
REVIEW ARTICLE

Brain Imaging and Behavior (2023) 17:329–342
https://doi.org/10.1007/s11682-023-00762-w

Introduction

With the rapid advances in information technology, the 
internet has become a popular and convenient tool for 
socializing and entertainment(Loh & Kanai, 2016). How-
ever, some people may experience difficulties in controlling 
their internet use behaviors, which can eventually lead to 
internet addiction (IA) (Stevens et al., 2020; Weinstein & 
Lejoyeux, 2010). According to a meta-analysis, the esti-
mated average prevalence rate of IA is 7.02%, which is pro-
jected to increase over time(Pan et al., 2020).

Previous reports have highlighted several negative con-
sequences of IA. IA adversely affects the quality of life 
(physical discomfort, loss of energy, emotional disturbance, 
poor academic performance) (Alsalameh et al., 2019; Aznar-
Díaz et al., 2020; Karaer & Akdemir, 2019), causes social 
problems (dysfunctional social relations and decreased 
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Abstract
Internet addiction (IA) is a growing social concern and has been intensively studied in recent years. Previous imaging 
studies have shown that IA may impair brain structure and function, but with no robust conclusions. We conducted a 
systematic review and meta-analysis of neuroimaging studies in IA. Two separate meta-analyses were conducted for 
voxel-based morphometry (VBM) studies and resting-state functional connectivity (rsFC) studies. All meta-analyses were 
performed using two analysis methods activation likelihood estimation (ALE) and seed-based d mapping with permuta-
tion of subject images (SDM-PSI). The ALE analysis of VBM studies revealed less gray matter volume (GMV) in the 
supplementary motor area (SMA) (1176 mm3), anterior cingulate cortex (ACC) (one cluster size is 744 mm3 and the other 
is 688 mm3), and orbitofrontal cortex (OFC) (624 mm3) in subjects with IA. The SDM-PSI analysis showed less GMV 
in the ACC (56 voxels). The ALE analysis of rsFC studies showed stronger rsFC from posterior cingulate cortex (PCC) 
(880 mm3) or insula (712 mm3) to the whole brain in subjects with IA; however, the SDM-PSI analysis revealed no obvi-
ous rsFC alteration. These changes may underlie the core symptoms of IA, which include emotional regulation disorder, 
distraction, and impaired executive control. Our results reflect the common features of neuroimaging studies related to IA 
in recent years and may potentially help inform the development of more effective diagnostic and treatment approaches.
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productivity) (Byington & Schwebel, 2013; Cerniglia et al., 
2017; Marzilli et al., 2020; Recupero, 2021), and is also asso-
ciated with a range of symptoms (craving, impulsiveness, 
response inhibition) (Cudo & Zabielska-Mendyk, 2019; 
Dong et al., 2018; Lee et al., 2018; Liu et al., 2014; Loh & 
Kanai, 2016; Ma et al., 2019), cognitive problems (attention 
capacities, memory processes, and social cognition) (Firth 
et al., 2019), and psychiatric disorders (depression, anxiety, 
attention deficit and hyperactivity disorder) (Jorgenson et 
al., 2016; Wang et al., 2017; Weinstein & Lejoyeux, 2010). 
Given the myriad adverse effects of IA, research on the cor-
responding brain changes is a key imperative. Unraveling 
the structural and functional alterations underlying IA may 
provide useful insights into its diagnosis and treatment.

Magnetic resonance imaging (MRI) is an advanced non-
invasive technique that can reveal brain alterations under 
physiological or pathophysiological conditions(Yousaf et 
al., 2018). The voxel-based morphometry (VBM) method 
can be used to quantify the gray matter volume (GMV), 
reflecting the cerebral structure alterations(Takeuchi & 
Kawashima, 2017). Resting-state functional connectivity 
(rsFC) provides a measure of the macroscopic functional 
network of the human brain(Fingelkurts et al., 2005). Cur-
rently, VBM and rsFC are commonly utilized in IA-related 
neuroimaging studies(Weinstein & Lejoyeux, 2020; Wein-
stein et al., 2017), however with inconsistent conclusions. 
VBM studies have revealed less GMV in the anterior cin-
gulate cortex (ACC)(Lee et al., 2018), dorsolateral prefron-
tal cortex(Wang et al., 2016), and supplementary motor 
area (SMA)(Jin et al., 2016). Besides, rsFC studies have 
revealed stronger connectivity in the insula(Ko et al., 2015), 
posterior cingulate cortex (PCC)(Seok & Sohn, 2018), and 
precuneus(Lee et al., 2021), and less connectivity in the 
SMA(Lee et al., 2021), inferior parietal lobule(Ding et al., 
2013), and superior frontal gyrus(Y. Zhang et al. 2016a, b). 
Despite several overlapping structures, the results have been 
largely inconsistent. For example, in one study, the posterior 
insula and SMA showed less rsFC(Y. Zhang et al. 2016a, 
b), but in another study, these structures showed stronger 
rsFC(Zhang et al., 2016a, b). Some VBM studies showed 
less GMV in subjects with IA(Choi et al., 2017; He et al., 
2021; Lee et al., 2018, 2021; C. Wang et al. 2016, 2021a, b; 
Yuan et al. 2011), while other studies have yielded oppo-
site results(Han et al., 2012; Lee et al., 2019; Seok & Sohn, 
2018; Sun et al., 2014; Yoon et al., 2017). Thus, performing 
a systematic review and meta-analysis of available evidence 
is important to draw definitive conclusions regarding the 
IA-induced brain structural and functional alterations.

