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ABSTRACT

Background: With the continued spread of smartphones and development of the internet, the potential
negative effects arising from problematic smartphone use (PSU) in adolescents are being reported on an
increasing basis. This study aimed to investigate whether altered resting-state functional connectivity
(rsFC) is related to the psychological factors underlying PSU in adolescents. Methods: Resting-state
functional magnetic resonance images were acquired from 47 adolescents with PSU and 46 healthy
control adolescents (the CON group). Seed-based functional connectivity analyses were then performed
to compare the two groups with respect to rsFC in the right inferior frontal gyrus, associated with
various forms of self-control, and rsFC in the left inferior frontal gyrus. Results: Compared to the CON
group, the PSU group exhibited a reduction in rsFC between the right inferior frontal gyrus and limbic
areas, including the bilateral parahippocampal gyrus, the left amygdala, and the right hippocampus. In
addition, a reduction in fronto-limbic rsFC was associated with the severity of PSU, the degree of self-
control, and the amount of time the subjects used their smartphones. Conclusion: Adolescents with PSU
exhibited reduced levels of fronto-limbic functional connectivity; this mechanism is involved in salience
attribution and self-control, attributes that are critical to the clinical manifestation of substance and
behavioral addictions. Our data provide clear evidence for alterations in brain connectivity with respect
to self-control in PSU.
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INTRODUCTION

With the widespread adoption of the internet and the development of mobile technology, the
popularity of smartphones has rapidly increased over the last year. It is estimated that almost
90% of adults in South Korea owned a smartphone in 2019 (Pew Research Center, 2019). As
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smartphones are becoming an essential part of the lives of
people, there are growing concerns related to the negative
influence of problematic smartphone use (PSU), especially
regarding physical and mental health. Furthermore, it has
been reported that PSU has dramatically increased due to
the self-isolation and social distancing caused by the rapid
worldwide spread of coronavirus disease 2019 (COVID-19)
(Caponnetto et al., 2021). In response to the accumulating
negative consequences of PSU, particularly during the
COVID-19 pandemic, there has been a substantial increase
in the volume of research literature pertaining to PSU
(Alabdulkader, 2021; Ratan, Zaman, Islam, & Hosseinzadeh,
2021).

Addiction is a state characterized by compulsive and
repetitive engagement in rewarding stimuli despite adverse
consequences (Philibin & Crabbe, 2015). The term addiction
was once limited to the use of drugs or substances; however,
the scope of addiction has expanded to gambling, compul-
sive buying, excessive use of the internet, and other behav-
ioral addictions (Grant, Potenza, Weinstein, & Gorelick,
2010). The Diagnostic and Statistical Manual of Mental
Disorders (DSM-5) included “Internet Gaming Disorders
(IGD)” as a condition for further study while the 11" edition
of the International Classification of Diseases (ICD-11) also
included “Gaming disorder” as a clinically recognizable and
clinically significant syndrome. Based on these guidelines,
neuroimaging studies relating to IGD or gaming disorders
have thrived over recent years and have provided evidence of
neurobiological alterations that are typically related to ad-
dictions. Unlike IGD, which has reached a consensus of
appropriate terminology and distinct clinical diagnostic
classification, there is still significant scientific debate as to
whether PSU should be regarded as an addictive behavior
(Billieux, Maurage, Lopez-Fernandez, Kuss, & Griffiths,
2015; Chdliz, 2010). Thus, there have been few neuro-
imaging studies related to PSU (Choi et al., 2021; Chun et al.,
2017, 2018; Horvath et al, 2020; Hu, Long, Lyu, Zhou, &
Chen, 2017). It has been mentioned in the previous studies
that “compulsive use (Lin et al., 2017)”, “excessive use (Chun
et al, 2017, 2018; Ha, Chin, Park, Ryu, & Yu, 2008)”,
“addictive use (Chdliz, 2010, 2012; De-Sola Gutierrez,
Rodriguez de Fonseca, & Rubio, 2016; Kim, Lee, Lee, Nam,
& Chung, 2014; Kim et al,, 2016; Mahapatra, 2019; van
Deursen, Bolle, Hegner, & Kommers, 2015)”, or “habitual
use (van Deursen et al., 2015; Wilmer, Sherman, & Chein,
2017)” of smartphones is a problematic behavior with
negative consequences for individuals. Moreover, it is a fact
that social problems caused by PSU have increased rapidly,
especially among the adolescents. Therefore, there is a clear
need to develop a universally accepted diagnostic instrument
for PSU and perform neuroimaging studies to identify cir-
cuit-based evidence underlying PSU.

According to a pathways model of problematic mobile
phone use, personality traits related to impulsivity such as
lack of planning or low self-control lead to uncontrolled
mobile phone use (Billieux, Maurage et al., 2015). A previous
study demonstrated that the habitual use of smartphones is a
crucial contributor to addictive smartphone behavior, and

that the loss of self-control appears to lead to a higher risk of
addictive smartphone behavior (van Deursen et al., 2015).
Self-control is described as the ability to ignore one’s inner
responses, to interfere with undesired behavioral tendencies,
and to refrain from acting upon such tendencies (Tangney,
Baumeister, & Boone, 2004). Indeed, individuals with high
levels of self-control are likely to achieve better outcomes in
a variety of aspects, including a higher grade point average,
lower incidence of binge eating and alcohol abuse, and a
better degree of psychological adjustment (Tangney et al.,
2004). The previous survey study reported that female in-
dividuals with high levels of impulsivity and low levels of
self-control are prone to engage in smartphone approach
behavior (Kim et al., 2016). Factor analysis investigating the
psychological factors related to media use revealed that self-
control had a significant influence on internet use, video
games, and mobile phones (Khang, Kim, & Kim, 2013). The
critical role of self-control has been investigated not only in
the survey studies but also in neuroscience studies related to
substance and behavioral addiction (Chun, Choi, Cho, Lee,
& Kim, 2015; Ko, Liu, Yen, Yen, et al., 2013; Montag et al.,
2018; Park et al,, 2017; Wang et al., 2009). These findings
were consistent with the previous research’s finding that the
chronically addictive state is associated with profound dis-
ruptions in the brain among the interacting motivational
drive and self-control circuits (Nora D. Volkow & Baler,
2013). Collectively, existing studies clearly demonstrate that
a low level of self-control is one of the most critical factors
underlying addiction-like behaviors including PSU.

The inferior frontal gyrus (IFG) has been widely inves-
tigated due to its multifunctional role in human behavior.
Moreover, the functional connectivity of the IFG with other
regions of the brain is known to be asymmetrical when
compared between the right and left hemispheres (Du et al.,
2020). Studies involving neuroimaging and lesion-mapping
in humans have suggested that the right-lateralized IFG is a
region that is commonly activated when subjects are
engaged in various forms of self-control (Aron, Robbins, &
Poldrack, 2004; Cohen & Lieberman, 2010; Garavan, Ross,
Murphy, Roche, & Stein, 2002; McClure, Laibson, Loewen-
stein, & Cohen, 2004; Rubia, Smith, Brammer, & Taylor,
2003). Lesion-mapping studies in humans have shown that
damage to the right IFG (RIFG) were correlated with
reduced levels of response inhibition, which is one of aspects
of self-control (Aron, Fletcher, Bullmore, Sahakian, &
Robbins, 2003). A transcranial magnetic stimulation (TMS)
study further showed that TMS-induced temporal disrup-
tion in the R.IFG led to reduced levels of inhibition in the
stop-signal task (Chambers et al., 2006); this could be
inferred as a reduced level of self-control performance.

Resting-state functional magnetic resonance imaging
(rs-fMRI) measures the spontaneous blood oxygen-level
dependent (BOLD) signal changes within different brain
regions in the absence of task stimuli (Biswal, Yetkin,
Haughton, & Hyde, 1995). Furthermore, rs-fMRI allows us to
investigate functional brain connectivity by reflecting intrinsic
interactions between functionally connected brain regions of
interest (ROIs) (Friston, Frith, Liddle, & Frackowiak, 1993).
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Resting-state functional connectivity (rsFC) has been used to
study a range of addictions, including substance addiction
and behavioral addiction, including internet addiction and
IGD. Considering there have yet been rsFC studies concern-
ing self-control in PSU, the investigation of rsFC in adoles-
cents with PSU will enhance our knowledge of brain function
during the early stages of PSU and will allow us to take the
first steps forward in preventing developmental alterations
that may continue into adulthood.

A recent study reported a strong relationship between
PSU and the loss of self-control (Khang et al., 2013; Kim
et al, 2016; van Deursen et al., 2015). Although these
findings were mostly derived from surveys, the specific
neural correlates underlying self-control and PSU have not
been investigated yet. Therefore, investigating right-later-
alized IFG connectivity underlying self-control ability will
help us to understand the neurological aspects of smart-
phone use. In this study, rs-fMRI was used to investigate
the neural correlates underlying self-control in adolescents
with PSU. Based on previous studies, which supported the
role of the R.IFG in self-control (Aron et al., 2004; Cohen
& Lieberman, 2010; Miller & Cohen, 2001), we selected the
R.IFG as a seed ROL In addition, we analyzed the rsFC in
the L.IFG to confirm the role of the RIFG in self-control.
As such, we hypothesized that adolescents demonstrating
PSU would show a reduced rsFC within the R.IFG.
In addition, we hypothesized that altered functional
connectivity within the R.IFG would be associated with
the severity of PSU symptoms and reduced levels of
self-control.

