moreover, to investigate whether the structural and functional
changes of the brain were associated with weakened cognitive
control ability or not, we additionally investigated the association



Fig. 1. Anatomical association with IA. (A) GMV was positively correlated with individual IA scores in the right DLPFC. Results are shown with po0.05 (corrected for voxel
level FDR). The corresponding partial correlation scatterplot between IA and DLPFC is adjusted for total brain volume, age, gender, general intelligence score, STAI-T score and
SDS score for illustration purpose only. (B) A scatter plot of the relationship between the IA scores and rGMV values in DLPFC (x, y, z¼39, 6, 47). DLPFC, dorsolateral prefrontal
cortex; FDR, false discovery rate; IA, Internet addiction; rGMV, regional gray matter volume; STAI-T, State-Trait Anxiety Inventory- Trait scale.

Fig. 2. Resting state functional connectivity maps with seed at the right DLPFC (x, y,
z¼39, 6, 47). The results are shown for po0.05 (corrected for FDR). The red tracts
show the positive connectivity maps that were saved as a positive mask; the blue
tracts show negative connectivity maps that were saved as a negative mask
(L¼ left; R¼right). DLPFC, dorsolateral prefrontal cortex; FDR, false discovery rate.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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between altered regions and cognitive control and executive pro-
cesses using a classical Stroop color-word task (Jensen, 1965;
MacLeod, 1991). We found that the ΔRT was positively related
with the volume of the DLPFC (r¼0.159, po0.05) as well as the
IAT scores (r¼0.246, po0.05), and the connectivity between
DLPFC and mPFC was also positively related with the ΔRT of the
Stroop color-word (r¼0.188, po0.05).
4. Discussion

To the best of our knowledge, this is the first study to si-
multaneously investigate structural and functional brain altera-
tions in a large sample of healthy young adults with an IA
tendency. Structural data showed that higher IA scores were as-
sociated with a larger rGMV in the right DLPFC. Furthermore,
resting-state fMRI data demonstrated that decreased antic-
orrelations between the right DLPFC (a key node of the CCN) and
the mPFC/rACC (a key node of the DMN) were also associated with
higher individual IA scores. Taken together, our results suggest
that structural and functional brain variations may be important
neurobiological mechanisms of overuse and/or abuse of the In-
ternet in individuals with higher IA scores. The implications of
these findings in a nonclinical population will be discussed in
detail below.

Numerous functional brain imaging studies have revealed that
the DLPFC is involved in working memory (Daskalakis et al., 2008;
Hoppenbrouwers et al., 2013; Smith et al., 1998), executive
functioning (Wagner et al., 2001), and automatic regulation of
emotional responses (Hoshi, 2006; Mansouri et al., 2009; Miller
and Cohen, 2001; Sakai and Passingham, 2004). Particularly, the
prefrontal cortex (PFC) is suggested to play a key role in addiction,
not only based on its regulation of limbic reward regions, but also
its involvement in higher-order executive functions (for example,
self-control, salience attribution, and awareness) (Goldstein and
Volkow, 2011). Previous addiction studies showed that heroin-
dependent individuals had a reduction in rGMD in the right DLPFC
compared with healthy controls (Zhou et al., 2011). Moreover,
previous VBM results indicate that the decreased rGMV in the
bilateral DLPFC (especially in the right DLPFC) of patients suffering
from IA, and the structural abnormalities of the DLPFC were all
significantly correlated with the duration of Internet addiction in
the adolescents with IAD (Yuan et al., 2011). However, in this
study, we found that increased rGMV in the DLPFC might con-
tribute to a higher IA score. It is worth noting that several recent
studies have indicated that the notion that “the larger the volume,
the better the function” does not always hold true (Kanai and Rees,
2011; Takeuchi et al., 2011). An early study (Kanai and Rees, 2011)
revealed that decreased cortical volume is sometimes associated
with increased functioning and better task performance. Indeed,
the gray matter of certain brain regions, for example, prefrontal
regions, show developmental thinning over time in studies of
normal development (Amodio and Frith, 2006; Buckner et al.,
2008; Decety et al., 2004; Schulte-Rüther et al., 2011; Sowell et al.,
2003). That is, the reduction in GMV in the prefrontal regions
among nonclinical populations of young adults during adoles-
cence, which is a part of normal development, might reflect an
effective synaptic and/or neuronal pruning process (i.e., the pro-
cess of removing inefficient synapses and neurons over a lifetime;
Kanai and Rees, 2011; Takeuchi et al., 2012). Moreover, Takeuchi
et al. (2013a) found that larger rGMV in the sgACC of subjects with



