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ABSTRACT

Background and aims: Individuals with addictive disorders are usually characterized by impaired executive
control, persistent craving and excessive reward-seeking. However, it is unclear whether there is a deviation in
the connection pattern among the neural systems implicated in these problem behaviors. Methods: One
hundred thirty-six online gaming players were recruited in the current study (68 Internet gaming disorder
(IGD) subjects and 68 recreational game users (RGUs) who served as controls matched on age, sex, years of
education, and years of gaming). Dynamic interactions among the reward system (striatum), control system
(prefrontal cortex), and the interoceptive awareness system (insula) were calculated and compared when
subjects were facing gaming cues. Results: The results revealed that RGUs showed a significant positive
correlation in the putamen-middle frontal gyrus (MFG)-insula neural pathway when facing gaming cues,
which was missing in the IGD subjects. Additionally, dynamic causal modeling (DCM) analysis revealed that
the MFG region was more inhibited by the putamen in the IGD subjects relative to the RGUs. Conclusions:
These findings suggest that the inhibitory neuromodulation of the putamen to the prefrontal cortex in IGD
individuals undermines the balance among the tripartite systems. Our findings provide novel neurobiological
evidence for understanding the internal connection bias of the addicted individual’s neural system and how
the addictive disorder impairs executive control; consequently, the pathway from the striatum to the pre-
frontal cortex may serve as a potential biomarker to predict the risk of developing an addiction.
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INTRODUCTION

Several behaviors including problematic game, gamble, sex, and shopping, besides psychoactive
substance ingestion, seek the short-term reward that may lead to persistent behavior despite
adverse consequences, ie., diminished executive control. Diminished control is a central
conceptualization of substance dependence. This phenomenological similarity has given rise to
the concept of behavioral addiction (Grant, Potenza, Weinstein, & Gorelick, 2010), i.e., non-
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substance addictions with a behavioral focus other than
substance ingestion. It shares many clinical characteristics and
similar neural mechanisms with substance dependence,
involving the disruption of the limbic circuitry (Koob & Le
Moal, 2001) and prefrontal cortex network (Feil et al., 2010).
Currently, these addictive disorders expanding from sub-
stance to non-substance have become a substantial public
health concern.

Individuals with addictive disorders, including behav-
ioral addiction and even certain addictive-like behaviors
(e.g., obesity), are often characterized by impaired executive
control, persistent craving and excessive reward-seeking
(Bari & Robbins, 2013; Zheng et al., 2019). Three systems in
the brain are thought to be involved (Noel, Brevers, &
Bechara, 2013): 1) the reward system, which involves the
orbitofrontal cortex (OFC)-striatum-amygdala pathway, and
drives reward-seeking, 2) the control system, which involves
the prefrontal cortex and executes cognitive control, and 3)
the interoceptive awareness system, which involves the
insula and responds to craving states. Neurobiological
studies have provided clear evidence implicating changed
activity in the above regions following long-term drug intake
or problem behaviors. For example, individuals with drug
dependence show hypoactivation of the prefrontal region
during inhibition, including the dorsolateral prefrontal
cortex, middle frontal gyrus (MFG), and anterior cingulate
cortex (Luijten et al, 2014; Spechler et al, 2016). The
hyperactivation of reward regions involving the striatum
also plays a crucial role in the course of addiction (Krin-
gelbach, O’Doherty, Rolls, & Andrews, 2003). Similarly,
abnormalities in prefrontal and striatum region activity has
been also observed in behavioral addiction (e.g., Internet
gaming disorder, IGD) (Dong, Wang, Du, & Potenza, 2017).
In addition, this reward-related activity also extends into the
insula, OFC and thalamus in response to craving triggered
by reward cues such as drugs, money, gaming and food
images (Huckins et al., 2019; Sescousse, Caldu, Segura, &
Dreher, 2013; Somerville, Hare, & Casey, 2011; Yarkoni,
Poldrack, Nichols, Van Essen, & Wager, 2011).

Although these three systems are generally considered to
be independent structures that contributed to addictive be-
haviors, there is evidence that they are functionally related,
perhaps interacting with each other to induce inappropriate
or maladaptive behaviors. For instance, a lower functional
connectivity (FC) between the dorsolateral prefrontal cortex
(DLPFC) and striatum was observed in alcohol addicts than
in healthy controls during monetary reward (Becker, Kirsch,
Gerchen, Kiefer, & Kirsch, 2017). In spontaneous activities,
substance abusers have shown a lower resting-state FC be-
tween nucleus accumbens and frontal cortical regions than
non-substance abuse subjects (Motzkin, Baskin-Sommers,
Newman, Kiehl, & Koenigs, 2014). Another study on IGD
demonstrated that the coupling between decreased DLPFC
activity and increased insula activity might underlie contin-
uous addictive behaviors (Dong, Liu, Zheng, Du, & Potenza,
2019a). Additionally, increased connectivity between the
insula and the DLPFC was observed in individuals addicted to
nicotine after treatment (Li et al, 2019). These findings

suggests that dysregulation of the neural response in addicted
individuals might be related to this relative imbalance among
the tripartite systems. If this is the case, this imbalance might
serve as a critical marker for predicting the risk of addiction
and provide a potential target for subsequent treatment.

