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Background: Transcranial direct current stimulation (tDCS) of the dorsolateral prefrontal cortex (dIPFC) may reduce substance use and
other addictive behaviours. However, the cognitive mechanisms that underpin such effects remain unclear. Impaired inhibitory control
linked to hypoactivation of the prefrontal cortex may allow craving-related motivations to lead to compulsive addictive behaviours. How-
ever, very few studies have examined whether increasing the activation of the dIPFC via anodal tDCS could enhance inhibitory control
over addiction-related distractors. The current study aimed to enrich empirical evidence related to this issue. Methods: Thirty-three
males with Internet gaming disorder underwent active (1.5 mA for 20 minutes) and sham tDCS 1 week apart, in randomized order. We
assessed inhibitory control over gaming-related distractors and craving pre- and post-stimulation. Results: Relative to sham treatment,
active tDCS reduced interference from gaming-related (versus non-gaming) distractors and attenuated background craving, but did not
affect cue-induced craving. Limitations: This study was limited by its relatively small sample size and the fact that it lacked assessments
of tDCS effects on addictive behaviour. Future tDCS studies with multiple sessions in larger samples are warranted to examine the
effects on addictive behaviours of alterations in addiction-related inhibitory control. Conclusion: These findings demonstrate that stimu-
lation of the dIPFC influences inhibitory control over addiction-related cues and addiction-related motivation. This is the first empirical
study to suggest that enhanced inhibitory control may be a cognitive mechanism underlying the effects of tDCS on addictions like Inter-
net gaming disorder. Our finding of attenuated background craving replicated previous tDCS studies. Intriguingly, our finding of distinct
tDCS effects on 2 forms of craving suggests that they may have disparate underlying mechanisms or differential sensitivity to tDCS.

Clinical Trials No.: NCT03352973

Introduction

Transcranial direct current stimulation (tDCS) is a noninva-
sive brain stimulation technique capable of altering cortical
activation.! This approach — particularly anodal tDCS over
the dorsolateral prefrontal cortex (dIPFC), which increases its
cortical activation — has been used in a preliminary way as a
potential intervention for addictions.?® Specifically, anodal
tDCS over the dIPFC has been shown to reduce craving for
various substances, including food, cigarettes and cocaine.**
However, although considerable previous work has shown
that multiple sessions of anodal tDCS over the dIPFC reduce
caloric intake” and addiction-related behaviours such as ciga-
rette smoking,®®? alcohol use!® and gaming,'' other studies

have shown no significant effects of tDCS on addictive be-
haviours.!? Nevertheless, tDCS has been recommended for its
possible use in addiction.'”” However, to date no clinically
useful predictors of tDCS efficacy have been suggested to
help identify who may benefit from tDCS in addictions. The
current study aimed to explore the cognitive mechanisms
that underlie tDCS effects in people with Internet gaming
disorder (IGD) using a brief crossover design (within-subject
and sham-controlled). Such explorations could enhance our
ability to predict responses to tDCS and help develop indi-
vidualized treatments and new interventions for IGD.

It has been theorized that alterations in inhibitory control
may underlie the efficacy of tDCS in treating addictions.™
Characterized by difficulties in curbing the excessive reward
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salience of addiction-related substances or cues, and by com-
pulsive addictive behaviours, impaired inhibitory control has
been proposed as a core contributor to addictions.'*7 Con-
siderable neuroimaging evidence in addictions has demon-
strated that such impairment is involved with relative hypo-
activation of the prefrontal cortex (e.g., the dorsolateral
prefrontal cortex [dIPFC])."®* Moreover, some studies have
shown that enhanced inhibitory control over cocaine-related
distractors is associated with increased activation in the right
prefrontal cortex.! However, very few empirical studies have
examined whether increasing activation of the dIPFC via
anodal tDCS enhances inhibitory control over addiction-
related distractors. The primary aim of the current study was
to provide additional empirical evidence for this issue.