METHODS

Participants

A total of 632 adolescents (13-18 years-of-age) participated
in this survey after being recruited online. Of these, 51 ad-
olescents were classified as PSU according to the Smart-
phone Addiction Proneness Scale (SAPS; for further details,
see ‘Group Categorization’) for Youths (Kim et al., 2014).
The 51 adolescents with PSU were subsequently recruited
for fMRI experiments. Fifty-one age-matched adolescents
were also recruited as healthy controls (the CON group).
All participants underwent a structured interview from
the Korean Kiddie-Schedule for Affective Disorders and
Schizophrenia (K-SADS-PL) to screen out adolescents with
major medical disorders, neurological, or psychiatric disor-
ders. All participants were right-handed, as determined by
the Edinburgh Inventory (Oldfield, 1971). Four participants
in the PSU group, and one participant in the CON group,
were excluded due to their IQs being below 80, as assessed
using subtests of the Korean Wechsler Intelligence Scale for
Children, 4" edition (K-WISC-IV) (O’Donnell, 2009). Prior
to scanning, all participants were assessed for MRI safety.
Four participants in the PSU group were excluded from the
final analysis due to the poor quality of the acquired imaging
data. Therefore, our final analysis included 47 adolescents

with PSU (25 males and 22 females) and 46 CON adoles-
cents (26 males and 20 females).

Group categorizations

PSU was evaluated with the Korean Smartphone Addiction
Proneness Scale (SAPS) for Youths (Kim et al., 2014). The
SAPS consisted of 15 items scored on a four-point Likert
scale ranging from 1 (not at all) to 4 (always). The reli-
ability test of the scale yielded a Cronbach’s alpha of 0.880.
This scale consists of four factors: the disturbance of
adaptive functions, virtual life orientation, withdrawal, and
tolerance. The participants were diagnosed with PSU in the
following cases: if the total score exceeded 42 or if the
subscale scores for the disturbance of adaptive function,
withdrawal, and tolerance exceeded 14, 12, and 13,
respectively.

In addition, we also used the Smartphone Addiction
Scale (SAS) (Kwon et al., 2013) in order to enhance the
reliability and validity of this study. The SAS was developed
by Kwon et al. (2013) and is based on the Internet Addiction
Scale and smartphone characteristics; Cronbach’s alpha for
the SAS was 0.967.

Clinical assessments

Self-control was assessed by the Brief Self-Control Scale
(BSCS) (Tangney et al., 2004). The concept of self-control
measured by this scale refers to the ability to override or
change an individual’s inner responses while avoiding un-
desirable behaviors such as impulses (Tangney et al., 2004).
This scale consists of 13 items that measure general self-
control. Participants rate each item using a 5-point Likert
scale ranging from 1 (not at all like me) to 5 (very much like
me). Higher scores on the BSCS indicate higher levels of self-
control. Cronbach’s alpha for this scale was 0.85.

The intellectual ability of each participant was assessed
using the Vocabulary and Block Design subtests of the
K-WISC-IV (O’Donnell, 2009). We compared the subtest
scores on the K-WISC-IV between PSU and CON groups in
order to control the potential effect of intelligence.

Acquisition of imaging data

Functional and structural MRI data were acquired with a 3-
Tesla MAGNETOM Verio system (Siemens, Erlangen,
Germany) equipped with a 16-channel head coil. The par-
ticipant’s head was cushioned with earmuffs to minimize
head motion. During scanning, participants were instructed
to keep their head still and their eyes fixated on a crosshair.
Functional images were obtained with a T2* weighted
gradient echo-planar imaging sequence with the following
parameters: repetition time (TR) = 2,000 ms; echo time
(TE) = 30 ms; voxel size = 2.0 X 2.0 X 4.0 mm; matrix size
= 96 X 96; and slice number = 28. Structural images were
obtained with a resolution of 1.0 X 1.0 X 1.0 mm and were
acquired with a 3D Tl1-weighted gradient echo sequence
(TR = 2,300ms, TE = 222ms, and image matrix =
256 X 256, 176 slices).
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Functional connectivity analysis

Resting-state fMRI data were preprocessed and analyzed
with the CONN toolbox v.18b (www.nitrc.org/projects/
conn) implemented on MATLAB (Mathworks, Inc., MA,
USA). Functional images were corrected for slice-timing and
head motion and were normalized to the Montreal Neuro-
logical Institute (MNI) common Atlas space. Subsequently,
the anatomical data were segmented to produce gray matter,
white matter, and cerebrospinal fluid maps for each partic-
ipant that were then spatially smoothened with a Gaussian
kernel of 6 mm (full width at half maximum). The time
course for each participant’s standard motion parameters,
along with the time course for artifact detection tool-based
“scrubbed” signal artifacts, were included as first-level
covariates for rs-fMRI data. Nuisance regression and band-
pass filtering (0.008-0.09 Hz) were applied to remove un-
wanted effects from the BOLD signal, including motion,
physiological, and other artifactual effects.

Functional connectivity analyses were performed to
investigate differences between the two groups; these analyses
were performed using a seed-based ROI-to-ROI approach
implemented in the CONN toolbox v.18b (www.nitrc.org/
projects/conn). Whole-brain functional connectivity analysis
was performed in the left and right IFG across all other
cortical and subcortical areas using the Harvard-Oxford Atlas
in FSL (Jenkinson, Beckmann, Behrens, Woolrich, & Smith,
2012), defined as a priori in the CONN toolbox. Correlation
coefficients for the time series between the left and the right
IFG, and the entire whole brain region, were calculated and
then transformed into z-values using Fisher’s r-to-z trans-
formation. To control for potential confounding factors, we
used IQ, age, and sex, as covariates of no interest for each of
these analyses. We compared the resulting correlation co-
efficients for each participant using a two-sided independent
samples -test to evaluate between-group differences in ROI-
to-ROI connectivity. The significance level was determined at
P < 0.05, and false discovery rate (FDR) correction was
applied to correct for multiple tests, as required.

Statistical analyses

All statistical analyses involving demographic variables,
clinical variables, and mean rsFC, were conducted in IBM
SPSS Statistics for Windows, version 20 (IBM Corp.,
Armonk, NY). We conducted a two-sample t-test for group
comparisons for the demographic and clinical variables. In
addition, we performed one-tailed Pearson’s correlation
analysis, merging the PSU and CON groups to investigate
the relationships between relative rsFC strength and clinical
measures, including SAPS and BSCS scores.

Previous studies demonstrated that alterations in the
function of the RIFG were related to low levels of self-
control (Aron et al., 2003, 2004; Cohen & Lieberman, 2010;
Liakakis, Nickel, & Seitz, 2011) and that a low level of self-
control was a key trait underlying PSU. On this basis, we
conducted mediation analysis to investigate the specific re-
lationships between three variables: rsFC within the R.IFG,
self-control, and the severity of PSU. Mediation analysis was
performed in SPSS using the PROCESS module (Hayes,
2013). The strength of rsFC within the R.IFG was used as the
causal variable, with SAPS scores as the outcome variable,
and BSCS scores as the mediator variable.

Ethics

All participants, and their parents, provided written
informed consent in accordance with the Declaration of
Helsinki, and the study protocol was approved by the
Institutional Review Board of Seoul St. Mary’s Hospital. All
experiments were performed in accordance with the guide-
lines and regulations.

RESULTS

Demographics

Table 1 describes the demographic and clinical characteris-
tics of the participants. There were no significant differences

Table 1. Demographic characteristics of the PSU and CON groups

PSU (n = 47) CON (n = 46)
Mean SD Mean SD t-score
Age 15.68 1.48 14.98 1.61 2.19
K-WISC 104.38 13.15 105.37 11.73 —0.381
Gender
Male 53.2% (n = 25) 56.5% (n = 26) Y’ = 0.10
Female 46.8% (n = 22) 43.5% (n = 20)
Time spent on smartphone use per week (h) 29.35 14.51 17.51 11.80 4.29%*
SAPS 39.40 7.82 21.96 3.54 13.80**
Disturbance of adaptive function 13.98 2.93 7.50 1.38 13.59**
Withdrawal 9.64 321 5.52 1.68 7.72%*
Tolerance 11.85 2.62 6.59 1.68 11.50%
SAS 114.43 33.99 60.13 16.14 9.81**
BSCS 35.81 6.09 44.70 5.43 —7.42%*

*P < 0.01, **P < 0.001.