Compared to a single study, meta-analyses provide more 
comprehensive estimation of research results by integrat-
ing data from all available relevant studies(Cortese et al., 
2016). The two most widely utilized neuroimaging analysis 

methods are activation likelihood estimation (ALE) and 
seed-based d mapping (SDM)(Pezzoli et al., 2021; Santan-
gelo et al., 2019). Previous meta-analyses have commonly 
used a single analysis method(Solly et al., 2022) or fre-
quently focused on a single problem such as internet game 
disorder(Yao et al., 2017). However, IA, as a social prob-
lem, is very different from clinical diseases in its modality 
and speed of change. In the contemporary digital era, the 
coverage and diversity of internet have widely expanded. 
Therefore, we believe that a combination of analytic 
approaches can enable more comprehensive characteriza-
tion of this condition. By synthesizing VBM and rsFC stud-
ies in IA patients, we aimed to explore common and specific 
neurological alterations in IA from the perspective of brain 
structure and function. Compared to previous studies that 
generally used only one method, we used both methods to 
provide more reliable results.

Methods

Search strategy

A comprehensive literature search of VBM and rsFC studies 
of IA was conducted in the PubMed, Cochrane Library, and 
Web of Science databases to retrieve studies published as of 
November 2022. The following search strategy was used: 
(“internet addiction disorder” OR “social media addiction” 
OR “smartphone addiction” OR “internet gaming disorder” 
OR “gaming addiction” OR “mobile phone dependence” 
OR “internet communication addiction” OR “problematic 
smartphone use”) AND (“voxel-based morphometry” OR 
“VBM” OR “gray matter” OR “grey matter”).

The following terms were also used to retrieve relevant 
studies: (“internet addiction disorder” OR “social media 
addiction” OR “smartphone addiction” OR “internet gam-
ing disorder” OR “gaming addiction” OR “mobile phone 
dependence” OR “internet communication addiction” OR 
“problematic smartphone use”) AND (“magnetic resonance 
imaging” OR “functional magnetic resonance imaging” OR 
“fMRI”) AND (“functional connectivity”). In addition, the 
reference lists of the retrieved articles and relevant literature 
reviews were manually screened to identify relevant studies.

Study inclusion criteria

Original studies were included if: (1) IA was diagnosed 
according to the fifth edition of the Diagnostic and Statisti-
cal Manual of Mental Disorders (DSM-5) or other quantita-
tive assessment tools or both.; (2) VBM or seed-based rsFC 
analysis was utilized; (3) the comparison was conducted 
between subjects with IA (IAs) and healthy controls (HCs) 
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without substance abuse, drug addiction, or other mental ill-
nesses; (4) results were reported as coordinates in Montreal 
Neurological Institute (MNI) or Talairach space; (5) study 
design was cross-sectional comparative studies.

Exclusion criteria were: (1) Neither VBM study nor rsFC 
study; (2) analysis was performed on predefined regions of 
interest (ROI) rather than on the whole brain; (3) longitudi-
nal or interventional design but without baseline compari-
sons; (4) no comparisons with HCs; (5) research based on 
task state.

Studies that compared different IA groups in the same 
article with a single HCs group were coded differently. Since 
there is no specific quality evaluation tool for neuroimaging 
meta-analysis, we referred to the Newcastle-Ottawa scale 
(NOS) (http://www.ohri.ca/programs/clinical_epidemiol-
ogy/oxford.htm). The detailed items and scores of included 
studies are listed in Supplementary Tables S1 and S2. This 
study was registered with PROSPERO (CRD42021277662). 
The whole process was carried out according to the regis-
tered content, and the specific protocol can be obtained by 
contacting the corresponding author.

Data extraction

Two authors independently retrieved the articles, and any 
disagreement regarding the selection of the articles was 
reviewed by a third experienced author and a final deci-
sion was made by consensus. The titles, abstracts, and full-
texts of the screened articles were sequentially reviewed 
by researchers to determine their eligibility for inclusion. 
Selected articles were conserved through the Endnotes data 
manager. Then, two authors independently extracted the 
required data from each paper that met the inclusion criteria. 
The detailed data extracted from the articles are summarized 
in Table 1. Finally, we divided the coordinates included in 
the VBM and rsFC studies into two groups: IAs > HCs group 
and IAs < HCs group. These coordinates were summarized 
in an individual document for further analysis.

Data analysis

For a more reliable and comprehensive study, the meta-
analysis procedure was performed by using the two most 
commonly used coordinate-based neuroimaging meta-anal-
ysis methods: ALE and SDM.