An additional aim was to examine the effects of tDCS on
2 forms of craving. Craving is a diagnostic criterion for sub-
stance-use disorders in DSM-5* and ICD-11.%?* Craving in-
volves strong urges to use addictive substances or engage in
addictive behaviours,” and it has been implicated in addiction
development, maintenance and relapse.?*? Most previous
studies have examined the effects of tDCS solely with respect to
cue-induced craving or background craving, showing that
tDCS of the dIPFC reduces one form of craving or the other in
addictions.>*? Background craving refers to a nonacute state
that may occur over a period of abstinence, for example; cue-
induced craving refers to acute and often intense urges trig-
gered by addiction-related stimuli. The 2 forms of craving may
involve different mechanisms and contribute differently to ad-
dictions.” It is important to examine the effects of dIPFC stimu-
lation on both forms of craving in a systematic way to provide
insights into the factors that influence these phenomena.

To address the questions above, we used anodal tDCS to in-
crease the cortical excitability of the right dIPFC and assessed
the effects of tDCS on inhibitory control over addiction-related
distractors and craving (background and cue-induced) in peo-
ple with IGD, employing a sham-controlled, within-subject,
double-blind design. We chose to study people with IGD for
the following reasons. First, characterized by poor control over
Internet gaming, IGD has been included in section III of DSM-5%
as a putative behavioural addiction. Gaming disorder has also
recently been included in ICD-11.* Because of the rapid devel-
opment of the Internet, IGD is arguably among the fastest-
growing addictions.® Internet gaming has become a part of
many people’s daily lives worldwide, increasing the risk of ad-
diction and posing threats to public mental health. Second,
considerable research into IGD has shown that its neurobio-
logical underpinnings resemble those of substance-use disor-
ders.3'* In particular, and similar to people with substance-use
disorders, it has been proposed that people with IGD exhibit
blunted activation of the prefrontal cortex in relation to
impaired inhibitory control over reward processing and
addiction-related (gaming-related) stimuli or behaviours.®
Such phenomena have been shown to be common neural
alterations across addictions.!>? Third, unlike substance addic-
tions, IGD does not have complicating drug-on-brain effects,
likely making the study of the cognitive mechanisms that
underlie tDCS interventions less confounded. Fourth, although
tDCS has been explored in preliminary studies in substance

addictions, its efficacy remains to be examined in IGD. We
adopted the anodal tDCS technique in the current study for
2 reasons. First, it has been proposed that anodal and cathodal
tDCS increase and decrease the activation of targeted cortical
regions, respectively.>® Second, IGD may be characterized by
impaired inhibitory control associated with hypoactivation of
the prefrontal cortex.®

We modified a well-validated cognitive task that assesses
inhibitory control, in which participants are instructed to per-
form a cognitive task with emotionally or motivationally
salient stimuli as distractors.* In the current study, we as-
sessed inhibitory control over gaming-related distractors af-
ter tDCS. We also assessed background and cue-induced
cravings before and after tDCS. Based on previous find-
ings,**% we hypothesized that tDCS of the right dIPFC
would enhance inhibitory control over gaming-related dis-
tractors and attenuate the 2 forms of craving.

Methods
Participants

We conducted eligibility screening of 364 young adults from
universities in Beijing, China, recruited via online advertise-
ments. Given that IGD has higher prevalence estimates in
males® and sex-related differences related to craving have been
reported,”® we included only male participants in the study.
Using G*Power 3.1.9.2,* we calculated the desired sample size
before starting the study. Assuming a moderate effect size, the
desired sample size was 30 (o = 0.05, power = 0.8, effect size =
0.25).* To account for potential dropouts, we recruited 38 males
(18-25 years old) with IGD. Thirty-three participants completed
the entire study; 5 participants discontinued owing to schedul-
ing conflicts with the second visit.

In accordance with previous studies,*#! primary inclusion
criteria for participants with IGD included the following:
they met > 5 items of the DSM-5 proposed criteria for IGD;
they scored > 50 on a revised version of Young’s online Inter-
net addiction test;** they spent more than 50% of their online
time gaming; and they played Internet games > 20 hours per
week for at least 1 year. Exclusion criteria included the pres-
ence of metal in the head or face; head trauma; substance de-
pendence; psychiatric or neurologic disorders; use of psycho-
tropic medications; or being left-handed. Detailed exclusion
criteria and demographic and clinical information of partici-
pants are provided in Appendix 1, available at jpn.
ca/190137-al. The study was approved by a local research
ethics committee at the State Key Laboratory of Cognitive
Neuroscience and Learning at Beijing Normal University. All
participants provided written informed consent before par-
ticipation in accordance with the Declaration of Helsinki, and
they were paid for their participation. Figure 1 shows the
participant screening and randomization processes.