PSU = problematic smartphone use; CON = control; K-WISC = Korean Wechsler Intelligence Scale for Children; SAPS = Smartphone
Addiction Proneness Scale; BSCS = Brief Self-Control Scale. The three subscales used for SAPS cut-off are specified.
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between the two groups in terms of age, sex, or K-WISC
scores. The participants with PSU spent significantly
more time on their smartphones per week [£(91) = 4.29,
P < 0.001] and had significantly higher scores on the SAPS
[t(91) = 13.80, P < 0.001] and the SAS [#(91) = 9.81, P < 0.001]
when compared to the CON group. In addition, the PSU
group had significantly lower scores on the BSCS [#(91) =
—7.42, P < 0.001] than the CON group.

Connectivity Strength

Connectivity Strength

Connectivity Strength

Connectivity Strength

MRI results

Figure 1 and Table 2 demonstrate group differences in ROI-
to-ROI functional connectivity. With regards to functional
connectivity, the PSU group showed significantly reduced
rsFC between the RIFG and the left parahippocampal gyrus
(LPHG) [#(88) = 4.39, corrected P < 0.05; Fig. 1A], and
between the R.IFG and the right parahippocampal gyrus
(RPHG) [#(88) = 3.26, corrected P < 0.05; Fig. 1B]. In
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Fig. 1. Group Differences in ROI-to-ROI functional connectivity. Note: Orange circles characterize the seed ROIs. The bar graphs illustrate

the mean resting-state functional connectivity strength between (A) the right IFG and the left PHG, (B) the right IFG and the right PHG, (C)

the right IFG and the left amygdala, (D) the right IFG and the right hippocampus (E) the left IFG and the left PHG, (F) the left IFG and the

right PHG, (G) the left IFG and the left amygdala, and (H) the left IFG and the right hippocampus. PSU = problematic smartphone use;
CON = control; IFG = inferior frontal gyrus; PHG = parahippocampal gyrus; AMY = amygdala
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Table 2. Group Differences in ROI-to-ROI functional connectivity

(PSU<CON)
p
FDR
Seed Locus Region ~ Peak T Uncorrected  corrected

R. IFG L. PHG 4.39 0.0000 0.0033
L. Amygdala 3.89 0.0002 0.0100
R. PHG 3.26 0.0016 0.0471
R. Hippocampus ~ 3.22 0.0018 0.0471

L. IFG None

PSU = problematic smartphone use; CON = control; FDR = false
discovery rate; IFG = inferior frontal gyrus; PHG =
parahippocampal gyrus.

addition, there was weaker levels of connectivity between the
RIFG and the left amygdala (L.amygdala) [#(88) = 3.89,
corrected P < 0.05; Fig. 1C] and between the R.IFG and the
right hippocampus (Rhippocampus) [#(88) = 3.22, cor-
rected P < 0.05; Fig. 1D] in the PSU group than in the CON
group. Although we observed a reduced rsFC in the R.IFG
seed, there was no significant group difference with regards
to the rsFC in the L.IFG seed (Fig. 1E-H).

The relationship between rsFC and the characteristics
of PSU

ROI-to-ROI connectivity analysis was performed for both
sides of the IFG; however, there was no significant difference
with regards to the rsFC in the LIFG when compared be-
tween the two groups. Therefore, Pearson’s correlation
analysis was performed only between the rsFC of the R.IFG
seed, BSCS, and smartphone-related characteristics
(Table 3). The SAPS scores were negatively correlated with
BSCS scores when considered across all participants. Higher
SAPS scores were associated with lower rsFC values between
the RIFG seed and the limbic regions (ie., the bilateral
PHG, the L.amygdala, and the Rhippocampus). The rsFC
between the R.IFG and the R. hippocampus was negatively
correlated with the amount of time spent using

smartphones. Correlations between the BSCS scores and the
rsFC of the RIFG seed are shown in Fig. 2. We identified
positive correlations between BSCS scores and R.IFG/L.PHG
connectivity (Fig. 2A), RIFG/RPHG connectivity (Fig. 2B),
and RIFG/L. amygdala connectivity (Fig. 2C). As BSCS
increased, the rsFC of the RIFG/R hippocampus also tended
to increase, although this was not statistically significant
(Fig. 2D).

We also conducted correlation analysis between SAPS,
BSCS, and rsFC strength, in each group separately; however,
these analyses did not identify any significant differences
between the two groups.

We also used mediation analysis to investigate whether
the lower levels of self-control associated with the rsFC
strength of the R.IFG seed were linked to the severity of PSU
(Fig. 3). Four rsFCs of the R.IFG seed were shown to exhibit
significant differences between the two groups: RIFG/
LPHG, RIFG/RPHG, RIFG/L.amygdala, and R.JIFG/
Rhippocampus. Consequently, we conducted mediation
analysis to investigate each of these rsFCs. First, when using
the rsFC of the R.IFG/L.PHG as a causal variable (Fig. 3A),
mediation analysis revealed that the rsFC of the R.IFG/
L.PHG had an indirect influence on the severity of PSU via
self-control (Fig. 3A), with a standardized indirect effect of
—0.13, as revealed by a 95% bootstrap confidence interval
(CI) that was below zero (CI: —0.25 to —0.03). Second, when
using the rsFC of the RIFG/R.PHG as a causal variable
(Fig. 3B), mediation analysis showed that the rsFC of the
RIFG/R.PHG also had an indirect effect on the severity of
PSU via self-control (95% CI: —0.29 to —0.06). Third, as
shown in Fig. 3C, when the rsFC of the R.IFG/L.amygdala
was used as a causal variable, mediation analysis revealed
that the rsFC of the RIFG/L.amygdala had an indirect in-
fluence on the severity of PSU via self-control (95% CI:
—0.28 to —0.04). Finally, when the rsFC of the R.IFG/
R hippocampus was used as a causal variable (Fig. 3D), the
R.IFG/R.hippocampus did not predict self-control to be a
mediator. In this case, the mediation model could not
be tested according to Baron and Kenny’s method
(Hayes, 2013) since the causal variable could not predict the

mediator.

Table 3. Pearson's correlations between the rsFC of the right IFG and variables related to PSU and personality, while merging data from the
PSU and CON groups

rsFC
R. IFG-L.PHG R. IFG-R.PHG R. [FG-L.AMY R. IFG-R HIP BSCS

SAPS —0.330" —0.358" —0.293" —0.339" —0.671%*

Disturbance of adaptive function —0.375" —0.287" —0.325" —0.258" —0.659**

Withdrawal —0.205" —0.324" —0.190 —0.301" —0.488**

Tolerance —0.312" —0.333" —0.305" —0.349" —0.662%*
SAS —0.229" —0.265" —0.183 —0.343" —0.0597**
Time for smartphone use per week (h) —0.162 —0.189 —0.056 —0.285" —0.407%*
BSCS 0.213" 0.279" 0.251" 0.140 1

*P < 0.01, **P < 0.001.

SAPS = Smartphone Addiction Proneness Scale; SAS = Smartphone Addiction Scale; BSCS = Brief Self-Control Scale. The three subscales

used for SAPS cut-off are specified.
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Fig. 2. Correlations between fronto-limbic rsFC strength and BSCS score. Positive associations between (A) RIFG/L.PHG rsFC and BSCS

(r = 0.21, P < 0.01), (B) RIFG/R.PHG rsFC and BSCS (r = 0.28, P < 0.001), (C) RIFG/L.AMY rsFC and BSCS (r = 0.25, P < 0.01), and

between (D) RIFG/R.Hippocampus and BSCS (r = 0.14). PSU = problematic smartphone use; CON = control; IFG = inferior frontal
gyrus; PHG = parahippocampal gyrus; AMY = amygdala

DISCUSSION

To our knowledge, this is the first study to demonstrate
alterations in the rsFC of the right IFG in adolescents with
PSU. In addition, this study showed that alterations in rsFC
in the RIFG were correlated with self-control ability and the
severity of PSU. Furthermore, we found a mediating effect of
self-control in the relationship between rsFC within the
RIFG and the severity of PSU.

Our findings demonstrated that adolescents with PSU
showed significantly lower levels of self-control and reduced
fronto-limbic rsFC than the CON group. The self-control
ability of adolescents tends to be lower than that of adults; this
phenomenon is known to be related to the development of
the brain during adolescence. The prefrontal cortex is asso-
ciated with decisions to delayed rewards, engaging in the
quantitative analysis of economic options and the assessment
of future opportunities for reward (Dixon & Christoft, 2012),
and undergoes gradual developmental changes during
adolescence and young adulthood (Kelley, Schochet, &
Landry, 2004). Limbic and paralimbic cortical structures,
known to be rich in dopaminergic innervation, are associated
with decisions to approach rewards that are immediately

available (McClure et al., 2004) and appear to mature earlier
than the prefrontal area (Casey, Jones, & Hare, 2008). This
discrepancy in development rates between the prefrontal and
limbic regions is deemed to increase the chances of risk-
taking behaviors (Balogh, Mayes, & Potenza, 2013) and
promotes poor decision-making (Somerville, Jones, & Casey,
2010). Adolescents tend to be more impulsive and lack self-
control; in addition to this, our group of PSU adolescents
exhibited a reduced fronto-limbic rsFC when compared to the
control group. This suggests that the ability to regulate
smartphone use in adolescents with PSU is prone to be
significantly lower than the ability of adults with PSU.
Moreover, the fact that smartphones are portable devices
makes adolescents more vulnerable to unrestrained smart-
phone use.