The changes of information flow among the tripartite
system in addicted individuals, which might be prospective
risk factors contributing to the intersystem imbalance, remain
unclear. Preliminary prospective studies show that neural
correlations between the executive control and reward sys-
tems in the normal population are negatively associated
(Weafer, Crane, Gorka, Phan, & de Wit, 2019). Moreover,
another study shows that the insula could further sensitize the
reward system and inhibit the control system, when facing
reward stimuli, suggesting a potential causal relationship to
predict addiction (He et al.,, 2019). It should be noted that
although these findings are valuable in understanding the
imbalance among the tripartite systems in addicts, they could
not conclude that the above associations among the systems
could be equally characterized in addicted individuals. Put
simply, it is difficult to directly map the information flow
interactions among tripartite systems in addicted individuals
only using the current evidence.

IGD is a behavioral addiction that specifically refers to
excessive indulge in online games and results in a series of
cognitive deficits (Kuss, Pontes, & Griffiths, 2018). IGD is
usually regarded as one sub-type of Internet addiction.
Comparing with other types of online behaviors of Internet
addiction, online games appear as particularly strong risk
factors for addiction (Kuss, 2013; Kuss, Griffiths, & Binder,
2013; Kuss, Griffiths, & Pontes, 2017). In 2013, section 3 of
the DSM-5 included IGD as a condition for further study
and proposed a specialized diagnostic criterion (DSM-5,
https://www.psychiatry.org/psychiatrists/practice/dsm),
which have promoted further systematization of these im-
aging studies specific to excessive game behaviors. In addi-
tion, more and more neurological evidence has revealed the
similarities between substance dependence and IGD,
including functional and structural changes located on the
prefrontal and limbic lobe (Kuss & Griffiths, 2012; Petry,
Zajac, & Ginley, 2018). In the current study, we selected the
IGD populations to explore the neural coupling among the
tripartite systems associated with addiction.

We first computed the correlations among three neural
systems in IGD during different cue reactivity to explore
stable inter-system association patterns; meanwhile, recrea-
tional game users (RGUs) were used as a control group. The
dual process theory of addiction suggests that when facing
reward stimuli, addicted individuals have a hyperactive
reward system that drives the individual to further reward-
seeking behavior. On the other hand, a hypoactive control
system might impair cognitive control and the capbility to
optimally weigh short term benefits against long term losses
underlying addictive behavior. In addition, the interoceptive
awareness system might convert the subjectively experienced
craving signal into a neural impulse to further promote the
occurrence of problem behaviors (Bechara, 2005; He et al.,
2019; Kelley & Berridge, 2002; Volkow & Baler, 2015;
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Volkow & Wise, 2005). According to this theory, we hy-
pothesized that these two groups have different inter-system
association patterns and that the relative imbalance of the
patterns makes it difficult for IGD to suppress self-craving
and impulsive behaviors compared with RGUs.

Another challenge was how to quantify the risk factors
that might contribute to intersystem imbalances in IGD.
Here, we examined the neural dynamics among three neural
systems in individuals with IGD when they were exposed to
gaming cues. Specifically, we used dynamic causal modeling
(DCM) to separately construct effective connectivity pat-
terns among three systems for individuals with IGD and
RGUs during gaming cue reactivity and characterize possible
risk factors by comparing differences between the groups.
Preliminary prospective studies have demonstrated negative
neural correlations between control and reward systems
(Becker et al.,, 2017; Weafer et al., 2019). Additionally, a
cognitive-behavioral model of IGD proposes that motiva-
tional drives associated with reward-seeking behaviors
contribute crucially to IGD and that diminished inhibitory
control over this reward seeking contributes to decision-
making that leads to persistent addictive behaviors (Dong &
Potenza, 2014). In light of this, we further hypothesized that
the anomalous communications between the reward and
control systems in IGD might be a potential risk factor
contributing to an imbalance among the tripartite systems.