ALE meta-analysis

First, we used the GingerALE (http://www.brainmap.
org/)(Raimo et al., 2021; Turkeltaub et al., 2002) to ana-
lyze the VBM studies and rsFC studies separately. The ALE 
technique is a voxel-based method for finding convergence 

across neuroimaging experiment coordinates. The revised 
version of the ALE algorithm treats foci as 3-dimensional 
Gaussian probability distributions centered at the given 
coordinates(Eickhoff et al., 2009, 2012). To quantify con-
vergence among included studies, a random effect analysis 
was conducted(Eickhoff et al., 2012). Based on the sample 
size and random effect model, the likelihood of consen-
sus among different experiments was attained. A modeled 
activation (MA) map was computed by merging the prob-
ability distributions of foci included in each study. Then, 
the union of all MA maps at the voxel level was performed 
to generate the final ALE map with ALE scores. Based on 
recommendations(Eickhoff et al., 2016), ALE maps were 
set with a threshold at p < 0.05 using a cluster level family-
wise error (cFWE) with a cluster forming threshold at voxel 
level p < 0.001. The p values in our analyses were generated 
with 5000 permutations(Eickhoff et al., 2009, 2012; Turkel-
taub et al., 2012).

SDM meta-analysis

We then repeated the meta-analysis using the seed-based d 
mapping with permutation of subject images (SDM-PSI) 
(version 6.21, https://www.sdmproject.com). The major 
change of the new SDM-PSI method is the provision of 
multiple comparison correction (MCC), which improves the 
reliability of the results. The main advantage of this method 
is that it considers studies with both positive, negative, and 
non-significant results, leading to more accurate estimates 
than other methods that ignore non-significant results. First, 
the significant peak coordinates and the associated t-values 
were extracted. Second, as a preprocessing step, the lower 
and upper effect size limits were estimated. A 20 mm full-
width half maximum (FWHM) anisotropic Gaussian kernel 
and 2 mm voxel size was used for preprocessing(Albajes-
Eizagirre et al., 2019). Third, the maximum likelihood esti-
mation (MLE) of the most likely effect size and its standard 
error was performed according to the standard SDM-PSI 
parameters(Albajes-Eizagirre et al., 2019). Fourth, the sig-
nificant results were corrected using the family-wise error 
(FWE) correction method based on threshold-free cluster 
enhancement (TFCE)(Albajes-Eizagirre et al., 2019). The 
corrected p-value threshold was 0.05. Furthermore, cluster 
sizes > 20 voxels were used as a supplement to reduce the 
possibility of false-positive results.

Heterogeneity, sensitivity analysis, meta-regression 
analysis, and publication bias

The heterogeneity among the included studies was assessed 
by calculating the I2 statistic. To verify the stability and reli-
ability of the results, the Jackknife sensitivity analysis was 
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Results

Characteristics of the included studies

A total of 556 publications were retrieved on database 
search, of which 463 were retained after removal of dupli-
cate publications. After reviewing the titles and abstracts, 
108 articles were reviewed to assess their eligibility for 
inclusion. After full text reviews, 14 studies that were not 
VBM studies, 7 that were not rsFC studies, 10 that did not 
include healthy controls, 25 that did not report whole brain 
results, and 2 studies that did not report coordinates were 
excluded. Finally, 19 VBM studies enrolling 440 IAs and 

performed for each meta-analysis, by repeating the same 
analysis after sequential exclusion of one dataset at a time. 
Then, meta-regression analysis was performed to examine 
the relationship between relevant factors and brain changes. 
Finally, the effect of potential publication bias on the results 
of the meta-analysis was assessed by creating funnel plots 
based on the SDM-PSI software, which calculated effect 
sizes by Hedge’s g. A scatter plot resembling an asymmetri-
cally inverted funnel is considered indicative of lack of sig-
nificant publication bias(Sterne et al., 2011).

Table 1 Demographic and clinical characteristics of the study population in the included VBM studies
Publications IA HC Machine MCC

N Mean age (SD) Diagnostic tool N Mean age (SD)
Yuan et al. (2011) 18 19.40 (3.10) YDQ 18 19.50 (2.80) Siemens 