Experimental design

This study had a crossover design; it was within-subject,
sham-controlled, randomized and double-blind. Participants

E112 J Psychiatry Neurosci 2021;46(1)



A randomized trial in males with Internet gaming disorder

were randomly assigned to 1 of 2 groups using a 1:1 ratio.
One group received the 2 tDCS sessions in active-sham or-
der, and the other group received the 2 tDCS sessions in
sham-active order. Detailed randomized information about
the order of active and sham tDCS sessions for each partici-
pant is provided in Appendix 1. Participants received the
2 tDCS sessions 1 week apart.

Assessment of craving

Before each stimulation, we assessed participants’ back-
ground and cue-induced craving for Internet gaming in se-
quence. We assessed background craving by instructing par-
ticipants to rate their subjective craving for Internet gaming
on a 9-point scale (from 1 = “not craving at all” to 9 = “craving

[ Enrolment ]

Assessed for eligibility (n = 364)

Excluded (n = 326)
» Did not meet inclusion criteria (n = 324)

¢ Declined to participate (n = 2)
e Other reasons (n = 0)

Randomized (n = 38)

[ Allocation ]
\ 4 v
Allocated to stimulation order A Allocated to stimulation order B
(active—sham order; n = 19) (sham-—active order; n = 19)
¢ Received allocated intervention ¢ Received allocated intervention
(n=19) (n=19)
¢ Did not receive allocated ¢ Did not receive allocated
intervention (n = 0) intervention (n = 0)
[ Follow-up ]
v
Dropped out (n = 3) Dropped out (n = 2)
[ Analysis ]
v v

Analyzed (n = 16)

Analyzed (n = 17)

Fig. 1: Flow chart depicting the screening and randomization of participants. Advertisements led to the eligibility screening of 364 young adults
from universities in Beijing. Thirty-eight eligible participants with Internet gaming disorder were randomly assigned to 1 of 2 groups using a 1:1
ratio. One group received 2 tDCS sessions in active—sham order, and the other group received 2 tDCS sessions in sham—active order. Thirty-
three participants completed the whole study; 5 participants discontinued because of scheduling conflicts with the second visit. tDCS = tran-

scranial direct current stimulation.
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very much”), without presenting any gaming-related cues.
We assessed cue-induced craving using a cue-reactivity task.
Participants watched 3 gaming-related videos; each video
lasted 30 seconds and was followed by a 4-second rating
using the 9-point scale described above. Participants rated
their subjective craving for Internet gaming after watching
each video. During each stimulation, participants performed
regulation-of-craving and emotion-regulation tasks (data re-
lating to these 2 tasks will be reported elsewhere).

Assessment of inhibitory control

Approximately 20 minutes after tDCS, we assessed partici-
pants” background and cue-induced craving again using the
same methods as we used before each stimulation. Then, par-
ticipants completed a cognitive task that assessed their inhib-
itory control over addiction-related distractors. In the task,
participants performed letter categorization, and gaming-
related cues appeared as distractors. The task included
gaming-related cues (36 gaming-related pictures), neutral
cues (36 non-gaming pictures, including neutral objects and
scenes) and mosaic baseline cues (36 scrambled mosaic
stimuli of the gaming pictures and 36 scrambled mosaic
stimuli of the non-gaming pictures). The gaming pictures be-
longed to 1 of the 3 most popular Internet games among
young adults in China (King of Glory, Playerunknown’s Bat-

tlegrounds and League of Legends), in accordance with each
participant’s preference.

