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H I G H L I G H T S

• We investigate brain function and structure in persons with “smartphone addiction” (SPA).

• Persons with SPA showed lower gray matter volume in insula and temporal cortex.

• Persons with SPA showed reduced resting-state activity of the anterior cingulate cortex.

• Anterior cingulate cortex volume and activity was associated with SPA-severity.

• The data suggest aberrant neural integrity of the salience network.
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A B S T R A C T

Popularity and availability of smartphones have dramatically increased in the past years. This trend is accom-
panied by increased concerns regarding potentially adverse effects of excessive smartphone use, particularly
with respect to physical and mental health. Recently, the term “smartphone addiction” (SPA) has been in-
troduced to describe smartphone-related addictive behavior and associated physical and psychosocial impair-
ment. Here, we used structural and functional magnetic resonance imaging (MRI) at 3 T to investigate gray
matter volume (GMV) and intrinsic neural activity in individuals with SPA (n = 22) compared to a control group
(n = 26). SPA was assessed using the Smartphone Addiction Inventory (SPAI), GMV was investigated by means
of voxel-based morphometry, and intrinsic neural activity was measured by the amplitude of low frequency
fluctuations (ALFF). Compared to controls, individuals with SPA showed lower GMV in left anterior insula,
inferior temporal and parahippocampal cortex (p < 0.001, uncorrected for height, followed by correction for
spatial extent). Lower intrinsic activity in SPA was found in the right anterior cingulate cortex (ACC). A sig-
nificant negative association was found between SPAI and both ACC volume and activity. In addition, a sig-
nificant negative association between SPAI scores and left orbitofrontal GMV was found. This study provides first
evidence for distinct structural and functional correlates of behavioral addiction in individuals meeting psy-
chometric criteria for SPA. Given their widespread use and increasing popularity, the present study questions the
harmlessness of smartphones, at least in individuals that may be at increased risk for developing smartphone-
related addictive behaviors.

1. Introduction

Parallels between excessive smartphone use and behavioral addic-
tion have been increasingly emphasized by recent research (Kwon, Lee

et al., 2013; Lin et al., 2016). Accompanying such observations, the
term “smartphone addiction” (SPA) has been introduced to describe
excessive and psychosocially dysfunctional smartphone use that closely
resembles addictive behavior (Kwon, Lee et al., 2013). Based on
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research criteria of Internet Gaming Disorder (IGD), as included in the
5th edition of the Diagnostic and Statistical Manual of Mental Disorders
(DSM-5), several specific psychometric instruments for SPA have been
developed (Kwon, Kim, Cho, & Yang, 2013; Kwon, Lee et al., 2013; Lin
et al., 2014). Using such instruments, the prevalence of SPA has pre-
viously been estimated with 12–28%, particularly in students (Haug
et al., 2015; Lin, Pan, Lin, & Chen, 2017; Lopez-Fernandez, 2017).

Following the inclusion of IGD in DSM-5 appendix, a growing body
of neuroimaging research provided evidence for distinct loci of neural
dysfunction associated with this condition (Weinstein, 2017; Yao et al.,
2017). Similarities to other substance-related and behavioral addictions
have been highlighted, especially regarding abnormal neural integrity
of lateral prefrontal, orbitofrontal, cingulate and parietal areas and
insula (Kuss, Pontes, & Griffiths, 2018). Unlike IGD, SPA is not con-
sidered or suggested as distinct category in any of the current diagnostic
classification systems. Accordingly, there have been few neuroimaging
studies in individuals with SPA, with very few recent exceptions (Chen,
Liang, Mai, Zhong, & Qu, 2016; Chun et al., 2017; Hu, Long, Lyu, Zhou,
& Chen, 2017; Lee, Namkoong, Lee, Lee, & Jung, 2019).