Fig. 3. DLPFC resting state functional connectivity (rsFC) strength is correlated with IA scores (the results are shown for po0.05, corrected for multiple comparisons using
the voxel-level FDR at the whole brain level). (A) In the negative mask, the rsFC strength of the mPFC/rACC (MNI coordinates, x, y, z¼9, 42, �3, t¼4.72, po0.05, 92 voxels
alive) and DLPFC was significantly and positively related to IA scores. (B) A scatter plot of the relationship between IA scores and rsFC strength for illustration purpose only.
DLPFC, dorsolateral prefrontal cortex; FDR, false discovery rate; IA, Internet addiction; mPFC/rACC, medial prefrontal cortex/rostral anterior cingulate cortex.

Table 2
Neural association with Internet addiction.

Brain
regions

H Peak MNI coordinate T score Corrected p
valuen

Cluster size
(voxels)

X Y Z

Voxel-based morphometry
DLPFC R 39 6 47 5.25 0.004 296

Functional connectivity
mPFC/
rACC

R 9 42 �3 4.72 o0.001 92

Note: ROI, region of interest; MNI, Montreal Neurological Institute; H, hemisphere;
R, right; DLPFC, dorsolateral prefrontal cortex; mPFC/rACC, rostral anterior cingu-
late cortex/medial prefrontal cortex.

n FDR correction for multiple comparisons at po0.05 voxel level.
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a higher self-handicapping tendency may reflect immature func-
tioning of this region, which might result in emotional fragility
and lead to self-handicapping behaviors. Based on the above ac-
cumulating evidence, increased rGMV in the right DLPFC within
prefrontal areas in this study might be related to lower function-
ing, which is mainly due to brain maturation characterized by
cortical thinning, such as effective synaptic pruning. Our ob-
servations may suggest that, the larger rGMV in the DLPFC in
subjects with higher IA scores might reflect diminished function-
ing of this region in terms of inhibitory control and executive
ability, which could be associated with the emergence of com-
pulsive craving and relapse. The fundamental symptoms of IA
behaviors – the craving for immediate rewards from Internet ac-
tivities – are associated with impulse-control disorders (e.g., in-
tense preoccupation with Internet use, lack of control over the
amount of time spent online and compulsive Internet use) as well
as behavioral addictions (e.g., development of euphoria, craving, or
tolerance) (Brenner, 1997; Feil et al., 2010; Goldstein and Volkow,
2011; Hayashi et al., 2013; Kuss and Griffiths, 2012).

Furthermore, the ΔRT of classical Stroop color-word task was
found to be positively related to the volume of the altered DLPFC
and the IA scores, which could support the abovementioned no-
tion that the volume of the DLPFC and the IA scores were both
negatively related with participants' cognitive control and execu-
tive function. In other words, those who scored higher on the IAT
could not inhibit their dominant/habitual Internet use successfully
(manifested as the increased volume of the DLPFC), and hence
they demonstrate an inability to control their compulsive Internet
use in life settings.