3T MRI
FWE

Zhou et al. (2011) 18 17.23 (2.60) YDQ 15 17.81 (2.58) Philips
3T MRI

FDR

Han et al. (2012) 20 20.90 (2.00) YIAS 18 20.90 (2.10) Siemens
1.5T MRI

FDR

Weng et al. (2012) 17 16.00 (3.00) YDQ 17 16.00 (3.00) Philips
3T MRI

MCC

Weng et al. (2013) 17 16.25 (3.02) YDQ 17 15.54 (3.19) Philips
3T MRI

FWE

Lin et al. (2014) 35 22.20 (3.13) IAT 36 22.28 (2.54) Siemens
3T MRI

FDR

Sun et al. (2014) 18 20.50 (3.55) YDQ 21 21.95 (2.39) GE 
3T MRI

P < 0.001
CS > 100

Chih et al. (2015) 30 23.57 (2.50) DCIA 30 24.23 (2.47) GE 
3T MRI

FDR

Jin et al. (2016) 25 19.12 (1.05) IAT 21 18.76 (1.81) GE 
3T MRI

FWE

Wang et al. (2016) 34 21.60 (2.10) MPAI 34 21.73 (1.94) Siemens 
3T MRI

Alpha-
Sim

Choi et al. (2017) 22 29.45 (4.74) DSM-5 24 27.21 (4.88) Siemens
3T MRI

FWE

Yoon et al. (2017) 19 22.90 (5.20) IAT 25 25.4 (3.80) Philips 
3T MRI

Alpha-
Sim

Lee et al. (2018) 31 24.00 (2.60) IAT 30 23.00 (2.80) Siemens
3T MRI

FWE

Seok et al. (2018) 17 21.70 (2.74) IAT 17 22.40 (2.62) Philips
3T MRI

FDR

Lee et al. (2019) 20 22.70 (2.40) IAT 20 23.90 (2.50) Siemens
3T MRI

p < 0.001
kE = 10

Mohammadi et al.
(2020)

29 23.60 (4.70) IAT 29 22.70 (3.50) Siemens
3T MRI

FWE

Lee et al. (2021) 18 23.80 (2.00) IAT 18 23.90 (2.70) Siemens 
3T MRI

FDR

He et al. (2021) 26 20.46 (2.10) Game time 26 20.69 (2.21) Siemens
3T MRI

FWE

Wang et al. (2021a, b) 26 23.15 (2.48) IAT 28 23.36 (2.78) Siemens 
3T MRI

FWE

IA = internet addiction; HC = healthy control; MCC = multiple comparison correction; N = number; YDQ = Young diagnostic questionnaire 
for Internet addition; FEW = family-wise error; FDR = false discovery rate; DSM = Diagnostic and Statistical Manual of Mental Disorders; 
IAT = internet addiction test; CS = cluster size; DCIA = diagnostic criteria of internet addiction; MPAI = mobile phone addiction index
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GMV changes in SMA and age (p = 0.0008), suggesting that 
the older the IAs, the smaller the GMV of SMA. To assess 
the potential effect of publication bias on the meta-analysis 
results, we established a funnel plot based on SDM soft-
ware. For the VBM study (Fig. 3), the funnel plot was sym-
metrical and the test based on SDM-PSI software was not 
statistically significant (p > 0.05), indicating no publication 
bias. For the rsFC study (Fig. 4), the funnel plot was also 
symmetrical and the SDM-PSI software assessment also 
showed no potential publication bias (p > 0.05).

Discussion

To the best of our knowledge, this is the first meta-analysis 
that combined ALE with SDM methods to investigate neu-
ral alterations in subjects with IA across modalities (VBM 
and rsFC). The VBM meta-analysis showed that subjects 
with IAs had reduced GMV in the SMA, ACC, and OFC. 
Moreover, the rsFC meta-analysis showed that IA was asso-
ciated with stronger whole brain connectivity in the left PCC 
and insula. Among them, the structural change of the ACC 
was the most robust, which was verified with both ALE and 
SDM-PSI methods.

The findings of the current meta-analysis were consistent 
with those of previous neuroimaging studies. Meng(Meng 
et al., 2015) quantitatively summarized task-related func-
tional magnetic resonance imaging (fMRI) studies by using 
a coordinate-based meta-analysis and found that patients 
with internet gaming disorder showed higher brain activa-
tion in the ACC. A systematic review and meta-analysis 
of VBM studies by Qin(Qin et al., 2020) highlighted that 
behavioral addiction could lead to ACC and SMA altera-
tions. Yao(Yao et al., 2017) showed hyperactivation in the 
ACC and less GMV in the ACC, orbitofrontal and premotor 
cortices, confirming both structural and functional changes 
in subjects with internet gaming disorder. However, there 
are some inconsistencies between our results and the above 
studies. For example, abnormalities in the fusiform gyrus, 
dorsolateral prefrontal cortex, caudate, and other regions 
were found in the meta-analysis for task-related fMRI stud-
ies, while GMV changes in putamen and dorsolateral pre-
frontal cortex were shown in the meta-analysis for VBM 
studies. There may be two reasons for these inconsistencies. 
First, compared with the resting state, meta-analysis of task 
state studies may lead to different results due to failure to 
standardize the task contents. Second, the previous meta-
analysis used the old version of SDM software without 
MCC, resulting in more significant results. For this reason, 
we chose to analyze the resting state studies and used the 
latest version of the analysis method. Moreover, we used 
two meta-analysis methods to obtain more robust results.

444 HCs, and 31 rsFC studies enrolling 1042 IAs and 909 
HCs were included. The demographic and clinical charac-
teristics of the study population in the included studies are 
summarized in Tables 1 and 2. Figure 1 shows the Preferred 
Reporting Items for Systematic Reviews and Meta-Analysis 
(PRISMA) flow diagram(Liberati et al., 2009).