The term “smartphone addiction” and the differentiation of IGD and
SPA have been criticized in the scientific literature. On the one hand
due to arguments such as the lack of severe negative consequences
compared to other forms of addiction (Panova & Carbonell, 2018), on
the other hand because of the smartphone being merely the medium of
accessing the Internet and especially social media/messenger applica-
tions, entailing overlaps between for example IGD, “smartphone ad-
diction”, “WhatsApp use disorder” and “Facebook use disorder” (Leung
et al., 2020; Montag, Wegmann, Sariyska, Demetrovics, & Brand, 2019;
Sha, Sariyska, Riedl, Lachmann, & Montag, 2019). Alternative terms
such as “problematic smartphone use” and concepts have been pro-
posed (Montag et al., 2019; Panova & Carbonell, 2018). Montag et al.
(2019), for example, suggested a concept of Internet use disorder, dif-
ferentiating ways the Internet is assessed, comparing a mobile and non-
mobile branch. A particularly appealing example for a model in-
tegrating e.g. individual characteristics, coping styles, affective and
cognitive responses leading to and maintaining Internet use disorders is
the I-PACE model, as suggested by Brand and colleagues (Brand, Young,
Laier, Wölfling, & Potenza, 2016). This model has been revised and
extended to Internet use disorder as well as other addictive behaviors,
given the conceptual overlap between entities (Brand et al., 2019).
Meshi et al. proposed a model for the underlying motivation and re-
levant neural systems in social media use regardless of the way social
media are assessed (Meshi, Tamir, & Heekeren, 2015).

Despite the controversy on the term “smartphone addiction”, as
described above, it is still the prevailing term in the extant literature.
Additionally, the psychometric instruments used in this study explicitly
refer to the concept of “smartphone addiction”. In this regard, we aimed
at achieving at least a certain level of terminological congruency and
used the term “smartphone addiction” to describe excessive smartphone
use with a negative impact on daily functioning. In the upcoming years,
a shift away from the term “smartphone addiction” towards more ap-
propriate terms, as discussed above, might be observed, once consensus
on these taxonomical issues is reached.

Here, we employed magnetic resonance imaging (MRI) to in-
vestigate brain structure and function in individuals with SPA. Gray
matter volume (GMV) was investigated by means of voxel-based mor-
phometry (VBM), and neural activity at rest (i.e. “intrinsic” neural ac-
tivity) was studied using resting-state functional MRI (rs-fMRI). We
focused on the amplitude of low frequency fluctuations (ALFF), which
captures the relative magnitude of blood oxygen level dependent
(BOLD) signal changes of intrinsic neural activity in distinct brain re-
gions. This approach has been shown to be suitable to identify brain
regions/networks with aberrant local functioning in patients with
substance-use disorders and IGD (Liu et al., 2018; Meda et al., 2015;
Turner et al., 2013; Yuan et al., 2013; Zhang et al., 2016b). We ex-
pected that individuals with SPA would exhibit neural changes in

regions that have previously been robustly associated with addictive
behavior and social media, i.e. prefrontal cortices, the anterior cingu-
late cortex (ACC), the striatum and the insula (Galandra, Basso, Cappa,
& Canessa, 2018; Jin et al., 2016; Luijten et al., 2014; Meshi et al.,
2015; Suckling & Nestor, 2017; Volkow, Koob, & McLellan, 2016;
Volkow, Wang, Fowler, & Tomasi, 2012).

2. Materials and methods

2.1. Participants

A total of n = 48 smartphone users participated in the study (details
illustrating the recruitment, exclusion and inclusion process are pro-
vided as Supplementary material). We included right-handed smart-
phone-owners within the age range of 18–30 years. Exclusion criteria
were self-reported neurological diseases, severe medical conditions and
a history of current or lifetime mental disorders (substance-use dis-
orders, psychotic and affective disorders, gambling or excessive com-
puter gaming, and neurodevelopmental disorders). Individuals
scoring>5 on the short-form Internet Gaming Disorder Scale (IGDS-sf,
Pontes, Macur, & Griffiths, 2016) were also excluded from participa-
tion. General contraindications for MRI were ruled out.