METHODS

Participants

A total of 143 online gaming players from universities in
Shanghai China participated in the current study,
recruited through public posters and online forms. Seven
males, including 6 RGU and 1 IGD subject, were excluded
owing to nicotine dependence, resulting in a final sample
of one hundred thirty-six subjects (68 IGD subjects, 68
RGUs). For each participant, structured psychiatric in-
terviews (MINI) (Sheehan et al., 1998) was conducted by

the trained members of the research staff for excluding
individuals with a history of other psychiatric disorders
(e.g., anxiety, depression, and bipolar disorders), or sub-
stance abuse. The Internet addiction test (IAT) by Young
(Chang & Law, 2008) and the nine criteria provided in the
DSM-5 (Petry et al., 2014) was used to characterize IGD.
Subjects that simultaneously satisfied more than 5 of the
DSM-5 criteria and an IAT score greater than 50 were
labeled as having IGD, and RGUs met less than 5 of the
DSM-5 criteria or scored less than 50 on Young’s IAT.
The demographic factors of the participants are detailed
in Table 1, of which age, sex (x? = 2.982, P = 0.084) and
self-reported craving were used as covariates for subse-
quent statistical analysis.

PROCEDURE

Cue-craving task

The cue craving task used in the current study was described
in detail elsewhere (Dong, Liu, et al, 2019a; Dong, Wang,
et al., 2019b) and described briefly below (see Fig. 1). In brief,
the screen first presented a fixed cross that lasted for 500 ms.
Next, screen would present the cues that were divided into
two categories: gaming cues and neutral cues. In the gaming
cues, a player was shown sitting in front of a computer and
playing an online game, with half of the cues showing the
player’s profile in such a way that eliminated facial emotional
interference and the other half showing only the player’s
hands. The neutral cues were matched to the gaming cues,
replacing the game with a document. The subjects needed to
respond as to whether a profile or hands appeared when
showing the cues. The duration of the cues was determined by
the button reaction of the subjects, while the cues presentation
time was up to a maximum of 3,000 ms when the subjects did
not respond. A blank screen was presented after the response
and lasted for (3,000 - response time) ms. In the subsequent
evaluation stage, participants assessed their gaming craving
through a 5-point scale (5 means the highest degree of

Table 1. Demographic information and group differences in current study

IGD (68) RGU (68)
Male = 33, female = 35 male = 43, female = 25 t P
Age (mean + SD) 20.912 + 2.012 21.615 + 2.218 —1.772 0.079
IAT score (mean + SD) 64.000 + 10.108 37.338 + 8.038 17.024 0.000
DSM-5 score (mean + SD) 5.794 + 1.073 2.367 + 1.268 17.007 0.000
Gaming playing hours index (mean + SD) 25.205 + 3.818 14.955 + 5.862 12.080 0.000
Educations (years) (mean + SD) 14.258 + 1.862 14.850 + 2.019 —1.627 0.107
Self-reported craving (mean + SD) 53.970 + 16.993 33.015 + 16.163 7.368 0.000
FIND score (mean + SD) 0.485 + 0.762 0.441 + 0.780 0.333 0.739
ADS score (mean + SD) 0.103 + 0.351 0.177 + 0.545 —0.935 0.351

IGD: Internet gaming disorder; IAT: Internet addiction test, range from 20 to 100; DSM-5: Diagnostic and Statistical Manual of Mental
Disorders-5, range from 0 to 9; Gaming playing hours index = [gaming days per week] * [gaming hours per day]; Self-reported cravings,
range from 10 to 100; FTND: Fagerstrom Test for Nicotine Dependence, range from 0 to 10; ADS: Alcohol Dependence Scale, range from
0 to 47.
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Fig. 1. The cue craving task in the current study. Pictures of an individual playing an online game (showing the player’s hands or profile), as

well as pictures of typing (showing the individual’s hands or profile),

served as stimulus cues. After each cue trial, participants rated their

craving for the current stimulus

craving) and pressed a button to enter the next trial. A jitter
with a random duration (from 1,500 to 3,500 ms) is included
between each trial. This experiment contained a total of 60
trials (30 gaming cues) and lasted about 9 minutes. After
completing the experimental scan, participants would receive
a reward of 200 Yuan (about 28 US dollars).

Image acquisition

All MRI data were acquired using a 3T Siemens Trio MRI
scanner. Functional data were collected by a gradient-echo
T2*-weighted gradient-echo echo planar imaging (Pepino
et al.) pulse sequence (33 axial slices parallel to the AC-PC
line covering the whole brain, TR = 2,000 ms, TE = 30 ms,
FOV = 220 X 220 mm, flip angle = 90°, matrix = 64 X 64,
thickness = 3 mm, 33 % distance factor). A high-resolution
T1-weighted three-dimensional spoiled gradient-recalled
structural data were acquired for co-registration with the
fMRI images (192 sagittal slices, TR= 2,530 ms, TE = 2.34
ms, inversion time = 1,100 ms, FOV = 256 X 256 mm, flip
angle = 7°, matrix = 256 X 256, slice thickness = 1 mm,
with a 50 % gap).