Meta-analyses of VBM studies

The ALE meta-analysis of 19 VBM studies revealed less 
GMV in the bilateral SMA, bilateral ACC, and left orbito-
frontal cortex (OFC) (Fig. 2A; Table 3). Four clusters with 
significant differences were identified: the size of cluster 1 
was 1176 mm3, belonging to Brodmann area (BA) 6, z-value 
was 4.60; the size of cluster 2 was 744 mm3, belonging to 
BA32/24, z-value was 4.76; the size of cluster 3 was 688 
mm3, belonging to BA 24/32/33, z-value was 4.53; the size 
of cluster 4 was 624 mm3, belonging to BA 10, z-value was 
4.57. It is worth noting that both cluster 2 and cluster 3 were 
within the ACC, and the sum of the two clusters exceeded 
cluster 1. The SDM-PSI meta-analysis showed less GMV 
in the left ACC, which was consistent with ALE method 
(Fig. 2B; Table 3). One cluster with significant difference 
was found, and this cluster contained 56 voxels, belonging 
to BA 24, p-value was 0.041.

Meta-analyses of rsFC studies

The analysis of 31 rsFC studies using ALE revealed signifi-
cantly stronger whole brain connectivity in the left PCC and 
insula in IAs (Fig. 2C; Table 4). The significant difference 
was observed in one of the clusters having a size of 880 
mm3 and belonging to BA 31 with a z-value of 5.15, and 
cluster 2 having a size of 712 mm3 and belonging to BA 13 
with a z-value of 4.90. However, the SDM-PSI meta-anal-
ysis after the added strict FWE correction demonstrated no 
cluster with significantly different rsFC (Fig. 2C; Table 4).

Combined with the results of VBM and rsFC studies, it 
was found that the cingulate gyrus region demonstrates sig-
nificant structure and function alterations in IA subjects.

Heterogeneity, sensitivity analysis, meta-regression 
analysis, and publication bias

The results showed no significant heterogeneity among the 
studies (VBM: I2 = 42%; rsFC: I2 = 1%). In jackknife analy-
sis, the lesser GMV in ACC (18/19), SMA (17/19), and OFC 
(17/19) was reproducible, and the stronger rsFC in ACC 
(29/31) and insula (28/31) was reproducible. The meta-
regression analysis of rsFC studies showed no significant 
association of the altered brain regions with age. Analysis 
of the VBM studies showed a negative correlation between 
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Paper IA HC Machine MCC
N Mean age (SD) Diagnostic 

tool
Comorbidity N Mean age (SD)

Ding et al. (2013) 17 16.94 (2.73) YDQ - 24 15.87 (2.69) GE 
3T MRI

Alpha-
Sim

Chen et al. (2014) 22 21.00 (2.33) YDQ - 30 20.80 (2.91) GE 
3T MRI

Alpha-
Sim

Ko et al. (2014) 30 23.57 (2.50) DCIA - 30 24.23 (2.47) GE 
3T MRI

FWE

Hong et al. (2015) 12 13.41 (2.31) YIAT - 11 14.81 (0.87) Siemens 
3T MRI

Alpha-
Sim

Lin et al. (2015) 14 17.12 (2.73) YIAS - 15 17.87 (2.52) Philips
3T MRI

Alpha-
Sim

Chen et al. (2016) 24 23.30 (1.30) IAT - 16 23.90 (0.90) GE 
3T MRI

FDR

Chen et al. (2016) 30 23.64 (2.54) DCIA - 30 24.14 (2.53) GE 
3T MRI

FWE

Zhang et al. (2016a, 
b)

19 20.80 (1.80) IAT - 19 21.50 (1.20) Siemens 
3T MRI

Alpha-
Sim

Zhang et al. (2016a, 
b)

36 21.80 (1.70) 
22.38 (1.71)

CIAS - 19 - Siemens 
3T MRI

FEW

Zhang et al. (2016a, 
b)

74 22.28 (1.98) CIAS - 41 23.02 (2.09) Siemens 
3T MRI

FWE

Bae et al. (2017) 15 25.70 (5.50) YIAS - 15 25.70 (4.70) Philips
3T MRI

Alpha-
Sim

Du et al. (2017) 27 17.07 (3.55) YDQ - 35 16.80 (2.34) Siemens 
3T MRI

Alpha-
Sim

Ge et al. (2017) 27 20.78 (2.20) YDQ - 33 20.78 (2.51) GE 
3T MRI

Alpha-
Sim

Lee et al. (2017) 24 24.30 (2.70) IAT - 19 23.60 (2.00) Siemens 
3T MRI

FEW

Lee et al. (2017) 20 23.60 (2.50) IAT ADHD 19 23.60 (2.00) Siemens 
3T MRI

FEW

Yuan et al. (2017) 43 19.00 (1.40) IAT - 44 19.00 (1.80) GE 
3T MRI

FEW

Han et al. (2018) 30 21.20 (2.66) CIAS - 30 20.83 (2.90) GE 
3T MRI

Alpha-
Sim

Kang et al. (2018) 15 15.60 (0.90) YIAS - 15 15.70 (10.70) Siemens 
3T MRI

FDR

Lee et al. (2018) 22 24.00 (1.60) IAT - 20 24.00 (2.20) Siemens 
3T MRI

P < 0.001
CS > 100

Lee et al. (2018) 21 23.60 (2.40) IAT Depression 20 24.00 (2.20) Siemens 
3T MRI

P < 0.001
CS > 100

Seok et al. (2018) 20 21.70 (2.74) DSM-5 - 20 22.40 (2.62) Philips
3T MRI

FDR

Zhang et al. (2018) 74 22.28 (1.98) CIAS - 41 23.02 (2.09) Siemens 
3T MRI

P < 0.001
CS > 244

Kim et al. (2019) 22 28.27 (5.33) DSM-5 - 24 28.17 (5.93) Siemens 
3T MRI

FDR

Sun et al. (2019) 53 21.87 (3.08)
21.91 (2.92)