We defined two user groups based on the short version of the
Smartphone Addiction Scale (SAS-SV, Haug et al., 2015), where cut-off
values of> 31 for males and>33 for females were used to define a
SPA-group (n = 22), as suggested previously (Kwon, Lee et al., 2013).
Participants below the aforementioned cut-offs were assigned to a
control group (n = 26). Due to rigorous data quality control (see also
Supplementary material), data from another three participants had to
be excluded, leading to a total of n = 21 participants in the SPA group
and n = 23 individuals in the control group. Demographic and psy-
chometric data are provided in Table 1. Prior to MRI, the Smartphone
Addiction Inventory (SPAI, Lin et al., 2014) was administered to all
participants. The SPAI is a 26-item questionnaire, assessing symptoms
such as compulsive use, tolerance and withdrawal, health management
or problems in interpersonal functioning. All participants completed the
Beck Depression Inventory (BDI-II) and the Barratt Impulsiveness Scale
(BIS-11) (Patton, Stanford, & Barratt, 1995; Wang & Gorenstein, 2013).

The study was approved by the Ethics Committee of the Medical
Faculty at Heidelberg University and carried out in compliance with the
Declaration of Helsinki. All participants provided written informed
consent prior to inclusion in the study. All participants received
monetary compensation (EUR 30) for their participation in this study.

Table 1
Demographics and clinical scores for individuals with smartphone addiction
(SPA) and controls.

SPA (n = 22) Controls (n = 26) p value

Mean SD Mean SD

Age (years) 22.5 3.0 23.0 3.2 0.55
Education (years) 15.7 3.3 15.5 2.5 0.84
Gender (m/f) 7/15 8/18 0.94+

Duration of smartphone
use (h)

working days 3.6 1.2 2.1 1.2 < 0.001*
weekend 4.4 2.0 2.2 1.3 < 0.001*

SPAI total score 57.2 10.0 35.7 6.0 < 0.001*
IGDS total score 0.6 1.1 0.4 0.7 0.42
BDI 9.5 6.9 4.4 4.2 0.003*
BIS total score 64.3 8.9 56.5 6.1 0.001*

Data are given as means and standard deviation (SD). SPAI: Smartphone
Addiction Inventory; IGDS: Internet gaming Disorders Scale; BDI: Beck
Depression Inventory; BIS: Barratt Impulsiveness Scale, vers. 11; + indicates χ2
test; *indicates significant findings (t-tests) at p < 0.05.

J. Horvath, et al. Addictive Behaviors 105 (2020) 106334

2



2.2. Neuroimaging data acquisition

A 3T Magnetom TIM Trio MR Scanner (Siemens, Erlangen)
equipped with a 32-channel head coil was used to collect whole-brain
structural and functional scans in a darkened room. The scanner pro-
tocol included four measurements including (in this particular order) a
resting-state scan, three experimental paradigms, and a structural scan.
Results from the experimental paradigms will be reported elsewhere.

For acquisition of structural data, 192T1-weighted images were
acquired with an MP-RAGE pulse sequence in an axial orientation with
the following parameters: repetition time = 1900 ms, echo
time = 2.52 ms, field of view= 350× 263× 350 mm, flip angle = 9°,
voxel size = 1 × 1 × 1 mm, 192 slices, slice thickness = 1 mm.

For rs-fMRI, participants were instructed to keep their eyes closed,
not to fall asleep, and to not think about anything in particular. During
rs-fMRI, 200 whole brain echo planar imaging (EPI) volumes were re-
corded in a transverse (axial) orientation with the following imaging
parameters: repetition time = 2000 ms, echo time = 30 ms, field of
view = 192 mm, flip angle = 90°, voxel size = 3 × 3 × 3 mm, 33
slices, distance factor between slices = 1 mm.

2.3. Data analysis

2.3.1. Data preprocessing
VBM of T1-weighted structural MRI (sMRI) images was calculated

using the Computational Anatomy Toolbox, CAT12 (http://dbm.neuro.
uni-jena.de/cat/) together with SPM12 (http://www.fil.ion.ucl.ac.uk/
spm/). VBM included segmentation of images into gray matter, white
matter, and cerebrospinal fluid, normalization using DARTEL, and
smoothing of GMV segments using an 8-mm full-width half-maximum
(FWHM) isotropic Gaussian kernel.