Image pre-processing

Spatial pre-processing was performed using SPMI2
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Slice
timing was performed to correct differences in each slice
acquisition time. The motion parameters of individual EPI

data were then estimated to correct artefacts, and any
subject with motion exceeding 2.5 mm in directional
movement and 2.5° in rotational movement was excluded
from further analysis (None). Corrected images were cor-
egistered with corresponding T1-weighted images and
spatially transformed to MNI coordinates. The trans-
formation parameters were applied to the functional im-
ages, which resampled to 2 mm isotropic resolution and
finally spatially smoothed by a 6 mm FWHM isotropic
Gaussian kernel.

Region of Interest selection and correlation analysis

Pre-processing images were modeled using a general
linear model, which would convolve the experimental
conditions with the canonical hemodynamic response
function. For each subject, two conditions (within-subject
factors) were defined in the first-level analysis: Gaming
cues and Neutral cues, in which trials with incorrect re-
sponses were excluded from the design matrix. The matrix
parameters were then estimated and contrast condition
(Gaming cue vs. Neutral cue) was generated for second-
level analysis.

To calculate the correlations and the subsequent effective
connectivity among the three systems implicated in IGD, we
seeded four ROIs: 1) the bilateral putamen; 2) the orbito-
frontal cortex (OFC); 3) the bilateral MFG and 4) the
bilateral insula (see Fig. 2). These regions met the following
criteria: 1) they showed significant activation with a false
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discovery rate (FDR)-corrected cluster threshold P < 0.05 in
the second-level analysis. The group activity map could be
found in the supplementary information. Fig. S1 reported
regions with significant activation. ; 2) they showed activa-
tion in previous fMRI studies using a cue craving task
(Courtney, Schacht, Hutchison, Roche, & Ray, 2016; Zheng
et al,, 2019; Zilverstand, Huang, Alia-Klein, & Goldstein,
2018), and 3) they had a theoretical reason to be activated as
per both the dual process theory of addiction and the
cognitive-behavioral model of IGD (Bechara, 2005; Dong &
Potenza, 2014; He et al.,, 2019; Kelley & Berridge, 2002).
Details of the anatomical structure contain in each system
could be found in the supplementary information.
Volumes of interest (VOIs) were extracted from signifi-
cantly activated clusters, which were determined by com-
parison with group-level random effects. The regions where
spherical (cluster maxima locations as centers, 8 mm radius)
and cluster mask overlapping was used as the VOI extrac-
tion mask. The principal eigenvariate of each VOI extraction
was adjusted by the F-contrast of the effects of interest. Each
subject generated the corresponding four VOIs (i.e., puta-
men, OFC, MFG, and insula) for subsequent DCM analysis.

®Fo e

Correlation analysis was used to examine the ROI as-
sociation changes within the group under different experi-
mental conditions. For each subject, the BOLD signals of the
ROIs were separately extracted through the VOI masks.
Bonferroni corrections were applied to the correlation re-
sults to adjust for family-wise errors (P < 0.002). Addi-
tionally, the correlations between the BOLD signals of ROIs
and behavioral scale, including IAT and craving scores, were
also calculated.

Dynamic causal modeling (DCM)

DCM analysis was performed by DCM12.5 (revision 7487). A
detailed description of DCM can be found in K. J. Friston,
Harrison, and Penny (2003). Briefly, it is considered a pre-
dominant analytical framework for inferring effective con-
nectivity that characterizes the causal influences among
neural populations, namely, the mediation effect of one
population on another. Detail description of DCM specifica-
tion could be found in the supplementary information. For
the current study, a single “full” model was first specified for
each subject after extracting the VOIs. For selecting the
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Fig. 2. Mllustration of ROIs for DCM. The ROIs included the orbitofrontal cortex (OFC), the bilateral middle frontal gyrus (MFG), the
putamen, and the insula. Corresponding time-series are the principal eigenvariates of regions
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driving input and modulation effect, only the gaming cues
were designated as experimental inputs for a connected model
because the cravings induced by exposure to gaming cues
were psychological factors that we were truly interested in.
Parameter estimation was conducted by inverting the “full”
models for each subject.