In this study, PSU adolescents exhibited reduced levels of
functional connectivity between the RIFG and the amyg-
dala. The amygdala has been found to play an essential role
in the salience response (Santos, Mier, Kirsch, & Meyer-
Lindenberg, 2011) and in guiding goal-directed behavior
(Winstanley, Theobald, Cardinal, & Robbins, 2004); on that
account, its alterations have been repeatedly reported to be
associated with substance and behavioral addiction (Chun
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Fig. 3. Mediation analysis between rsFC with right IFG, self-control, and the severity of PSU. Across groups, BSCS scores partially mediated

the relationship between (A) rsFC of the right IFG/left PHG and the severity of PSU, (B) rsFC of the right IFG/right PHG and the severity of

PSU, and (C) rsFC of the right IFG/left PHG and the severity of PSU. (D) No mediation effect of self-control was found in the relationship

between the rsFC of the right IFG/right HIP. Path ‘a’ is from the rsFC with right IFG (causal variable) to the degree of self-control via BSCS

scores (mediator). Path ‘b’ is from self-control (mediator) to the severity of PSU (outcome variable). The direct effect ¢ was calculated by

controlling for the mediator. rsFC = resting-state functional connectivity; PSU = problematic smartphone addiction; BSCS = brief self-
control scale; IFG = inferior frontal gyrus; PHG = parahippocampal gyrus; AMY = amygdala; HIP = hippocampus.

et al,, 2020; Wang, Shen, et al., 2017; Zhang & Volkow,
2019). Accordingly, the reduced R.IFG/amygdala rsFC
exhibited by the PSU group could represent alterations in
salience and executive networks and could thus lead to the
problematic overuse of smartphones.

Moreover, amygdala/PFC connectivity is known to
contribute to emotional regulation which plays a key role in
negative reinforcement and the motivational effects (Koob &
Moal, 2008). Previous surveys have reported higher levels of
depression and anxiety in individuals with PSU (Demirci,
Akgoniil, & Akpinar, 2015; Matar Boumosleh & Jaalouk,
2017). As such, adolescents with PSU, who experience dif-
ficulty in coping with their mood, might use their smart-
phones excessively to escape from a negative emotional state
(Elhai & Contractor, 2018). Although the majority of ado-
lescents go online to avoid their psychological problems, it is
likely that they can experience adverse outcomes that could
exert a negative influence upon their life (Mahapatra, 2019;
Young, 1999). Consequently, it is possible that these factors
(a reduced amygdala/PFC rsFC, a negative emotional state,
and excessive smartphone use) might interlock and reinforce
the problematic use of smartphones.

We observed decreased levels of functional connectivity
between the right IFG and the bilateral PHG in the PSU
group. The PHG is known to evaluate the behavioral sig-
nificance of sensory information (Salzmann, Vidyasagar, &
Creutzfeldt, 1993), and then transfer the contextual infor-
mation to the inferior frontal lobe (Nora D. Volkow & Baler,
2013). Accordingly, altered levels of activation in the PHG

have been repeatedly reported in cue-induced craving for
internet gaming (Han et al., 2011; Ko, Liu, Yen, Chen, et al,
2013), nicotine dependence (Ko, Liu, Yen, Yen, et al., 2013),
and pathological gambling (Crockford, Goodyear, Edwards,
Quickfall, & el-Guebaly, 2005). A previous study of IGD
examined differences in the neural representations of IGD in
recreational gaming users during decision-making and
revealed reduced neural responses in the PHG, anterior
cingulate cortex, medial frontal gyrus, and IFG, in the IGD
group, thus suggesting that PHG plays a crucial role in
preventing individuals from developing compulsive and
addiction-like behaviors (Wang, Wu, et al,, 2017). In line
with other studies of IGD, the PSU participants in this study
exhibited a reduced RIFG/PHG rsFC; this reduction in rsFC
was associated with more severe PSU symptoms, thus sug-
gesting that RIFG/PHG connectivity could represent a
neural-based biomarker for PSU.

In the present study, we observed a reduced rsFC be-
tween the RIFG and the R.hippocampus in the PSU group,
and its negative correlation with the amount of time spent
using a smartphone. The R.IFG plays a critical role in self-
control and makes essential contributions to response sup-
pression and attentional control (Aron et al., 2003; Correas
et al., 2019). And it has been well established that the hip-
pocampus is crucial for the memory encoding and retrieval
(Eichenbaum, Yonelinas, & Ranganath, 2007; Poppenk,
Evensmoen, Moscovitch, & Nadel, 2013) that lead to
compulsive addictive behavior (Volkow et al., 2010). The
connectivity of prefrontal area and the hippocampus is
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known to be involved in a range of memory processes
(Howard Eichenbaum, 2017), and the aberrant functional
coupling between these regions could contribute to an array
of psychiatric disorders (Godsil, Kiss, Spedding, & Jay, 2013;
Meyer-Lindenberg et al., 2005), including addiction. In the
present study, R.IFG/R.hippocampal connectivity was found
to be reduced in adolescents with PSU; this was associated
with the amount of hours spent on a smartphone, and also
with withdrawal. Therefore, a longer time period spent on a
smartphone might influence on rsFC in the fronto-hippo-
campus, thus leading to an enhanced memory of smart-
phone-related cues and a deterioration in an individual’s
ability to suppress intrusive thoughts and memories related
to cravings directed towards smartphones.

As mentioned above, previous neuroimaging studies have
demonstrated that the right IFG is particularly involved in self-
control (Aron et al., 2004; Cohen & Lieberman, 2010; Garavan
et al, 2002; McClure et al., 2004; Rubia et al, 2003), and
numerous survey studies have revealed that lower self-control
is a critical factor that predicts PSU (Khang et al., 2013; Kim
et al.,, 2016; van Deursen et al., 2015). Therefore, mediation
analysis was conducted to elucidate the influence of self-con-
trol in the relationship between the rsFC of the right IFG and
PSU. The mediation analysis further demonstrated that the
fronto-limbic rsFC had an indirect influence on the severity of
PSU via self-control. Lack of self-control and impulsivity were
suggested as one of the psychological characteristics leading to
dysfunctional involvement in gambling (Blaszczynski &
Nower, 2002) and online video games (Billieux, Thorens, et al,,
2015), thereby providing neurological evidence in support of
pathological gambling and online games being considered
behavioral addictions. The results of fMRI and the mediation
analysis of the present study could provide neurological evi-
dence for the already existing theoretical model on how an
individual’s low self-control can lead to PSU, therefore
providing a foothold for PSU to be regarded as a behavioral
addiction. Volkow (2016) suggested that addiction is a brain
disease which consists of profound disruptions in decision-
making ability and emotional balance, and preventive in-
terventions should be designed to enhance social skills and
improve self-regulation (Volkow, Koob, & McLellan, 2016).
These results suggest the possible ways of reducing PSU
symptoms; one is strengthening the fronto-limbic rsFC using
neuromodulatory, the other is enhancing self-control. Several
functional neuroimaging studies have tested the modulation of
specific brain regions using transcranial direct current stimu-
lation (tDCS) or repeated high-frequency transcranial mag-
netic stimulation (rTMS) for smoking cessation (Amiaz, Levy,
Vainiger, Grunhaus, & Zangen, 2009; Eichhammer et al,
2003), or the reduction of alcohol (Boggio et al, 2008) and
drug (Martinotti et al,, 2019; Sharifi-Fardshad et al., 2018)
cravings. These treatments significantly attenuated cravings
towards addicted substances. On the basis of these previous
findings, we suggest the possible involvement of the RIFG as a
target region to develop neuromodulatory treatments for PSU.
The other plausible intervention to alleviate PSU symptom:s is
enhancing self-control through cognitive behavioral therapies
(CBTs), implementation intention, or mindfulness training

(van Koningsbruggen, Stroebe, Papies, & Aarts, 2011; von
Hammerstein et al.,, 2018; Young, 2007). In particular, CBT's
has revealed to be an effective treatment for behavioral
addiction such as pathological gambling (Jiménez-Murcia
et al,, 2007) and internet addiction (Du, Jiang, & Vance, 2010;
Young, 2013), therefore, it is expected to have an effect on the
treatment of PSU.

There are several limitations to the current study that
need to be considered. First, we did not consider the primary
reasons for smartphone use. Because numerous smartphone
applications exist, and because user patterns are so diverse
and heterogeneous, we did not categorize participants into
smaller groups based on their particular preferences for
smartphone use. Second, using cross-sectional data, it is
difficult to determine whether the alterations in the fronto-
limbic rsFC observed in the PSU group fully reflect a pre-
disposition to addiction-like behavior or whether these
represent an effect of long-term exposure to smartphones.
Thus, a longitudinal imaging study of adolescents is now
required to validate the causal mechanisms underlying PSU.