YDQ - 52 20.73 (2.16) 
21.09 (3.85)

GE
3T MRI

Alpha-
Sim

Cheng et al. (2020) 24 20.70 (1.90) YDQ - 28 21.00 (1.60) - FDR
Hwang et al. (2020) 42 14.60 (1.10) DSM-5 - 41 14.80 (2.00) Philips

3T MRI
FDR

Han et al. (2021) 49 14.60 (1.20) YIAS ADHD 38 14.80 (2.00) Philips
3T MRI

FDR

Lee et al. (2021) 18 23.80 (2.00) IAT - 18 23.90 (2.70) Siemens 
3T MRI

FDR

Table 2 Demographic and clinical characteristics of the study population in the included rsFC studies
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standards for the processing of neuroimaging meta-analysis, 
and the scope of application of these two commonly used 
tools is not well defined. The main operation for applying 
ALE software is the input of coordinates, a process without 

Comparison between ALE and SDM

ALE and SDM are the most common applications for per-
forming neuroimaging meta-analysis, but there are no clear 

Fig. 1 Procedure for including 
eligible studies. Abbreviations: 
VBM, voxel-based morphometry; 
rsFC, resting-state functional 
connectivity

 

Paper IA HC Machine MCC
Ahn et al. (2021) 44 24.60 (6.10) SAPS - 54 22.70 (3.30) Siemens 

3T MRI
FDR

Lee et al. (2021) 39 22.90 (2.20) SAPS - 49 22.40 (2.70) Siemens 
3T MRI

FDR

Lee et al. (2021) 33 23.10 (2.80) IAT - 29 22.00 (2.80) Siemens 
3T MRI

FDR

Lin et al. (2021) 74 22.28 (1.98) CIAT - 41 23.02 (2.09) Siemens 
3T MRI

FWE

Lin et al. (2022) 28 23.04 (2.43) IAT - 28 23.36 (2.78) Siemens 
3T MRI

FWE

IA = internet addiction; HC = healthy control; MCC = multiple comparison correction; N = number; YDQ = Young diagnostic questionnaire 
for Internet addition; DCIA = diagnostic criteria of internet addiction; FEW = family-wise error; YIAT = young’s internet addiction test; 
YIAS = Young’s Internet addiction scale; IAT = internet addiction test; FDR = false discovery rate; CIAS = Chinese Internet addiction scale; 
CS = cluster size; DSM = Diagnostic and Statistical Manual of Mental Disorders; IGD = internet gaming disorder; ADHD = attention-deficit 
hyperactivity disorder; SAPS = Smartphone Addiction Proneness Scale 

Table 2 (continued) 
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Table 3 Results of the meta-analysis of VBM studies
Meta-analysis of VBM studies
ALE method Region (BA) Hemisphere Cluste size MNI coordinate ALE value 

(×10− 2)
z-value

IAs < HCs SMA (6) L and R 1176 mm3 2, -4, 60 1.63 4.60
ACC (32/24) L 744 mm3 -10, 28, 20 1.71 4.76
ACC (24/32/33) R 688 mm3 6, 26, 20 1.59 4.53
OFC (10) L 624 mm3 -10, 60, -14 1.61 4.57

SDM-PSI method Region (BA) Hemisphere Cluster size MNI coordinate SDM-Z p-value
IAs < HCs ACC (24) L 56 voxels -4, 30, 20 -3.266 0.041
VBM = voxel-based morphometry; ALE = activation likelihood estimation; BA = Brodmann area; MNI = Montreal Neurological Institute; 
IA = internet addiction; HC = healthy control; SMA = supplementary motor area; L = left; R = right; ACC = anterior cingulate cortex; OFC = orbi-
tofrontal cortex; SDM-PSI = seed-based d mapping with permutation of subject images

Table 4 Results of the meta-analysis of rsFC studies
Meta-analysis of rsFC studies
ALE method Region (BA) Hemisphere Cluster size MNI coordinate ALE value 

(×10− 2)
z-value

IAs < HCs PCC (31) L 880 mm3 -12, -20, 42 2.15 5.15
Insula (13) L 712 mm3 -44, 2, 16 1.98 4.90

SDM-PSI method Region (BA) Hemisphere Cluster size MNI coordinate SDM-Z p-value
No significant results
rsFC = resting state functional connectivity; ALE = activation likelihood estimation; BA = Brodmann area; MNI = Montreal Neurological Insti-
tute; IA = internet addiction; HC = healthy control; PCC = posterior cingulate cortex; L = left; SDM-PSI = seed-based d mapping with permuta-
tion of subject images