After inferring the strength of the model connectivity for
each subject, the next step was to quantify the differences
between the two groups. To enable differences between
groups to be compared efficiently, here the Parametric
Empirical Bayes (PEBs) framework was performed to
structure hierarchical model over parameters (Friston et al.,
2016; Henson, Flandin, Friston, & Mattout, 2010). It uses the
General Linear Model (GLM) to collate the first-level DCM
parameters and models at the second level, capturing any
unexplained between-subject variability by the covariance
component model. In the PEB framework, the group-level
design matrix incorporates two regressors, which were coded
as 1) the commonalities across subjects and 2) group dif-
ferences. Since we did not declare any specific a priori
models, exploratory Bayesian model reduction was per-
formed to automatically search over the reduced models,
after finishing the matrix parameter estimation (Stephan,
Penny, Daunizeau, Moran, & Friston, 2009). A Bayesian
model average was then calculated over the 256 models that
were obtained by a greedy search. Finally, the resulting pa-
rameters were thresholded to focus on the most likely effects,
in which threshold based on free energy (with vs. without)
was selected and set with posterior probability >0.99 (very
strong evidence). Also, the correlations between the effective
connectivity and behavioral scale, including IAT and craving
scores, were also examined. The main analytical pipeline can
be seen in Fig. 3.

Preprocessing

Slice timing

!

Realignment of
fMRI volumes

!

Normalization to
MNI space (T1-w
images)

l ,"

Smoothing

L

ROI indentification

—> GLM analysis

(@¥rc | @

L

ETHICS

This study was approved by the Institutional Review Board
of Hangzhou Normal University. All participants signed an
informed consent form in accordance with the Declaration
of Helsinki.

RESULTS

Behavioral performance

Significant differences were observed between the two
groups in evoked craving scores (for each subject, craving
score corresponding to gaming cues minus score corre-
sponding to neutral cues), of which individuals with IGD
showed higher craving to gaming cues than RGUs
(t = 2.854, P = 0.005, IGD: 1.861 + 1.206, RGU: 1.270 +
1.021). No significant group differences were observed in
response time (t = 0.862, P= 0.390, IGD: 0.033 + 0.174,
RGU: 0.004 + 0.216), as well as the accuracy of the two
groups’ response to cues (t = —0.778, P= 0.438, IGD: 0.989
+ 0.177, RGU: 0.991 + 0.153).

IMAGING RESULTS

Correlation analysis

All participants exhibited significant correlations in the
following neural pathways when facing gaming cues (see
Table 2): 1) the association between the insula and the MFG
(r = 0313, P = 0.000); 2) the association between the

DCM

—> Full DCM model
definition

One-sample t-test l’

First-level model
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ROI extraction l

Second-level PEB
and BMA

|

Between-groups
effects (IGD vs.
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Fig. 3. Analytical pipeline. Analytical pipeline of fMRI data processing for examining effective connectivity within the tripartite systems.
Data processing can be subdivided into 3 main steps, highlighted at the top
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Table 2. Correlation results among ROIs

Gaming cues

Neutral cues

Location RGU IGD All RGU IGD All
Insula - MFG r = 0.433%, r = 0.202, r = 0.313%, r = 0.291, r = 0.086, r = 0.191,
P = 0.000 P = 0.098 P = 0.000 P = 0.016 P = 0.486 P = 0.026
MFG - OFC r = 0.234, r = 0.019, r = 0.130, r = 0.267, r = —0.019, r = 0.135,
P = 0.055 P = 0.877 P = 0.131 P = 0.028 P = 0.878 p = 0117
OFC - Putamen r = 0.285, r = 0.304 r = 0.294%, r = 0.128, r = 0.078, r = 0.106,
P =0.018 P = 0.012 P = 0.001 P = 0.298 P = 0.527 P =0.219
Putamen - Insula r = 0.301, = —0.055, r = 0.110, r = 0.219, = —0.077, r = 0.056,
P = 0.012 P = 0.658 P = 0.200 P = 0.073 P = 0.532 P = 0.521
Insula - OFC r = —0.121, r = —0.195, r = —0.155, r = 0.028, r = —0.145, r = —0.050,
P = 0.327 P = 0.110 P = 0.072 P = 0.819 P = 0.238 P = 0.564
Putamen - MFG r = 0.400%, r = 0.141, r = 0.258%, r = 0.104, r = 0.185, r = 0.142,
P = 0.001 P = 0.250 P = 0.002 P = 0.397 P = 0.131 P = 0.099

*: significant connectivity after Bonferroni multiple comparison correction,

P < 0.002.