In summary, the present study provides evidence to
indicate that adolescents with PSU exhibit multiple rsFC
in the fronto-limbic regions. Furthermore, this reduced
rsFC was related to the severity of PSU and a lower level of
self-control. It is possible, therefore, that the rsFC alter-
ations in the PSU group could be derived from a lower
level of self-control, following a functional imbalance
within the brain regions associated with executive control
and reward-seeking. Understanding the alterations in
functional connectivity in adolescents with PSU could
guide researchers when developing interventions to con-
trol the symptoms of PSU. In addition, evidence sup-
porting the alteration in neurobiology in PSU has been
scarce; thus, more research is needed to better understand
the epidemiological and neurobiological factors to assist in
the intervention of PSU.

Funding sources: This research was supported by the Na-
tional Research Foundation of Korea Grant funded by the
Korean Government (NRF-2020R111A1A01075397, NRF-
2014M3C7A1062893).

Authors’ contribution: D-]J.K,, J]-W.C., and A.P. contributed
to the conception and design of the study. K-J.A., J.C., and J-
Y.K. contributed to the acquisition of imaging data. H.C.
undertook the clinical assessments. A.P. performed imaging
data analysis and wrote the manuscript including the figures
and tables. J.C assisted with the explanation of data and D-
J.K. and J-W.C contributed to the final draft of the manu-
script. J-S.C. and 1.Y.C. contributed to the interpretation of
data in terms of problematic smartphone use. ]-W.C., LY.C,,
and D-].K. contributed to revising the manuscript logically
for important theoretical content. All authors contributed to
the manuscript and have approved the final manuscript.

Conflict of interest: The authors declare no conflicts of in-
terest with respect to the content of the manuscript.



Journal of Behavioral Addictions 10 (2021) 4, 1048-1060

1057

REFERENCES

Alabdulkader, B. (2021). Effect of digital device use during COVID-
19 on digital eye strain. Clinical and Experimental Optometry,
1-7. https://doi.org/10.1080/08164622.2021.1878843.

Amiaz, R, Levy, D., Vainiger, D., Grunhaus, L., & Zangen, A.
(2009). Repeated high-frequency transcranial magnetic stimu-
lation over the dorsolateral prefrontal cortex reduces cigarette
craving and consumption. Addiction, 104(4), 653-660. https://
doi.org/10.1111/j.1360-0443.2008.02448 x.

Aron, A. R, Fletcher, P. C.,, Bullmore, E. T., Sahakian, B. J., &
Robbins, T. W. (2003). Stop-signal inhibition disrupted by
damage to right inferior frontal gyrus in humans. Nature
Neuroscience, 6(2), 115-116. https://doi.org/10.1038/
nnl003.

Aron, A. R, Robbins, T. W., & Poldrack, R. A. (2004). Inhibition
and the right inferior frontal cortex. Trends in Cognitive Sci-
ences, 8(4), 170-177. https://doi.org/10.1016/j.tics.2004.02.010.

Balogh, K. N., Mayes, L. C., & Potenza, M. N. (2013). Risk-taking
and decision-making in youth: Relationships to addiction
vulnerability. Journal of Behavioral Addictions, 2(1), 1. https://
doi.org/10.1556/jba.2.2013.1.1.

Billieux, J., Maurage, P., Lopez-Fernandez, O., Kuss, D. J., & Grif-
fiths, M. D. (2015). Can disordered mobile phone use be
considered a behavioral addiction? An update on current evi-
dence and a comprehensive model for future research. Current
Addiction Reports, 2(2), 156-162. https://doi.org/10.1007/
540429-015-0054-y.

Billieux, J., Thorens, G., Khazaal, Y., Zullino, D., Achab, S., & Van
der Linden, M. (2015). Problematic involvement in online
games: A cluster analytic approach. Computers in Human
Behavior, 43, 242-250. https://doi.org/10.1016/j.chb.2014.10.
055.

Biswal, B., Yetkin, F. Z., Haughton, V. M., & Hyde, J. S. (1995).
Functional connectivity in the motor cortex of resting human
brain using echo-planar MRI. Magnetic Resonance in Medicine,
34(4), 537-541. https://doi.org/10.1002/mrm.1910340409.

Blaszczynski, A., & Nower, L. (2002). A pathways model of prob-
lem and pathological gambling. Addiction, 97, 487-499. https://
doi.org/10.1046/j.1360-0443.2002.00015.x.

Boggio, P. S., Sultani, N., Fecteau, S., Merabet, L., Mecca, T.,

Fregni, F. (2008). Prefrontal cortex

modulation using transcranial DC stimulation reduces alcohol

Pascual-Leone, A., ...

craving: A double-blind, sham-controlled study. Drug and
Alcohol Dependence, 92(1-3), 55-60. https://doi.org/10.1016/].
drugalcdep.2007.06.011.

Caponnetto, P., Inguscio, L., Valeri, S., Maglia, M., Polosa, R., Lai,
C., & Mazzoni, G. (2021). Smartphone addiction across the
lifetime during Italian lockdown for COVID-19. Journal of
Addictive Diseases, 1-11. https://doi.org/10.1080/10550887.
2021.1889751.

Casey, B. J., Jones, R. M., & Hare, T. A. (2008). The adolescent
brain. Annals of the New York Academy of Sciences, 1124, 111-
126. https://doi.org/10.1196/annals.1440.010.

Chambers, C. D., Bellgrove, M. A., Stokes, M. G., Henderson, T. R.,
Garavan, H., Robertson, I. H., & Mattingley, J. B. (2006). Ex-
ecutive “brake failure” following deactivation of human frontal

lobe. Journal of Cognitive Neuroscience, 18(3), 444-455. https://
doi.org/10.1162/089892906775990606.

Choi, J., Cho, H., Choj, J.-S., Choi, I. Y., Chun, J.-W., & Kim, D.-J.
(2021). The neural basis underlying impaired attentional con-
trol in problematic smartphone users. Translational Psychiatry,
11(1), 129. https://doi.org/10.1038/s41398-021-01246-5.

Chdliz, M. (2010). Mobile phone addiction: A point of issue.
Addiction, 105(2), 373-374. https://doi.org/10.1111/j.1360-
0443.2009.02854.x.

Chdliz, M. (2012). Mobile phone addiction in adolescence: The test
of mobile phone dependence. Progress in Health Sciences, 2(1),
33-44.

Chun, J. W., Choi, J., Cho, H., Choi, M. R, Ahn, K. J., Choi, J. S., &
Kim, D. J. (2018). Role of frontostriatal connectivity in ado-
lescents with excessive smartphone use. Frontiers in Psychiatry,
9, 437. https://doi.org/10.3389/fpsyt.2018.00437.

Chun, J. W.,, Choi, J., Cho, H,, Lee, S. K., & Kim, D. J. (2015).
Dysfunction of the frontolimbic region during swear word
processing in young adolescents with internet gaming disorder.
Translational Psychiatry, 5, e624. https://doi.org/10.1038/tp.
2015.106.

Chun, J. W, Choj, J., Kim, J. Y., Cho, H.,, Ahn, K. J, Nam, J. H,, ...
Kim, D. J. (2017). Altered brain activity and the effect of per-
sonality traits in excessive smartphone use during facial
emotion processing. Scientific Reports, 7(1), 12156. https://doi.
org/10.1038/s41598-017-08824-y.

Chun, J. W,, Park, C. H,, Kim, J. Y., Choi, J., Cho, H., Jung, D. J., &
Choi, I. Y. (2020). Altered core networks of brain connectivity
and personality traits in internet gaming disorder. Journal of
Behavioral Addictions, 9(2), 298-311. https://doi.org/10.1556/
2006.2020.00014.

Cohen, J. R., & Lieberman, M. D. (2010). The common neural basis
of exerting self-control in multiple domains. In R. R. Hassin, K.
N. Ochsner, & Y. Trope (Eds.), Self control in society, mind, and
brain (pp. 141-160). New York: Oxford University Press.

Correas, A., Lopez-Caneda, E., Beaton, L., Rodriguez Holguin, S.,
Garcia-Moreno, L., Anton-Toro, L., ... Marinkovic, K. (2019).
Decreased event-related theta power and phase-synchrony in
young binge drinkers during target detection: An anatomically-
constrained MEG approach. 33(3), 335-346. https://doi.org/10.
1177/0269881118805498.

Crockford, D. N., Goodyear, B., Edwards, J., Quickfall, J., & el-
Guebaly, N. (2005). Cue-induced brain activity in pathological
gamblers. Biological Psychiatry, 58(10), 787-795. https://doi.
org/10.1016/j.biopsych.2005.04.037.

De-Sola Gutierrez, J., Rodriguez de Fonseca, F., & Rubio, G. (2016).
Cell-phone addiction: A Review. Frontiers in Psychiatry, 7, 175.
https://doi.org/10.3389/fpsyt.2016.00175.