More interestingly, we also found decreased anticorrelations
between the DLPFC and areas in the mPFC/rACC (i.e., key nodes of
the CCN and DMN, respectively) were associated with higher IA
scores. As discussed above, the DLPFC is considered as the core
region of the CCN (Cole and Schneider, 2007), which might be
related to executive function and inhibition control. Specifically,
the DLPFC is associated with decision-making, impulse control,
and loss of willpower to resist drugs (Bechara, 2005). This region
also has been shown to be involved in predicting future rewards
(Tanaka et al., 2004) and successful emotion regulation or impulse
control processes (Staudinger et al., 2011). In addition, research
has found that abnormal functional connectivity between the
striatum and the DLPFC predicts impairments in learning and the
magnitude of alcohol craving (Lee et al., 2007; Park et al., 2010).
On the other hand, the mPFC and adjacent rACC regions are con-
sidered to be parts of the DMN that is relevant to attention,
self-monitoring, and introspective thoughts (Buckner et al., 2008;
Gusnard et al., 2001; Raichle et al., 2001). Generally, the DMN (e.g.,
mPFC/rACC) is involved in internally focused tasks, including self-
monitoring, self-referential processing, and mind wandering
(Buckner et al., 2008; Fox et al., 2005). Indeed, Fox et al. (2005)
revealed the anticorrelation between the two intrinsic networks
[e.g., the task-positive network (TPN) and the DMN] might be
functionally more important than DMN activity itself, which might
differentiate the neuronal processes that subserve opposite goals
or competing representations (Broyd et al., 2009; Fox et al., 2005;
Uddin et al., 2008; Zhou et al., 2007). Specifically, Fox (2005) found
that regions belonging to the DMN showed negative connectivity
with regions in cognitive control during resting state. To further
clarify whether the anticorrelation between CCN and DMN on IA
also existed when the seed region was changed, we also chose
another two regions in the CCN as seed regions and found that
they were all negatively connected with the mPFC. Therefore, the
results of this study could reflect the balance between the DMN
and CCN (two types of brain states that compete against each
other during resting state) in higher IA scoring healthy subjects
was impaired. Partly congruent with this, the reduced antic-
orrelations between the two networks is associated with condi-
tions with reduced working memory capacity and aging (Broyd
et al., 2009; Sambataro et al., 2010). Previous studies have found
reduced anticorrelations between the mPFC and DLPFC in both
patients with attention deficit/hyperactivity disorder and



Fig. 4. Resting-state functional connectivity between the other brain regions in the CCN and the mPFC. The seed region is located at the right IFJ (A; radius, 6 mm; central
coordinates, 44, 13, 30), and the right pSMA (C; radius, 6 mm; central coordinates, 3, 16, 50). The right IFJ and the right pSMA were both found to be negatively connected
with the mPFC. The statistical threshold was po0.05 (corrected for Alphasim, voxel wise po0.01, cluster size474 voxels). The results are shown uncorrected for visua-
lization purposes. (B and D) Scatter plots of significant positive relationships between IA scores and connectivity strength. CCN, cognitive control network; IFJ, inferior frontal
junction; pSMA, pre-supplementary motor area; mPFC, medial prefrontal cortex.

W. Li et al. / Neuropsychologia 70 (2015) 134–144 141
schizophrenia, suggesting that the cognitive deficits (e.g., in-
efficient use of attentional resources) in these patient groups are
due, in part, to a decoupling of the mPFC and DLPFC at baseline,
which was also manifested during task execution (dysfunction in
activating the DLPFC and suppressing the mPFC) (Chai et al., 2011;
Daprati et al., 1997; Irani et al., 2006; Whitfield-Gabrieli et al.,
2009). Comparatively, reduced anticorrelations might reflect dis-
parity between the networks, and might arise from dysfunction in
one or both of the networks, most likely indicating aberrant DMN
activity (Broyd et al., 2009). Disruption of these functions could
impair an individual's ability to monitor and inhibit inappropriate
behavior (Broyd et al., 2009). In the present study, the connectivity
between DLPFC and mPFC was also positively related the ΔRT of
the Stroop color-word test (external measure of cognitive perfor-
mance), which indicated that decreased anticonnnections be-
tween the DLPFC and mPFC may reflect reduced cognitive control
ability and executive functioning. This notion may give a possible
explanation about addiction-related impaired executive attention
and cognitive control toward goal-directed activities (Dong et al.,
2011; Shapira et al., 2000). This conclusion is indirectly supported
by cognitive training studies. Previous study demonstrated that
working memory and multitasking training may lead to an in-
crease in anticorrelations between nodes of EAS and DMN, which
may reflect reallocation of cognitive resources from the network
active during rest (DMN) to the network actively involved in the
task (the network involving DLPFC) (Takeuchi et al., 2013b, 2014).