BOLD signals of MFG

®RGU
@IGD

® 0 433, P=0.000

BOLD signals of insula

BOLD signals of MFG

®%

®RGU
®IGD

o
° .I‘=0.400, P=0.001¢

BOLD signals of putamen

Fig. 4. Correlation results during the cue craving task. The figure shows the correlation between MFG and insula (left image)/MFG (right
image) activity when the two groups were exposed to gaming cues

Table 3. Group differences by Parametric Empirical Bayes inference

Posterior

Location Strength (Hz) Posterior probability Location Strength (Hz) probability
Endogenous connection
Insula—Insula —0.001 0 OFC—Insula —0.007 0
Insula=~MFG 0.066 0.99 OFC-MFG —0.002 0
Insula—»OFC 0.002 0 OFC—OFC 0.003 0
Insula—Putamen 0.062 0.99 OFC—Putamen —0.008 0
MFG—Insula 0.006 0 Putamen—Insula 0.002 0
MFG—-MFG —0.137 0.99 Putamen—MFG —0.070 0.99
MFG—-OFC 0 0 Putamen—OFC 0.083 0.99
MFG—Putamen —0.005 0 Putamen—Putamen 0.051 0.73
Modulation effect of gaming cues
Insula—Insula —0.026 0 OFC—Insula 0.039 0
Insula=~MFG 0.042 0 OFC-MFG 0.054 0
Insula—»OFC 0.220 0.62 OFC—OFC 0.013 0
Insula—Putamen —0.023 0 OFC—Putamen 0.060 0
MFG—Insula —0.052 0 Putamen—Insula —0.057 0
MFG—-MFG 0.535 0.99 Putamen—MFG 0.267 0.74
MFG—OFC 0.046 0 Putamen—OFC 0.005 0
MFG—Putamen —0.022 0 Putamen—Putamen 0.010 0
Driving input effect of gaming cues
Insula —0.013 0 OFC 0.011 0
MEG —0.007 0 Putamen 0.016 0

Posterior mean strength (Hz) and posterior probability of all parameters implicated in group differences, including endogenous connection,
modulation and driving input effect, are outlined.
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putamen and the MFG (r = 0.258, P = 0.002) and 3) the
association between the putamen and the OFC (r = 0.294,
P = 0.001). After grouping, there was no significant corre-
lation observed among the 4 ROIs in either the individuals
with IGD or the RGUs when facing neutral cues. The RGUs
still exhibited significant positive correlations under gaming
cues in the following neural pathways: 1) the insula-MFG
(r = 0.433, P = 0.000) and 2) the putamen-MFG (r = 0.400,
P = 0.001, see Fig. 4). The same correlations were not sig-
nificant in the individuals with IGD: 1) the insula-MFG
(r = 0.202, P = 0.098) and 2) the putamen-MFG (r = 0.141,
P = 0.250). In addition, the IAT scores of IGD individuals
were positively associated with their BOLD signal in the
putamen when facing gaming cues (r = 0.299, P = 0.013,
uncorrected).

DCM results

Second level analysis with PEB revealed effective connec-
tivity difference between the individuals with IGD and the
RGUs. The parameters that were used to characterize the
difference between groups are given in Table 3, which shows
the posterior probability and strength of all parameters.
Fig. 5 illustrates parameters that have a posterior probability
greater than 0.99. Specifically, the negative effect in the
connection from the putamen to the MFG indicates that
putamen exhibits more inhibitory regulation on the MFG in
IGD than in regular gaming use, whereas the positive effects
in 1) the connection from the insula to the MFG, 2) the
connection from the putamen to the OFC and 3) the
connection from the insula to the putamen indicate the
increased regulation of excitability in these pathways in IGD.
Moreover, the negative self-connectivity of the MFG in-
dicates increased self-inhibition in IGD, which was more

robustly modulated by gaming cues. Additionally, the cor-
relation results showed that the craving scores of IGD in-
dividuals were negatively associated with their effective
connectivity from the putamen to the MFG (r = —0.310,
P = 0.010, uncorrected).

DISCUSSION

The present study investigated the dynamic relationship
underlying three systems in IGD and provided new insights
into the potential imbalance of the tripartite system in
addicted individuals. Specifically, using correlations and
DCM analyses, the results found that RGUs showed a sig-
nificant positive correlation in the neural pathways con-
necting the putamen-MFG-insula when facing gaming cues,
which is missing in individuals with IGD. Additionally, the
difference in effective connectivity patterns between groups
showed an inhibitory effective connection from the putamen
to the MFG in IGD, which may prompt hypoactivation in
the control system, and this effective connectivity was
negatively associated with craving scores in IGD. Mean-
while, IGD also demonstrated increased excitatory neuro-
modulation in the effective connections among the insula-
putamen-OFC, a neural pathway involving reward-related
activity.