Demirci, K., Akgoniil, M., & Akpinar, A. (2015). Relationship of
smartphone use severity with sleep quality, depression, and
anxiety in university students. Journal of Behavioral Addictions
JBA, 4(2), 85. https://doi.org/10.1556/2006.4.2015.010.

van Deursen, A. J. A. M., Bolle, C. L., Hegner, S. M., & Kommers, P.
A. M. (2015). Modeling habitual and addictive smartphone
behavior. Computers in Human Behavior, 45, 411-420. https://
doi.org/10.1016/j.chb.2014.12.039.

Dixon, M. L., & Christoff, K. (2012). The decision to engage
cognitive control is driven by expected reward-value: Neural


https://doi.org/10.1080/08164622.2021.1878843
https://doi.org/10.1111/j.1360-0443.2008.02448.x
https://doi.org/10.1111/j.1360-0443.2008.02448.x
https://doi.org/10.1038/nn1003
https://doi.org/10.1038/nn1003
https://doi.org/10.1016/j.tics.2004.02.010
https://doi.org/10.1556/jba.2.2013.1.1
https://doi.org/10.1556/jba.2.2013.1.1
https://doi.org/10.1007/s40429-015-0054-y
https://doi.org/10.1007/s40429-015-0054-y
https://doi.org/10.1016/j.chb.2014.10.055
https://doi.org/10.1016/j.chb.2014.10.055
https://doi.org/10.1002/mrm.1910340409
https://doi.org/10.1046/j.1360-0443.2002.00015.x
https://doi.org/10.1046/j.1360-0443.2002.00015.x
https://doi.org/10.1016/j.drugalcdep.2007.06.011
https://doi.org/10.1016/j.drugalcdep.2007.06.011
https://doi.org/10.1080/10550887.2021.1889751
https://doi.org/10.1080/10550887.2021.1889751
https://doi.org/10.1196/annals.1440.010
https://doi.org/10.1162/089892906775990606
https://doi.org/10.1162/089892906775990606
https://doi.org/10.1038/s41398-021-01246-5
https://doi.org/10.1111/j.1360-0443.2009.02854.x
https://doi.org/10.1111/j.1360-0443.2009.02854.x
https://doi.org/10.3389/fpsyt.2018.00437
https://doi.org/10.1038/tp.2015.106
https://doi.org/10.1038/tp.2015.106
https://doi.org/10.1038/s41598-017-08824-y
https://doi.org/10.1038/s41598-017-08824-y
https://doi.org/10.1556/2006.2020.00014
https://doi.org/10.1556/2006.2020.00014
https://doi.org/10.1177/0269881118805498
https://doi.org/10.1177/0269881118805498
https://doi.org/10.1016/j.biopsych.2005.04.037
https://doi.org/10.1016/j.biopsych.2005.04.037
https://doi.org/10.3389/fpsyt.2016.00175
https://doi.org/10.1556/2006.4.2015.010
https://doi.org/10.1016/j.chb.2014.12.039
https://doi.org/10.1016/j.chb.2014.12.039

1058

Journal of Behavioral Addictions 10 (2021) 4, 1048-1060

and behavioral evidence. PloS One, 7(12), e51637. https://doi.
org/10.1371/journal.pone.0051637.

Du, Y.-s., Jiang, W., & Vance, A. (2010). Longer term effect of
randomized, controlled group cognitive behavioural therapy for
internet addiction in adolescent students in Shanghai. The
Australian and New Zealand Journal of Psychiatry, 44(2), 129-
134. https://doi.org/10.3109/00048670903282725.

Du, J., Rolls, E. T., Cheng, W., Li, Y., Gong, W., Qiu, J., & Feng, J.
(2020). Functional connectivity of the orbitofrontal cortex,
anterior cingulate cortex, and inferior frontal gyrus in humans.
Cortex, 123, 185-199. https://doi.org/10.1016/j.cortex.2019.10.
012.

Eichenbaum, H. (2017). Prefrontal-hippocampal interactions in
episodic memory. Nature Reviews Neuroscience, 18(9), 547-558.
https://doi.org/10.1038/nrn.2017.74.

Eichenbaum, H., Yonelinas, A. P., & Ranganath, C. (2007). The
medial temporal lobe and recognition memory. Annual Review
of Neuroscience, 30, 123-152. https://doi.org/10.1146/annurev.
neuro.30.051606.094328.

Eichhammer, P., Johann, M., Kharraz, A., Binder, H., Pittrow, D.,
Wodarz, N., & Hajak, G. (2003). High-frequency repetitive
transcranial magnetic stimulation decreases cigarette smoking.
The Journal of Clinical Psychiatry, 64(8), 951-953. https://doi.
org/10.4088/jcp.v64n0815.

Elhai, J. D., & Contractor, A. A. (2018). Examining latent classes of
smartphone users: Relations with psychopathology and prob-
lematic smartphone use. Computers in Human Behavior, 82,
159-166. https://doi.org/10.1016/j.chb.2018.01.010.

Friston, K. J., Frith, C. D., Liddle, P. F., & Frackowiak, R. S. (1993).
Functional connectivity: The principal-component analysis of
large (PET) data sets. Journal of Cerebral Blood Flow and
Metabolism, 13(1), 5-14. https://doi.org/10.1038/jcbfm.1993 4.

Garavan, H., Ross, T. J., Murphy, K., Roche, R. A., & Stein, E. A.
(2002). Dissociable executive functions in the dynamic control
of behavior: Inhibition, error detection, and correction. Neu-
roimage, 17(4), 1820-1829. https://doi.org/10.1006/nimg.2002.
1326.

Godsil, B. P, Kiss, J. P., Spedding, M., & Jay, T. M. (2013). The
hippocampal-prefrontal pathway: The weak link in psychiatric
disorders? European Neuropsychopharmacology, 23(10), 1165-
1181. https://doi.org/10.1016/j.euroneuro.2012.10.018.

Grant, J. E., Potenza, M. N., Weinstein, A., & Gorelick, D. A.
(2010). Introduction to behavioral addictions. The American
Journal of Drug and Alcohol Abuse, 36(5), 233-241. https://doi.
0rg/10.3109/00952990.2010.491884.

Ha, J. H,, Chin, B, Park, D. H, Ryu, S. H, & Yu, J. (2008).
Characteristics of excessive cellular phone use in Korean ado-
lescents. Cyberpsychology & behavior: the impact of the
Internet, multimedia and virtual reality on behavior and society,
11(6), 783-784. https://doi.org/10.1089/cpb.2008.0096.

von Hammerstein, C., Miranda, R., Aubin, H. J., Romo, L., Khazaal,
Y., Benyamina, A., & Luquiens, A. (2018). Mindfulness and
cognitive training in a CBT-resistant patient with gambling
disorder: A combined therapy to enhance self-control. Journal
of addiction medicine, 12(6), 484-489. https://doi.org/10.1097/
adm.0000000000000433.

Han, D. H., Bolo, N., Daniels, M. A, Arenella, L., Lyoo, I. K., &
Renshaw, P. F. (2011). Brain activity and desire for Internet

video game play. Comprehensive Psychiatry, 52(1), 88-95.
https://doi.org/10.1016/j.comppsych.2010.04.004.

Hayes, A. F. (2013). Introduction to mediation, moderation, and
conditional process analysis: A regression-based approach. New
York, NY, US: Guilford Press.

Horvath, J., Mundinger, C., Schmitgen, M. M., Wolf, N. D., Sam-
bataro, F., Hirjak, D., ... Christian Wolf, R. (2020). Structural
and functional correlates of smartphone addiction. Addictive
Behaviors, 105, 106334. https://doi.org/10.1016/j.addbeh.2020.
106334.

Hu, Y., Long, X,, Lyu, H.,, Zhou, Y., & Chen, J. (2017). Alterations
in white matter integrity in young adults with smartphone
dependence. Frontiers in human neuroscience, 11, 532. https://
doi.org/10.3389/fnhum.2017.00532.

Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W.,
& Smith, S. M. (2012). FSL. Neuroimage, 62(2), 782-790.
https://doi.org/10.1016/j.neuroimage.2011.09.015.

Jiménez-Murcia, S., Alvarez—Moya, E. M, Granero, R., Neus
Aymami, M., Gémez-Penia, M., Jaurrieta, N., ... Vallejo, J.
(2007). Cognitive-behavioral group treatment for pathological
gambling: Analysis of effectiveness and predictors of therapy
outcome. Psychotherapy Research, 17(5), 544-552. https://doi.
org/10.1080/10503300601158822.

Kelley, A. E., Schochet, T., & Landry, C. F. (2004). Risk taking and
novelty seeking in adolescence: Introduction to part I. Annals
of the New York Academy of Sciences, 1021, 27-32. https://doi.
org/10.1196/annals.1308.003.

Khang, H., Kim, J. K., & Kim, Y. (2013). Self-traits and motivations as
antecedents of digital media flow and addiction: The internet,
mobile phones, and video games. Computers in Human Behavior,
29(6), 2416-2424. https://doi.org/10.1016/j.chb.2013.05.027.