Fig. 2 Results of neural alterations in IA. (A) The results of the 
meta-analysis of all VBM studies using ALE method. Compared with 
HCs, IAs showed less GMV in the bilateral SMA, bilateral ACC, and 
left OFC. (B) The results of the meta-analysis of all VBM studies using 
SDM-PSI method. Compared with HC, IAs showed less GMV in the 
left ACC. (C) The results of the meta-analysis of all rsFC studies using 
ALE method. Compared with HCs, IA showed stronger rsFC from 

PCC or insula to the whole brain. Abbreviations: VBM, voxel-based 
morphometry; ALE, activation likelihood estimation; HCs, healthy 
controls; GMV, gray matter volume; IA, internet addiction; SMA, 
supplementary motor area; ACC, anterior cingulate cortex; OFC, orbi-
tofrontal cortex; SDM-PSI, seed-based d mapping with permutation 
of subject images; rsFC, resting-state functional connectivity; PCC, 
posterior cingulate cortex
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enhances the robustness of the results. However, ALE does 
not have a specific algorithm to distinguish between func-
tion and structure, and the results of both modalities con-
verge using the same approach. In contrast, the advantage of 
SDM software is that it provides analysis tools for a variety 

much manual intervention, avoiding additional errors. In 
addition, the latest version of the ALE software has greater 
restrictions on reporting results, so that only clusters size 
larger than 400 are finally presented. Moreover, the ALE 
software has always provided FWE correction, which 

Fig. 4 Funnel plot for rsFC studies. The funnel plot is symmetrical indicating no obvious publication bias

 

Fig. 3 Funnel plot for VBM studies. The funnel plot is symmetrical indicating no obvious publication bias

 

1 3

337



Brain Imaging and Behavior (2023) 17:329–342

et al., 2013). A characteristic feature of addiction is that 
excessive exposure to the addictive target or environ-
ment reduces the sensitivity of the brain’s reward system. 
This process is believed to be mediated by the dopamine 
circuit, and the striatum is a key region of this dopamine 
circuit(Solinas et al., 2019). The ACC mediates reward sig-
nals, and the projection area is also closely related to the 
addiction circuit, which may be a critical area involved in 
the addiction process.

On the other hand, the PCC receives spatial and action-
related information from parietal cortical areas. It partici-
pates in visual-spatial and sensorimotor processes. Because 
the PCC has outputs to the hippocampal system, it is also 
involved in memory(Rolls, 2019; Rolls & Wirth, 2018). 
Therefore, decreased attention and poor executive ability 
in IAs may be associated with abnormal PCC. The PCC 
has been shown to be associated with the self-reference 
function(Bush et al., 2000). Dysfunction within and between 
these circuits may cause disturbances in human emotional 
behavior(Zhou et al., 2011). The enhanced rsFC of PCC in 
IAs may be a compensatory expression.

PCC and ACC have been frequently referred to in the 
process of addiction(Zilverstand et al., 2018), and this view 
is strongly supported by the current study. Alterations in the 
cingulate gyrus may be a key neurobiological basis for IA, 
as these regions were consistently identified in our cross-
modal and cross-method meta-analysis.

SMA

The GMV of SMA in IAs was significantly less than that in 
HCs. The SMA is critical for motor planning and execution, 
especially voluntary action, corresponding to the process of 
response inhibition associated with addiction(Shirota et al., 
2019). According to a review by Volkow, SMA is involved 
in the inferior frontal gyrus circuit associated with response 
inhibition(Volkow et al., 2013). Furthermore, the region 
projected from SMA into the globus pallidus is the output 
portion of the dopaminergic pathway between the inferior 
frontal gyrus and thalamus, through which the basal gan-
glia regulate other prefrontal subcortical circuits(Feil et 
al., 2010). The dysfunction of this circuit in IAs is liable 
to affect their reward-related dopaminergic nervous sys-
tem and may further lead to addiction. There is growing 
evidence that motor control decline may be age-related, 
with cortical motor networks such as SMA contributing to 
motor performance(Seidler et al., 2010). This suggests that 
the effect of SMA on motor performance changes with age, 
which may explain the negative correlation between GMV 
in SMA and age observed in the meta-regression analysis.

of modes, covering fMRI, VBM, Tract-based spatial statis-
tics (TBSS), among others, and the matching algorithms are 
selected for various modes(Albajes-Eizagirre et al., 2019). 
SDM also provides global analysis, linear regression, pub-
lication bias analysis, and other functions to meet the needs 
of diverse studies. However, previous versions of the SDM 
software failed to provide corrections, reducing the credibil-
ity of the results. While newer versions of the SDM software 
do provide corrections, the software creators believe that 
the corrections may be too conservative(Albajes-Eizagirre 
et al., 2019). In the current study, we observed consistency 
between ALE and SDM in the meta-analysis for the VBM 
study, but the results were still ambiguous in the meta-anal-
ysis for the rsFC study. We consider that this may be caused 
by the overly strict correction, as stated by the creators of 
the SDM software. Another possible reason is that the seed 
points of the original studies were not entirely consistent, 
as mentioned in the review by Müller and others(Müller 
et al., 2015). Nevertheless, we believe that resting-state 
studies are preferable materials for meta-analysis when 
compared with task-state studies, and there is a paucity of 
studies based on the amplitude of low-frequency fluctuation 
(ALFF), regional homogeneity (ReHo), and other indica-
tors for IA; therefore, we opted for rsFC as the main target 
of resting-state meta-analysis. Although the seed points of 
the original study were not completely consistent, they all 
belonged to the prefrontal striatal circuits, and our results 
were also consistent with the previous meta-analysis; there-
fore, we believe that the meta-analysis of rsFC had a certain 
significance.