High coupling in the putamen-MFG-insula pathway
ensures a balance among the tripartite systems

The results showed that the reward, executive control, and
interoceptive awareness systems are highly coupled in RGUs
when exposed to reward stimuli, while the association does
not work in individuals with IGD, which reveals that

» Putamen

Fig. 5. Group-level Inference with Parametric Empirical Bayes framework. The image shows a deviation in effective connectivity between the
two groups. Arrows indicate directions of the connections, and values indicate connection strength
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positive correlations among the tripartite activities may be
the major foundation for maintaining relative balances
among the systems. This is complementary with previous
research results showing that functional connectivity be-
tween the striatum and the prefrontal cortex (Becker et al.,
2017; Forbes, Rodriguez, Musselman, & Narendran, 2014),
as well as between the insula and prefrontal cortex (Dong,
Liu, et al,, 2019a; Li et al., 2019), are reduced in addicted
individuals, reflecting enhanced internal craving and reward
sensitivity as well as weak executive control. In addition,
given that these couplings among systems are only observed
in healthy groups, we infer that it may be an important
marker for predicting the risk of addiction and even play a
causal role in the transition to IGD. Indeed, several studies
have suggested that neural pathways involving these systems
could predict the development of addiction-related problems
independently (Heitzeg, Cope, Martz, & Hardee, 2015;
Norman et al., 2011; Wetherill, Squeglia, Yang, & Tapert,
2013; Whelan et al., 2014). The present results extend such
findings and show that the interactions among these systems
are also worth attention in addiction studies, as individuals
who show imbalances among these neural systems are more
likely at potential risk of addiction.

Inhibitory neuromodulation of the putamen to MFG
disrupts the balance among systems in IGD

It is worth noting that the current study not only calculated
the correlation among systems, but also performed DCM
analysis to support the causal inference between group-level
models. DCM results show an inhibitory effective connec-
tion from the putamen to the MFG in IGD, which reflects
that the reward system of individuals with IGD exerts a
robust bottom-up driving effect over their control system.
Specifically, the basal ganglion network (i.e., reward system)
is indispensable for the incentive motivational effects for
both consuming rewards (e.g., drugs, foods) and engaging in
rewarding activities (e.g., online game, sex) (Boileau et al.,
2003; Kringelbach, 2005). The normal population possesses
a flexible cognitive control system for making the decision
and resisting rewards that can lead to negative consequences
in the long term, indicative of a top-down regulation of the
reward system (Noel et al, 2013). However, this feature
seems to be reverse in addicted individuals, who show a loss
of cognitive control over addiction cues, as well as excessive
reward-seeking behavior. For this potential risk, our view is
consistent with previous studies that report that these
problem behaviors may be caused by the mechanisms un-
derlying the negative correlation between reward processing
and prefrontal inhibition (Weafer et al., 2019), meanwhile,
the present results further reveal that the reward system
exhibits a powerful drive to inhibit the control system during
the process of reward. Although it is rarely mentioned, these
results reflect the bottom-up mechanism in the dual-process
theory of addiction (Bechara, 2005) , which may reveal a
totally specific feature for IGD as a behavioral addiction,
namely the gaming cues can trigger bottom-up involuntary
signal from the reward system that hijacks the cognitive

resources necessary for normal operation of the control
system and weakens the capacity to resist the gaming
craving. Here, we highlight the driving role of reward sys-
tems in the tripartite system. Indeed, both abnormal
cognitive control and reward sensitivity in addicted in-
dividuals may also be regulated by their reduced striatal
dopamine D2 receptors; these pieces of evidence all point to
reveal the significance of the reward system in addiction
research (Ghahremani et al., 2012; Lee et al., 2009; Pepino
et al., 2016). Future multimodal imaging studies should
attempt to combine PET and fMRI to explore the underlying
association between D2 receptors and inhibitory neuro-
modulation of reward systems.

Additionally, it should be noted that the reward system
in the present study is mainly located in the part of the
bilateral putamen subordinate to the dorsal striatum.
Although the different contributions of the dorsal and
ventral striatum in response to reward activity have been
identified by other studies, increasing evidence suggests that
there is a tighter association between the dorsal striatum and
the prefrontal cortex (Pelchat, Johnson, Chan, Valdez, &
Ragland, 2004; Rothemund et al., 2007; Zhou et al., 2018).
Nevertheless, current results indicate that an inhibitory
effective connection from the putamen to the MFG in IGD
may be a risk factor contributing to system imbalance.

Excitatory neuromodulation of the insula-putamen-OFC
pathway enhances the reward-related regional
associations in IGD

The DCM results also show increased excitatory neuro-
modulation in the effective connections of the insula-puta-
men-OFC pathway in individuals with IGD relative to
RGUs. Whereas the OFC is located below the prefrontal
cortex, this region often shows stronger connectivity with
the reward system (Huckins et al.,, 2019; Ma et al., 2010).
Indeed, animal model studies have shown that reward
stimuli are associated with activation of both mesolimbic
dopamine brain regions (i.e., the ventral striatum) and the
OFC (Boileau et al,, 2003), and human studies further sug-
gest that this reward-related activity also extends into the
dorsal striatum, medial prefrontal cortex, and insula (Gott-
fried, O’'Doherty, & Dolan, 2003; Kringelbach et al., 2003).
Therefore, the increased excitatory neuromodulation
observed in the insula-putamen-OFC pathway may be
associated with a strong response of IGD to cue signals, in
which the insula converts the subjective experience of
craving into an impulse signal and then further enhances
neuromodulation to the downstream regions associated with
reward-seeking.