Kim, Y., Jeong, J. E., Cho, H.,, Jung, D. J., Kwak, M., Rho, M. J,, ...
Choi, 1. Y. (2016). Personality factors predicting smartphone
addiction predisposition: Behavioral inhibition and activation
systems, impulsivity, and self-control. PloS One, 11(8),
€0159788. https://doi.org/10.1371/journal.pone.0159788.

Kim, D., Lee, Y., Lee, J., Nam, J. K,, & Chung, Y. (2014). Devel-
opment of Korean Smartphone addiction proneness scale for
youth. PloS One, 9(5), €97920. https://doi.org/10.1371/journal.
pone.0097920.

Ko, C. H,, Liu, G. C,, Yen, J. Y., Chen, C. Y., Yen, C. F.,, & Chen, C.
S. (2013). Brain correlates of craving for online gaming under
cue exposure in subjects with Internet gaming addiction and in
remitted subjects. Addiction Biology, 18(3), 559-569. https://
doi.org/10.1111/j.1369-1600.2011.00405 x.

Ko, C. H,, Liu, G. C, Yen, J. Y., Yen, C. F,, Chen, C. S., & Lin, W. C.
(2013). The brain activations for both cue-induced gaming urge
and smoking craving among subjects comorbid with Internet
gaming addiction and nicotine dependence. Journal of Psychi-
atric Research, 47(4), 486-493. https://doi.org/10.1016/j.
jpsychires.2012.11.008.

van Koningsbruggen, G. M., Stroebe, W., Papies, E. K., & Aarts, H.
(2011). Implementation intentions as goal primes: Boosting self-
control in tempting environments. European Journal of Social
Psychology, 41(5), 551-557. https://doi.org/10.1002/ejsp.799.

Koob, G. F., & Le Moal, M. (2008). Addiction and the brain anti-
reward system. Annual Review of Psychology, 59, 29-53. https://
doi.org/10.1146/annurev.psych.59.103006.093548.


https://doi.org/10.1371/journal.pone.0051637
https://doi.org/10.1371/journal.pone.0051637
https://doi.org/10.3109/00048670903282725
https://doi.org/10.1016/j.cortex.2019.10.012
https://doi.org/10.1016/j.cortex.2019.10.012
https://doi.org/10.1038/nrn.2017.74
https://doi.org/10.1146/annurev.neuro.30.051606.094328
https://doi.org/10.1146/annurev.neuro.30.051606.094328
https://doi.org/10.4088/jcp.v64n0815
https://doi.org/10.4088/jcp.v64n0815
https://doi.org/10.1016/j.chb.2018.01.010
https://doi.org/10.1038/jcbfm.1993.4
https://doi.org/10.1006/nimg.2002.1326
https://doi.org/10.1006/nimg.2002.1326
https://doi.org/10.1016/j.euroneuro.2012.10.018
https://doi.org/10.3109/00952990.2010.491884
https://doi.org/10.3109/00952990.2010.491884
https://doi.org/10.1089/cpb.2008.0096
https://doi.org/10.1097/adm.0000000000000433
https://doi.org/10.1097/adm.0000000000000433
https://doi.org/10.1016/j.comppsych.2010.04.004
https://doi.org/10.1016/j.addbeh.2020.106334
https://doi.org/10.1016/j.addbeh.2020.106334
https://doi.org/10.3389/fnhum.2017.00532
https://doi.org/10.3389/fnhum.2017.00532
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1080/10503300601158822
https://doi.org/10.1080/10503300601158822
https://doi.org/10.1196/annals.1308.003
https://doi.org/10.1196/annals.1308.003
https://doi.org/10.1016/j.chb.2013.05.027
https://doi.org/10.1371/journal.pone.0159788
https://doi.org/10.1371/journal.pone.0097920
https://doi.org/10.1371/journal.pone.0097920
https://doi.org/10.1111/j.1369-1600.2011.00405.x
https://doi.org/10.1111/j.1369-1600.2011.00405.x
https://doi.org/10.1016/j.jpsychires.2012.11.008
https://doi.org/10.1016/j.jpsychires.2012.11.008
https://doi.org/10.1002/ejsp.799
https://doi.org/10.1146/annurev.psych.59.103006.093548
https://doi.org/10.1146/annurev.psych.59.103006.093548

Journal of Behavioral Addictions 10 (2021) 4, 1048-1060

1059

Kwon, M, Lee, J. Y., Won, W. Y., Park, J. W, Min, J. A,, Hahn, C,,

. Kim, D. J. (2013). Development and validation of a

smartphone addiction scale (SAS). PLoS One, 8(2), €56936.
https://doi.org/10.1371/journal. pone.0056936.

Liakakis, G., Nickel, J., & Seitz, R. J. (2011). Diversity of the inferior
frontal gyrus—a meta-analysis of neuroimaging studies. Behav-
ioural Brain Research, 225(1), 341-347. https://doi.org/10.1016/
j.bbr.2011.06.022.

Lin, Y. H,, Lin, Y. C, Lin, S. H,, Lee, Y. H,, Lin, P. H., Chiang, C.
L., ... Kuo, T. B. J. (2017). To use or not to use? Compulsive
behavior and its role in smartphone addiction. Translational
Psychiatry, 7(2), e1030-e1030. https://doi.org/10.1038/tp.
2017.1.

Mahapatra, S. (2019). Smartphone addiction and associated con-
sequences: Role of loneliness and self-regulation. Behaviour and
Information Technology, 38(8), 833-844. https://doi.org/10.
1080/0144929X.2018.1560499.

Martinotti, G., Lupi, M., Montemitro, C., Miuli, A., Di Natale, C.,
Spano, M. C,, ... di Giannantonio, M. (2019). Transcranial
direct current stimulation reduces craving in substance use
disorders: A double-blind, placebo-controlled study. The Jour-
nal of ECT, 35(3), 207-211. https://doi.org/10.1097/yct.
0000000000000580.

Matar Boumosleh, J., & Jaalouk, D. (2017). Depression, anxiety,
and smartphone addiction in university students- A cross
sectional study. Plos One, 12(8), €0182239. https://doi.org/10.
1371/journal.pone.0182239.

McClure, S. M., Laibson, D. I, Loewenstein, G., & Cohen, J. D.
(2004). Separate neural systems value immediate and delayed
monetary rewards. Science, 306(5695), 503-507. https://doi.org/
10.1126/science.1100907.

Meyer-Lindenberg, A. S., Olsen, R. K., Kohn, P. D., Brown, T,
Egan, M. F.,, Weinberger, D. R.,, & Berman, K. F. (2005).
Regionally specific disturbance of dorsolateral prefrontal-hip-
pocampal functional connectivity in Schizophrenia. Archives of
General Psychiatry, 62(4), 379-386. (J Archives of General
Psychiatry). https://doi.org/10.1001/archpsyc.62.4.379.

Miller, E. K., & Cohen, J. D. (2001). An integrative theory of pre-
frontal cortex function. Annual Review of Neuroscience, 24,
167-202. https://doi.org/10.1146/annurev.neuro.24.1.167.

Montag, C., Zhao, Z., Sindermann, C,, Xu, L., Fu, M,, Li, J,, ...
Becker, B. (2018). Internet communication disorder and the
structure of the human brain: Initial insights on WeChat
addiction. Scientific Reports, 8(1), 2155. https://doi.org/10.1038/
$41598-018-19904-y.

O’Donnell, L. (2009). The Wechsler intelligence scale for children-
fourth edition. In J. A. Naglieri, & S. Goldstein (Eds.), Practi-
tioner’s guide to assessing intelligence and achievement (pp.
153). Hoboken, N.J.: Wiley.

Oldfield, R. C. (1971). The assessment and analysis of handedness:
The Edinburgh inventory. Neuropsychologia, 9(1), 97-113.
https://doi.org/10.1016/0028-3932(71)90067-4.

Park, C. H., Chun, J. W, Cho, H,, Jung, Y. C,, Choi, J., & Kim, D. J.
(2017). Is the Internet gaming-addicted brain close to be in a
pathological state? Addiction Biology, 22(1), 196-205. https://
doi.org/10.1111/adb.12282.

Pew Research Center (2019). Smartphone ownership is growing
rapidly around the world, but not always equally. Press release.

Philibin, S. D., & Crabbe, J. C. (2015). Chapter 108 - addiction. In
R. N. Rosenberg, & J. M. Pascual (Eds.), Rosenberg’s molecular
and genetic basis of neurological and psychiatric disease (5th ed.,
pp- 1321-1329). Boston: Academic Press.

Poppenk, J., Evensmoen, H. R., Moscovitch, M., & Nadel, L. (2013).
Long-axis specialization of the human hippocampus. Trends in
Cognitive Sciences, 17(5), 230-240. https://doi.org/10.1016/j.
tics.2013.03.005.

Ratan, Z. A., Zaman, S. B., Islam, S. M. S., & Hosseinzadeh, H.
(2021). Smartphone overuse: A hidden crisis in COVID-19.
Health Policy and Technology, 10(1), 21-22. https://doi.org/10.
1016/j.hIpt.2021.01.002.