Rs-fMRI images were processed using the Data Processing Assistant
for rs-fMRI (DPARSF) (Chao-Gan, 2014; Chao-Gan & Yu-Feng, 2010).
ALFF calculation included (1) slice timing, (2) head motion correction,
(3) spatial normalization, (4) smoothing with a 4-mm FWHM isotropic
Gaussian kernel, (5) regressing out nuisance covariates including mean
signals from white matter and cerebrospinal fluid as well as the Friston
24-parameter model (Friston, Williams, Howard, Frackowiak, & Turner,
1996).

2.3.2. Group inference
For GMV analyses, differences between the groups were calculated

using an ANCOVA model adjusted for age, gender and total intracranial
volume (TIV). An absolute threshold of 0.15 was used to prevent effects
occurring at tissue border regions. For ALFF analyses, an ANCOVA
model adjusted for age and gender was used. Head movement para-
meters, expressed in terms of mean framewise displacement (FD) were
included as further nuisance variable. Derivatives of the six rigid-body
realignment parameters estimated during standard volume realignment
were used for FD calculation (Power, Barnes, Snyder, Schlaggar, &
Petersen, 2012).

To test for associations between SPAI scores and brain structure and
function, two separate regression models across all subjects were im-
plemented in SPM12. The models included individual GMV segments
and ALFF maps, respectively, covaried for age, gender and TIV (for
GMV) or FD (for ALFF). Since BDI scores significantly differed between
individuals with SPA and controls, we repeated all GMV and ALFF
analyses using BDI scores as an additional nuisance variable.

For the aforementioned analyses, inference of meaningful local
group differences was based on a significance threshold of p < 0.001,
uncorrected for height. In addition, using Gaussian random field theory,
an empirically determined cluster extent threshold k was defined based
on SPM resolution element (“resel”) estimates within specific contrasts.
Stereotaxic coordinates of significant between-group differences are
reported as peak maxima within a cluster according to the MNI tem-
plate. Anatomical denominations were derived from the

Neuromorphometrics atlas (http://www.neuromorphometrics.com/),
as implemented in SPM12.

For completeness, we explored functional connectivity (FC) differ-
ences in individuals with SPA vs. controls using a seed-based data
analysis approach (Biswal, Yetkin, Haughton, & Hyde, 1995; Buckner,
Krienen, & Yeo, 2013). We used the FC algorithms, as implemented in
DPARSF (please see Supplementary data for methodological details), to
investigate FC between-group differences in networks connected to the
right ACC and left anterior insula, respectively. In brief, right ACC and
left anterior insula masks, as defined by the Neuromorphometrics atlas,
were employed to compute the correlation coefficient between the
average time course of the data within each mask and the time courses
of each voxel across the whole-brain. Resulting individual FC maps
were z-transformed and considered for further analyses. Two one-
sample t-tests (adjusted for age, gender and FD) were used to calculate
individual right ACC and left anterior insula FC maps. Two ANCOVA
models adjusted for age, gender and FD were computed to assess be-
tween-group differences. Since we considered this type of analysis as
data-driven and exploratory, we chose a more liberal significance
threshold of p < 0.005, uncorrected for height, followed by an extent
threshold of k voxels (see previous paragraph).

3. Results

3.1. Demographics and psychometric assessment

Individuals with SPA and controls did not significantly differ with
respect to age, gender, and education years. Unsurprisingly, individuals
with SPA spent a significantly higher amount of time with their
smartphone, and as expected, there was a significant between-group
difference with respect to SPAI total score. BDI and BIS total scores
were significantly different between the groups (see Table 1 for further
details). Participants’ specific smartphone using activities are provided
in Table 2.

3.2. Gray matter volume

Compared to controls, individuals with SPA showed lower GMV in
left anterior insula (x = 27, y = 17, z = −5, Z = 3.68, k = 326), left
inferior temporal cortex (x = −27, y = −9, z = −48, Z = 3.99,
k = 176 voxels) and left parahippocampal cortex (PHC, x = −14,
y = −36, z = −3, Z = 3.90, k = 197); regions with increased GMV in
SPA compared to controls were found in the left supramarginal gyrus
(x = −44, y = −75, z = 9, Z = 3.91, k = 138); see Fig. 1.