The cingulate gyrus

The cingulate gyrus is known to be a key part of the lim-
bic system. It is responsible for emotional control, action-
outcome learning, and memory(Rolls, 2019). The ACC 
receives information from the OFC about rewarding and 
non-rewarding outcomes and links rewards to behavior; in 
addition, the ACC is also related to emotions(Rolls, 2019). 
The ACC is closely related to the interaction between cog-
nitive control and reward-related networks(Gläscher et al., 
2012). Moreover, the ACC was also shown to play a key 
role in modulating task switching based on task demands 
or possible rewards(Rushworth et al., 2004). Therefore, it 
can be inferred that ACC changes in IAs may be related to 
poor decision-making ability and task-switching ability. In 
addition, the ACC projects to the thalamus through the glo-
bus pallidus substantia nigra and ventral striatum, which is 
related to cognitive control processes, such as error detec-
tion and emergency inhibitory control(Feil et al., 2010). This 
circuit plays an essential role in the assessment of conse-
quences and error detection of addictive behaviors(Volkow 
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of various subgroups of IA, such as internet game disor-
der, smartphone addiction, etc., was not conducted. More 
studies are required to facilitate subgroup analysis. Fourth, 
adequate information on clinical variables was not available 
for all studies. Further studies should include psychological 
behavioral information and pharmacological interventions. 
Fifth, the studies did not evaluate sex-based differences; 
moreover, the study population in the included studies 
mainly consisted of Asians and we could not assess the effect 
of genetic, ethnic, and cultural factors. Sixth, it is difficult 
to exclude the heterogeneity of research methods (includ-
ing software, thresholds, and magnetic field strength). Our 
study reports the results of two methods, which can be sub-
sequently validated using more novel methods.

Conclusion

We conclude that patients with IA possess structural and 
resting-state brain alterations compared to HCs, which 
involve the cingulate gyrus, SMA, and OFC. Our results 
reflect the common characteristics of neuroimaging studies 
related to IA in recent years, and has certain guiding signifi-
cance for subsequent research.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s11682-
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OFC

Our VBM meta-analysis also showed abnormal GMV of 
OFC in subjects with IAs. The OFC, as a part of the pre-
frontal cortex, is involved in executive function. It is con-
nected to some striatal regions including the caudate and 
nucleus accumbens, which associate the OFC with the 
reward function(Schoenbaum et al., 2006). Moreover, this 
circuit is highly involved in decision-making and regulation 
of impulsivity(Volkow et al., 2013). The OFC abnormali-
ties may interfere with addicts’ action plans, leading them to 
prefer immediate rewards over delayed gratification(Volkow 
et al., 2013). Dysfunction of this circuit has been widely 
reported in substance-dependent individuals and is thought 
to play an important role in guiding the perceived outcomes 
of decision-making and subsequent behaviors(Feil et al., 
2010).

Insula

The insula is the part of the cerebral cortex that plays a 
crucial role in substance use behaviors such as interocep-
tion, decision-making, anxiety, pain perception, cognition, 
mood, threat recognition, and conscious urges(Ibrahim et 
al., 2019). Clinical studies have demonstrated that the vol-
ume of insula gray matter decreases in addicts(Zhang et 
al., 2021), that destruction of the insula can cause nicotine 
addicts to stop smoking(Naqvi et al., 2007), and that insula 
destruction can also affect gambling behavior in gambling 
addicts(Clark et al., 2014). The insula cortex has now been 
identified by clinical studies as a key target for addiction 
treatment(Ibrahim et al., 2019). Our study also confirms 
this, while reaffirming the similarity between IA and drug 
addiction.

Limitations

Some limitations of this meta-analysis should be considered 
while interpreting the results. First, we used the ALE model, 
which is currently the most widely used and well-known 
coordinate-based meta-analysis method, but since ALE 
meta-analysis was performed on the whole brain mask, 
results can only be obtained from the whole. The results 
obtained by SDM were structurally consistent with ALE but 
showed no significant results in rsFC. This FWE correction 
can be an overly conservative strategy in some cases and 
lead to false-negative results(Albajes-Eizagirre et al., 2019). 
Second, our meta-analysis included a small number of stud-
ies and our results may have been affected by potential 
publication bias because we did not include gray literature. 
Future studies will require larger sample sizes. Third, due to 
the small number of studies, a more detailed investigation 
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