Finally, an excitatory effect from the insula to the MFG
was also observed in current study. According to the three-
systems neural model of addiction proposed by Noel et al.
(2013), the insula is hypothesized as a neural system that
increase reward drivers and weaken cognitive control in
addicts. The current results seem to be inconsistent with this
assumption to some extent. One possible explanation is that
these participants need to make correct key press responses



Journal of Behavioral Addictions 9 (2020) 2, 312-324

321

based on pictures during the task, so they have to make
certain cognitive efforts to successfully complete the task.
However, inhibitory effects from the reward system may
impair the cognitive functional integrity of the control sys-
tem, affecting task performance. Here the excitatory effect
from the insula to the MFG may serve as a compensatory
regulation to maintain task performance of IGD group.
However, it should be noted that the current evidence is too
preliminary to support a complete inference. Thus, further
work is needed to determine the specificity of these findings
to inter-system regulation.

Understanding the underlying imbalance among systems
in IGD is conducive to informing the development of new
therapeutic strategies that can apply to, not only IGD but
perhaps other addiction and impulsive disorders. The cur-
rent study demonstrated that high coupling among the
tripartite systems may be the major foundation for main-
taining relative balances among systems and the inhibitory
neuromodulation of the putamen to the MFG in IGD may
be a potential risk factor contributing to the imbalance.
These results extend several prospective studies (He et al.,
2019; Weafer et al., 2019) exploring the neural association
between systems and have crucial implications for under-
standing potential risks for addictive disorders, particularly
in individuals with overactive reward functioning. We sug-
gest that future clinical studies should further assess the
neuromodulation by the reward system to the control sys-
tem, which will provide a critical biomarker for prevention
and treatment efforts in the high-risk population.

LIMITATIONS

Some limitations should be mentioned. First, whereas the
main conclusion relies on DCM results, the mechanisms
underlying both the self-inhibition in the MFG and its
experimental modulation remain unclear. Indeed, individual
self-connections often show inhibition, including studies of
both task-based DCM and resting state DCM (i.e., spectral
DCM) (Hagmann et al.,, 2008; Razi, Kahan, Rees, & Friston,
2015; Wang, Zheng, Du, & Dong, 2019), but there is no clear
discussion about this inhibition currently. We suggest that
future research should further evaluate the implications of
inhibitory self-connections, which may contain a wealth of
important information. Second, we observed a marginal
significance on sex difference between two groups in the
current study. Although we included sex as a covariate in the
subsequent brain imaging analysis to control the impact of
sex effects on the data results, future research should note
this issue. Third, the mean and duration of inter-stimulus-
interval (ISI) in event-related designs affect statistical effi-
ciency. Although Dale (1999) suggest that for shorter mean
ISIs (e.g less than 6s), variable ISI designs would increase
dramatically the efficiency, we did not optimized the pa-
rameters of ISI through efficiency estimation in the current
study, which may prevent current experimental designs
from achieving optimal statistical efficiency. Fourth, current

results showed an activation pattern that is inconsistent with
previous studies (Ko et al., 2009; Vollstadt-Klein et al., 2010,
2011). One possible explanation is that the specificity of
different types of addictions causes these deviations. In
addition, subjects’ inclusion criteria may also be a potential
factor. Anyway, more comparative research is needed in the
future to determine these differences. Finally, we did not
examine the neurodynamics among systems under sponta-
neous activity, namely, resting state scans. We suggest that
future research needs to determine whether these systems
are coupled without any task manipulation.

CONCLUSIONS

The current study showed that coupling in the putamen-
MFG-insula pathway is missing in the IGD when facing
addictive cues, which might be a potential characterization
of relative imbalance among the tripartite systems in IGD.
Further DCM results showed an inhibitory effective
connection from the putamen to the MFG in IGD, sug-
gesting that an impaired executive control function might be
caused by this inhibitory neuromodulation. Given that
prospective studies have demonstrated negative correlations
between the prefrontal cortex-striatum circuit, the current
study extended these studies and highlighted the inhibitory
neuromodulation of the reward system to the control sys-
tem, which might partly explain how addictive disorder
impairs executive control and contributes to imbalances
among the tripartite systems.
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