Regression analyses revealed a negative association between SPAI
scores and GMV in a cluster including the middle cingulate cortex and
ACC (x = 12, y = 21, z = 29, Z = 3.91, k = 187); see also Fig. 2.
Additional negative relationships between SPAI and GMV were de-
tected in left posterior orbital gyrus (OFC, x = 33, y = 29, z = −11,
Z = 3.99, k = 146) and right inferior occipital gyrus (x = 44,
y = −75, z = 9, Z = 3.91, k = 138).

3.3. ALFF

Compared to controls, individuals with SPA showed lower ALFF in
right ACC (x = 9, y = 27, z = 27, Z = 4.72, k = 14 voxels); see Fig. 1.
Regions with increased ALFF in SPA compared to controls were not
found.

Regression analyses revealed a negative correlation between SPAI
scores and ALFF in right ACC (x = 9, y = 27, z = 27, Z = 3.88, k = 9)
and bilateral precentral gyrus (left: x = −48, y = 6, z = 27, Z = 3.62,
k = 6; right: x = 42, y = 0, z = 36, Z = 4.07, k = 5); see also Fig. 2. In
addition, there was a positive association between SPAI scores and a
cluster including the right fusiform gyrus, extending into the PHC
(x = 33, y = −21, z = −30, Z = 4.33, k = 23).
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3.4. Covariation for BDI

Detailed results are presented as Supplementary data. In brief, lower
anterior insula and left inferior temporal cortex GMV differences in
individuals with SPA were confirmed, but not in PHC and supramar-
ginal cortex. In GMV regression analyses, additional negative associa-
tions were found in right posterior OFC, medial segment of the right
superior frontal gyrus, and right supplementary motor area. The right
inferior occipital gyrus results did not reach statistical significance. For
ALFF analyses, between-group differences in right ACC were confirmed.
Also, a significant relationship between SPAI total scores, right ACC and
left precentral gyrus activity was confirmed.

3.5. Functional connectivity analyses

In one-sample t-tests positive FC of the right ACC was significant in
cortical midline regions including posterior cingulate cortex and pre-
cuneus, as well as in bilateral thalamus, striatum, insula, lateral pre-
frontal, orbitofrontal and temporoparietal regions. A similar pattern
was found for FC of the left anterior insula. In both networks, lower FC
was found in regions of the inferior parietal lobule (IPL) in participants
with SPA compared to controls. In particular, for right ACC FC, lower
connectivity was found in left supramarginal and angular gyrus, as well
as in right angular gyrus. For right anterior insula FC, lower FC was
found in right supramarginal gyrus (see also Supplementary data for

stereotaxic coordinates, Z-scores and figures).

4. Discussion

In this multimodal MRI study, we investigated brain volume and
intrinsic neural activity in individuals with SPA. Three main findings
emerged: First, individuals with SPA showed significantly lower GMV
in the insula and in regions of the temporal cortex compared to con-
trols. Second, ACC activity was significantly lower in individuals with
SPA compared to controls. Third, associations between SPAI scores and
GMV and ALFF, respectively, converged on the ACC.

The insula has been robustly associated with addictive behavior
(e.g. Suckling & Nestor, 2017; Zhang et al., 2016a), with accumulating
evidence supporting differential contributions of anterior vs. posterior
regions. Specifically, the anterior insula has been associated with sti-
mulus-related salience processing and craving, whereas the posterior
insula has been attributed to interoception (Zhang et al., 2016a). It is
noteworthy that previous studies in individuals with IGD have also
shown decreased GMV in left insula together with increased intrinsic FC
between anterior insula and ACC and other brain regions associated
with craving, salience, self-monitoring and attention (Wang et al.,
2015; Zhang et al., 2016a). Decreased GMV of the insula has also been
reported in substance-related addiction (Suckling & Nestor, 2017).

The second important finding of the present study is the lower ac-
tivity of ACC in individuals with SPA compared to controls.

Table 2
Specific smartphone using activities.