Rubia, K., Smith, A. B., Brammer, M. J., & Taylor, E. (2003). Right
inferior prefrontal cortex mediates response inhibition while
mesial prefrontal cortex is responsible for error detection.
Neuroimage, 20(1), 351-358. https://doi.org/10.1016/s1053-
8119(03)00275-1.

Salzmann, E., Vidyasagar, T. R,, & Creutzfeldt, O. D. (1993). Func-
tional comparison of neuronal properties in the primate poste-
rior hippocampus and parahippocampus (area TF/TH) during
different behavioural paradigms involving memory and selective
attention. Behavioural Brain Research, 53(1-2), 133-149. https://
doi.org/10.1016/s0166-4328(05)80273-6.

Santos, A., Mier, D., Kirsch, P., & Meyer-Lindenberg, A. (2011).
Evidence for a general face salience signal in human amygdala.
Neuroimage, 54(4), 3111-3116. https://doi.org/10.1016/j.
neuroimage.2010.11.024.

Sharifi-Fardshad, M., Mehraban-Eshtehardi, M., Shams-Esfanda-
bad, H., Shariatirad, S., Molavi, N., & Hassani-Abharian, P.
(2018). Modulation of drug craving in crystalline-heroin users
by transcranial direct current stimulation of dorsolateral pre-
frontal cortex. Addiction and Health, 10(3), 173-179. https://
doi.org/10.22122/ahj.v10i3.613.

Somerville, L. H., Jones, R. M., & Casey, B. J. (2010). A time of
change: Behavioral and neural correlates of adolescent sensi-
tivity to appetitive and aversive environmental cues. Brain and
Cognition, 72(1), 124-133. https://doi.org/10.1016/j.bandc.
2009.07.003.

Tangney, J. P., Baumeister, R. F., & Boone, A. L. (2004). High self-
control predicts good adjustment, less pathology, better
grades, and interpersonal success. Journal of Personality,
72(2), 271-324. https://doi.org/10.1111/j.0022-3506.2004.
00263 .x.

Volkow, N. D., & Baler, R. (2013). Addiction: A disease of self-
control. Neurosciences and the Human Person: New Perspectives
on Human Activities, 121, 1-7.

Volkow, N. D., Koob, G. F., & McLellan, A. T. (2016). Neuro-
biologic advances from the brain disease model of addiction.
The New England Journal of Medicine, 374(4), 363-371. https://
doi.org/10.1056/NEJMral511480.

Volkow, N. D., Wang, G. J., Fowler, J. S., Tomasi, D., Telang, F., &
Baler, R. (2010). Addiction: Decreased reward sensitivity and
increased expectation sensitivity conspire to overwhelm the
brain’s control circuit. Bioessays, 32(9), 748-755. https://doi.
0rg/10.1002/bies.201000042.

Wang, Y., Mathews, V. P., Kalnin, A. J., Mosier, K. M., Dunn, D.
W., Saykin, A. J., & Kronenberger, W. G. (2009). Short term
exposure to a violent video game induces changes in


https://doi.org/10.1371/journal.pone.0056936
https://doi.org/10.1016/j.bbr.2011.06.022
https://doi.org/10.1016/j.bbr.2011.06.022
https://doi.org/10.1038/tp.2017.1
https://doi.org/10.1038/tp.2017.1
https://doi.org/10.1080/0144929X.2018.1560499
https://doi.org/10.1080/0144929X.2018.1560499
https://doi.org/10.1097/yct.0000000000000580
https://doi.org/10.1097/yct.0000000000000580
https://doi.org/10.1371/journal.pone.0182239
https://doi.org/10.1371/journal.pone.0182239
https://doi.org/10.1126/science.1100907
https://doi.org/10.1126/science.1100907
https://doi.org/10.1001/archpsyc.62.4.379
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1038/s41598-018-19904-y
https://doi.org/10.1038/s41598-018-19904-y
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1111/adb.12282
https://doi.org/10.1111/adb.12282
https://doi.org/10.1016/j.tics.2013.03.005
https://doi.org/10.1016/j.tics.2013.03.005
https://doi.org/10.1016/j.hlpt.2021.01.002
https://doi.org/10.1016/j.hlpt.2021.01.002
https://doi.org/10.1016/s1053-8119(03)00275-1
https://doi.org/10.1016/s1053-8119(03)00275-1
https://doi.org/10.1016/s0166-4328(05)80273-6
https://doi.org/10.1016/s0166-4328(05)80273-6
https://doi.org/10.1016/j.neuroimage.2010.11.024
https://doi.org/10.1016/j.neuroimage.2010.11.024
https://doi.org/10.22122/ahj.v10i3.613
https://doi.org/10.22122/ahj.v10i3.613
https://doi.org/10.1016/j.bandc.2009.07.003
https://doi.org/10.1016/j.bandc.2009.07.003
https://doi.org/10.1111/j.0022-3506.2004.00263.x
https://doi.org/10.1111/j.0022-3506.2004.00263.x
https://doi.org/10.1056/NEJMra1511480
https://doi.org/10.1056/NEJMra1511480
https://doi.org/10.1002/bies.201000042
https://doi.org/10.1002/bies.201000042

1060

Journal of Behavioral Addictions 10 (2021) 4, 1048-1060

frontolimbic circuitry in adolescents. Brain Imaging and
Behavior, 3(1), 38-50. https://doi.org/10.1007/s11682-008-
9058-8.

Wang, L., Shen, H,, Lei, Y., Zeng, L.-L.,, Cao, F., Su, L., ... Hu, D.
(2017). Altered default mode, fronto-parietal and salience net-
works in adolescents with Internet addiction. Addictive Be-
haviors, 70, 1-6. https://doi.org/10.1016/j.addbeh.2017.01.021.

Wang, Y., Wu, L., Wang, L., Zhang, Y., Du, X., & Dong, G. (2017).
Impaired decision-making and impulse control in internet
gaming addicts: Evidence from the comparison with recrea-
tional internet game users. Addiction Biology, 22(6), 1610-1621.
https://doi.org/10.1111/adb.12458.

Wilmer, H. H., Sherman, L. E., & Chein, J. M. (2017). Smartphones
and cognition: A Review of research exploring the links be-
tween mobile technology habits and cognitive functioning.
Frontiers in Psychology, 8, 605. https://doi.org/10.3389/fpsyg.
2017.00605.

Winstanley, C. A., Theobald, D. E., Cardinal, R. N., & Robbins, T.
W. (2004). Contrasting roles of basolateral amygdala and
orbitofrontal cortex in impulsive choice. Journal of Neurosci-
ence, 24(20), 4718-4722. https://doi.org/10.1523/jneurosci.
5606-03.2004.

Young, K. S. (1999). Internet addiction: Symptoms, evaluation and
treatment. In Innovations in clinical practice: A source book (17,
pp- 19-31). Sarasota, Florida: Professional Resource Press.

Young, K. S. (2007). Cognitive behavior therapy with internet addicts:
Treatment outcomes and implications. CyberPsychology and
Behavior, 10(5), 671-679. https://doi.org/10.1089/cpb.2007.9971.

Young, K. S. (2013). CBT-IA: The first treatment model for internet
addiction. Journal of Cognitive Psychotherapy, (4), 304-312.
https://doi.org/10.1891/0889-8391.25.4.304.

Zhang, R., & Volkow, N. D. (2019). Brain default-mode network
dysfunction in addiction. Neuroimage, 200, 313-331. https://
doi.org/10.1016/j.neuroimage.2019.06.036.

Open Access. This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (https://
creativecommons.org/licenses/by-nc/4.0/), which permits unrestricted use, distribution, and reproduction in any medium for non-commercial purposes, provided the
original author and source are credited, a link to the CC License is provided, and changes - if any - are indicated.


https://doi.org/10.1007/s11682-008-9058-8
https://doi.org/10.1007/s11682-008-9058-8
https://doi.org/10.1016/j.addbeh.2017.01.021
https://doi.org/10.1111/adb.12458
https://doi.org/10.3389/fpsyg.2017.00605
https://doi.org/10.3389/fpsyg.2017.00605
https://doi.org/10.1523/jneurosci.5606-03.2004
https://doi.org/10.1523/jneurosci.5606-03.2004
https://doi.org/10.1089/cpb.2007.9971
https://doi.org/10.1891/0889-8391.25.4.304
https://doi.org/10.1016/j.neuroimage.2019.06.036
https://doi.org/10.1016/j.neuroimage.2019.06.036
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

	Outline placeholder
	Altered connectivity in the right inferior frontal gyrus associated with self-control in adolescents exhibiting problematic ...
	Introduction
	Methods
	Participants
	Group categorizations
	Clinical assessments
	Acquisition of imaging data
	Functional connectivity analysis
	Statistical analyses
	Ethics

	Results
	Demographics
	MRI results
	The relationship between rsFC and the characteristics of PSU

	Discussion
	References