IA is associated with an exaggerated negative self-representa-
tion (e.g., self-doubt, low self-efficacy and negative self-appraisal;
Ko et al., 2008) that leads one to use the Internet to get more
positive feedback and emotional support from other people
without taking a risk, which might be also due to a lack of social
support and/or social isolation. Patients suffering from IA tend to
have automatic thoughts about themselves such as “I am good
only at using the Internet” and “The only place where I am re-
spected is the Internet” (Caplan, 2002; Davis, 2001; Şenormancı
et al., 2010; Widyanto and Griffiths, 2006; Young, 1997). In fact, the
DMN has been demonstrated to be active in situations involving
self-referential mental activity, introspective thoughts, attention
and decision-making (Andrews-Hanna et al., 2010; Buckner et al.,
2008; Buckner and Carroll, 2007). As we discussed above, previous
studies have revealed that several DMN regions (e.g., PCC, mPFC)
exhibit structural and functional abnormalities in patients, which
might indicate that the brain circuits of self-monitoring and at-
tentional orientation are impaired in addiction patients (Ding and
Lee, 2013; Ma et al., 2011; Sutherland et al., 2012). Thus, it was
reasonable to speculate that higher IA scores might be associated
with decreased anticorrelations between the DLPFC and areas in
the mPFC/rACC (arising from dysfunctions in one or both of the
DMN and CCN networks) which, in turn, develops a sustained
blurring of perceptions about one's self and the world (apart from
impaired impulse control, as discussed above). Interestingly, we
also found that there was a mediation effect between GMV in the
DLPFC and IA through the anticorrelation between the DLPFC and
mPFC, which indicated that regional functional connectivity ac-
counts for a statistically significant portion of the relationship
between regional structural abnormalities and IA. Consequently,
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people with a high IA tendency would seek continuous self-vali-
dation, which involves the DMN, and immediate rewards from the
Internet frequently, which would then affect their tolerance,
withdrawal and inhibitory control, ultimately resulting in proble-
matic Internet usage.

Although the present findings provide one piece of evidence
about the neurobiological mechanisms of individual differences in
IA tendencies, a few methodological limitations should be noted.
First, in order to eliminate the effect of general intelligence on
brain structures and functional connectivity, the Combined Ra-
ven's Test that had a high degree of reliability and validity was
used to assess individuals' intelligence. Nonetheless, it should be
noted that the Combined Raven's Test may be slightly simple for
the investigated sample. Although this did not affect the conclu-
sions of the study, future studies need to avoid potential ceiling
effects in general intelligence testing for some subjects. In addi-
tion, as we used a cross-sectional rather than a longitudinal de-
sign, the observed structural and functional brain variations are
still to be clarified. Further prospective studies should investigate
the influence of excessive Internet use longitudinally over time
and clarify the causal relations between IAD and psychological
measures, which could provide a more definitive interpretation of
our present findings.
5. Conclusion

The present study combined structural (GMV) and functional
(rsFC) information to explore the neural basis of IA tendencies in a
large healthy sample. Among the healthy subjects, the DLPFC vo-
lume was significantly and positively correlated with individual
difference in IA scores, which might reflect immature functioning
of this region related to inhibitory control. Meanwhile, there was a
significant association between DLPFC atrophy and IAT scores.
Interestingly, decreased anticorrelations between the DLPFC and
mPFC were associated with higher IA scores, which might lead to
dysfunctions of the CCN and DMN networks (i.e., diminished in-
hibitory control and cognitive efficiency), and cause an unrest-
rained cycle that lead individuals to devote excessive time and
effort devoted to the Internet. These results indicate that there are
differences between the neural correlates of the IA tendencies of
healthy individuals and the pathophysiology of patients with IAD.
In sum, the combination of morphometric results and functional
connectivity findings can provide a valuable basis for further un-
derstanding of the pathogenesis of IA and aid in improving the
effective methods for prevention and intervention of IAD.
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