>Once per day Once per day <Once per day Never Statistic

SPA
Making phone calls 6/22 9/22 7/22 0/22 p > 0.05|p > 0.05|p > 0.05|p > 0.05a

Sending SMS/MMS 1/22 1/22 9/22 11/22 p > 0.05|p > 0.05|p > 0.05|p > 0.05a

Sending email 6/22 6/22 9/22 1/22 p > 0.05|p > 0.05|p > 0.05|p > 0.05a

Using social networks (e.g. Facebook, Twitter) 19/22 0/22 1/22 2/22 p > 0.05|p > 0.05|p > 0.05|p > 0.05a

Downloads (apps, profiles, ringtones) 1/22 1/22 18/22 2/22 p > 0.05|p > 0.05|p > 0.05|p > 0.05a

Taking pictures 8/22 7/22 7/22 0/22 p > 0.05|p > 0.05|p > 0.05|p > 0.05a

Using messengers (e.g. WhatsApp) 22/22 0/22 0/22 0/22 p > 0.05|p > 0.05|p > 0.05|p > 0.05a

Using Internet 19/20 1/20 0/20 0/20 p > 0.05|p > 0.05|p > 0.05|p > 0.05a

Controls – – – – –
Making phone calls 2/26 14/26 10/26 0/26 –
Sending SMS/MMS 1/26 1/26 10/26 14/26 –
Sending email 4/26 5/26 15/26 2/26 –
Using social networks (e.g. Facebook, Twitter) 16/26 4/26 2/26 4/26 –
Downloads (apps, profiles, ringtones) 0/26 0/26 19/26 7/26 –
Taking pictures 9/26 7/26 10/26 0/26 –
Using messengers (e.g. WhatsApp) 26/26 0/26 0/26 0/26 –
Using Internet 18/26 6/26 2/26 0/26 –

SMS – Short Message Service, MMS – Multimedia Message Service, SD – standard deviation. Please note that different sample sizes in SPA are due to missing data. a

χ2-test between SPA and controls.

Fig. 1. Left: GMV differences in individuals with SPA compared to controls. Lower GMV is shown for the left anterior insula and left PHC. Increased GMV in SPA
individuals was found in left supramarginal gyrus. * indicates that these regions did not survive covariation for BDI scores. Shown are results of 2nd level ANCOVA,
p < 0.001 uncorrected for height, k > 80 voxels. Right: Intrinsic activity differences in individuals with SPA compared to controls. Lower activity in SPA
individuals was found in right ACC. Shown are results of 2nd level ANCOVA, p < 0.001 uncorrected for height, k > 5 voxels. The color bars represent T-values.
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Furthermore, the associations between SPAI scores and GMV and ALFF,
respectively, converged on the ACC. The ACC has been identified as
part of the reward system and relevant for craving and inhibitory
control, showing lower activity in individuals with substance use dis-
orders without exposure to drug stimuli, whereas activation was iden-
tified as a correlate of cue-elicited craving (Volkow et al., 2012). It is
noteworthy that in studies on IGD, a reduction of GMV of ACC has also
been described, with the effect being negatively correlated with cog-
nitive control performance and impulsivity of the affected individuals
(Jin et al., 2016; Lee, Namkoong, Lee, & Jung, 2018; Lee, Park,
Namkoong, Kim, & Jung, 2018; Wang et al., 2015). A systematic review
and meta-analysis by Yao and colleagues highlighted both structural
and functional alterations of ACC in IGD (Yao et al., 2017). Moreover, a
recent study investigating addictive WeChat use provided further evi-
dence for reduced ACC volume (Montag et al., 2018). In the present
multimodal study, we observed both structural and functional con-
tributions of ACC to SPA. In accordance with other researchers (Yao
et al., 2017), the findings of this study clearly show that ACC alterations
are not specific to SPA (or any other behavioral addictions). Rather,
given the relevance of the ACC for a plurality of dimensions and psy-
chological processes in human behavior, altered neural integrity of this
brain area rather reflects a transnosologic neural signature across sev-
eral mental disorders (McTeague et al., 2017).

On a neural systems level, insula and ACC have been described as
key regions of the “salience network” which mediates the interplay
between executive systems and of the so-called “default mode network”
(DMN) (Volkow et al., 2012). The DMN is more active during rest, e.g.
with a possible role in mind-wandering and thinking about oneself,
others and the personal future (Volkow et al., 2012; Zhang & Volkow,
2019). Neural changes in key nodes of the DMN, including insula and
ACC, have been observed in substance-related disorders as well as be-
havioral addictions, possibly as a neural correlate of functions as self-
awareness and emotional regulation impaired in addicted individuals
(Volkow et al., 2012; Zhang & Volkow, 2019). ACC and anterior insula
have been frequently referred to in the context of aberrant salience
processing in addiction (Menon, 2015; Zilverstand, Huang, Alia-Klein,
& Goldstein, 2018), a notion that is well-supported by findings of the

present study. It is noteworthy that in exploratory FC analyses, lower
functional coupling between both right ACC and left anterior insula
networks converged on the IPL, which has been consistently identified
as a DMN key regions. The IPL is a region involved in various processes
as reflexive processes, social cognition and memory (Igelström &
Graziano, 2017), yet in the context of addictive behavior, the IPL has
been consistently implied in salience processing, particularly in those
processes requiring directed attentional control (Zilverstand et al.,
2018). This said, it is not surprising that in substance use disorders,
activation in this network has been associated with craving and drug-
seeking behavior (Kühn & Gallinat, 2011; Zilverstand et al., 2018).
Eventually, the structural and functional changes in IPL have also been
described in the context of salience processing and cue reactivity in
individuals with IGD (Lee, Namkoong et al., 2018; Zhang et al., 2016c),
once again emphasizing the relevance of this region for addictive be-
havior.

In addition to ACC and insula, several other brain regions were
identified to show significant differences in individuals with SPA
compared to controls, i.e. left inferior temporal cortex, left PHC, left
supramarginal gyrus, left posterior OFC and right inferior occipital
gyrus in terms of GMV. Regression analysis revealed associations be-
tween SPAI scores and intrinsic neural activity of bilateral precentral
gyrus and a cluster including right fusiform gyrus extending into the
PHC. The pattern of neural change, as observed in this study, shows a
close spatial correspondence with neuroimaging data in IGD (e.g. Sun
et al., 2014). For instance, alterations of volume or activity of para-
hippocampal and temporal gyri have been described in individuals with
IGD, linked to alterations of visual and auditory processing, social
cognition and memory (Aminoff, Kveraga, & Bar, 2013; Kuss et al.,
2018; Squire, Stark, & Clark, 2004; Sun et al., 2014). Also, activity of
left precentral gyrus has been previously associated with impaired re-
sponse inhibition in individuals with IGD (Kuss et al., 2018). Alterations
in OFC involved in decision making, inhibitory and behavioral control
have also been found in individuals with IGD, such as reduced GMV of
OFC (Lee, Park et al., 2018; Zhou et al., 2019). In line with recent
findings by Zhou et al., we found the severity of the behavior to be
negatively associated with OFC GMV. Based on longitudinal data, Zhou

Fig. 2. Across all participants, the cingulate cortex showed a negative relationship between SPAI and GMV (blue) and ALFF (red), respectively. Shown are results of
whole-brain regression analyses covaried for age, gender, TIV (VBM) or FD (ALFF), p < 0.001 uncorrected for height, k > 80 (VBM) and k > 5 voxels (ALFF). The
color bars represent T-values (please note a different scaling, chosen for illustrative purposes). Plots illustrate relationships between SPAI total score and GMV or
ALFF parameter estimates, respectively (1st ACC peak voxel eigenvariate). (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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et al. suggest that increasing engagement with the medium (here online
gaming activity) leads to increased addiction symptoms and decreased
OFC structural integrity. In the absence of longitudinal data, we can
only speculate on similar mechanisms in SPA, implicating a loss of OFC
structural integrity in a loss of regulatory control, leading to excessive
use and addictive behavior. Complementing these studies, recent work
by Lee and coworkers provided evidence for orbitofrontal GMV re-
ductions in individuals with problematic smartphone use. Moreover,
and in good agreement with our findings, right OFC GMV was also
negatively associated with smartphone use behavior, as assessed by the
Smartphone Addiction Proneness Scale (Lee et al., 2019). It is possible
that the pattern of structural variation in OFC and ACC, as detected in
persons with in IGD as well as in individuals with SPA, could be re-
flective of a neural signature that is common to several technology-
related addictive behaviors (Baggio et al., 2018). Yet, neuroimaging
studies directly comparing e.g. individuals with IGD and SPA are
needed to derive robust conclusions.

Eventually, it is worth noting that, although study participants did
not present with clinically relevant depression, BDI score nonetheless
had a significant effect on the results of the analysis. This finding is in
line with previous research suggesting increased subthreshold depres-
sion levels in smartphone users, particularly in those with lower edu-
cational achievement and higher SPA scores (Alhassan et al., 2018).
Here, after controlling for BDI scores as a potential nuisance variable,
findings regarding structural and functional changes in ACC, insula,
OFC, left precentral gyrus, left inferior temporal cortex and right middle
cingulate cortex remained stable. Differences in PHC, supramarginal
cortex and right fusiform gyrus were not confirmed in this study when
controlling for BDI scores, which might be explained by the fact that
these regions are associated with neural changes in depression rather
than in addictive behavior - especially regarding the PHC, that is con-
sidered relevant for memory and visual processes (Aminoff et al., 2013;
Kaiser et al., 2016; Yu et al., 2018), but also right fusiform gyrus re-
levant for visual processes (Arnone et al., 2016; Demenescu et al., 2011;
Weiner & Zilles, 2016). Thus, future neuroimaging research in in-
dividuals with SPA (as much as in other behavioral addictions, such as
IGD) may want to rule out potential effects of subclinical depression.

We acknowledge potential shortcomings of this study, such as the
modest sample size and the lack of a formal clinical evaluation of po-
tentially confounding comorbid mental disorders. Though mental dis-
orders were not reported by participants prior to study inclusion, due to
the lack of structured interviews we cannot fully rule out the possibility
of other mental health conditions that may have an impact on GMV or
ALFF. Also, the cross-sectional design doesn’t allow inference on tem-
poral development and stability of these findings, as much as the cor-
relations do not imply causality. It is also important to note that we
investigated neural activity within an experimentally poorly controlled
environment, i.e. during resting-state conditions. Neural activity pat-
terns during active task conditions could substantially differ from
resting-state brain activity patterns in individuals with SPA. Thus, fu-
ture research will need to additionally consider specific activation
paradigms in this population, in analogy to task-designs employed in
addiction research. Eventually, the lack of whole-brain voxel-wise
correction for multiple comparisons is another limitation that needs to
be considered. A conservative correction (e.g. using family-wise error
[FWE] correction) for multiple comparisons would have rendered all
whole-brain based findings non-significant, at the same time highly
increasing the probability of false negative findings. We fully ac-
knowledge the difficulties of this trade-off. Yet, we also believe that the
neurobiological plausibility our findings and the regional overlap be-
tween our study and a plethora of previous neuroimaging studies and
meta-analyses in addiction research further indicate the significance of
our results (e.g. McTeague et al., 2017; Wang et al., 2015; Yao et al.,
2017; Zilverstand et al., 2018). This said, the findings of this study
warrant replication and extension by future research.

Keeping the presented limitations in mind, the present study

provides first evidence for common neural underpinning mechanisms of
behavioral addiction in individuals with SPA. This study clearly needs
replication as much as extension in larger cohorts, including long-
itudinal assessments, ecological momentary assessment and task-based
functional MRI. Yet, at the same time, this study provides important
data and preliminary evidence, suggesting addiction-related differences
in neural processes in the context of smartphone use, particularly with
respect to the salience network. Given the widespread use and in-
creasing popularity of smartphones, the present study challenges as-
sumptions towards the harmlessness of smartphones, at least in in-
dividuals that may be at increased risk for developing addictive
behaviors.
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