An example of the trial sequence is shown in Figure 2.
Each trial started with a fixation (500 ms). Then, a picture was
presented (gaming, neutral or mosaic; 600 ms) in the centre of
the screen, with 3 letters above the picture and 3 letters be-
low. Five of the letters were “O,” and the targets were “K” or
“N.” Participants were instructed to ignore the central pic-
ture and judge whether the target letter was “K” or “N” as
quickly and accurately as possible. They were given 1800 ms
after onset of the stimulus to respond via button press. All
pictures were presented in a pseudorandomized order.
Meanwhile, target letter and location were counterbalanced
across trials, and trial order was pseudorandomized. Each
participant completed 144 trials in total: 2 runs with 18 gam-
ing pictures, 18 neutral pictures and 36 corresponding mosaic
stimuli in each run. Before the formal experiment, partici-
pants completed 20 practice trials.

tDCS protocol

Direct current was delivered through a pair of carbonated sili-
cone electrodes (surface 5 x 7 cm?) with highly conductive gel
(Signa Gel, Parker Laboratories) connected to a DC stimulator
MC (neuroConn GmBH). For anodal stimulation of the right
dIPFC, we placed the anode electrode on F4 in accordance

Fixation 500 ms

A\

Fixation 1200 ms

Fig. 2: Example of the trial sequence for the task assessing inhibitory control. Participants were instructed to ignore the central picture and

judge whether the target letter was K or N.
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with the 10-20 international EEG system and positioned the
cathode on the left superior region of the trapezius muscle near
the base of the neck.® During the active stimulation, a direct
current of 1.5 mA was delivered for 20 minutes, with 30 sec-
onds of ramp-up and ramp-down time. The sham tDCS con-
sisted of only the 30 seconds of ramp-up and ramp-down time,
which were aimed at making participants feel the same itching
sensation as with active tDCS. An assistant experimenter oper-
ated the DC stimulator so that both the experimenter and the
participant were blind to the stimulation condition.

tDCS-related measures

After each active or sham stimulation, we assessed partici-
pants for 10 potential adverse effects of tDCS (headache,
scalp pain, neck pain, tingling, itching, burning, flushing of
skin, drowsiness, difficulty concentrating and acute mood
changes) using a 4-point Likert scale (from 1 = “not at all” to
4 = “very much”). Participants were asked to describe the dif-
ference between the 2 stimulations after they had completed
the whole experiment.

Statistical analysis

In the task assessing inhibitory control over addiction-related
distractors, we removed errors and outliers from the
response-time analysis. Outliers were defined as response
times that exceeded 3 standard deviations above or below the
mean in each experimental condition for each participant.
First we calculated the interference effects of each picture
type (i.e., response times for gaming pictures v. mosaic stimuli
of gaming pictures, and response times for neutral pictures
v. mosaic stimuli of neutral pictures) in each stimulation

condition for each participant. Next, we analyzed the inter-
ference effects indexed by differences in response times using
repeated-measures analyses of variance (ANOVAs) with
2 within-participant factors: picture type (gaming v. neutral
pictures) and stimulation condition (active v. sham). We used
the analogous analyses to analyze error rates. For back-
ground and cue-induced craving, we analyzed subjective
ratings of the 2 forms of craving respectively using ANOVAs
with the following within-participant factors: time (pre-
stimulation v. post-stimulation) and stimulation condition
(real v. sham).

For all ANOVAs, the significance level was set to o. = 0.05,
and ANOVAs were supplemented by paired 2-tailed f tests
where appropriate. Effect sizes were calculated as n,2.

Results

tDCS effects on inhibitory control over addiction-related
distractors

Analyses of the interference effect showed a significant
picture-type x stimulation-condition interaction (F,;, = 4.80,
p = 0.04, n,> = 0.13; Fig. 3A) Post hoc paired f tests revealed
that for the sham tDCS condition, the interference effect from
gaming pictures was larger than that from neutral (non-
gaming) pictures (t, = 3.08, p = 0.004; 32.6 v. 10.4 ms). For the
active tDCS condition, the interference effects from the 2 pic-
ture types revealed no significant difference (t;, = —-0.08,
p > 0.1; 16.6 v. 17.3 ms). Taken together, active relative to
sham tDCS reduced interference from gaming versus non-
gaming pictures, indicating enhanced inhibitory control over
gaming-related distractors. Analyses of error rates did not re-
veal significant findings.

* NS NS
40 — — 28 —
@ &
3 [$)
5 30 '§ 6
2 o
2 2
2 20 S 4
9] Q
o S
S @
€ 10 g’ 2
©
o
0 0
Sham Active Sham
| [ Gaming I Non-gaming |

- o NS NS
E— £ 8 — —
8
3]
°
oy 6
p=)
°
£
g 4
[$)
k]
5
£ 2
T
o
0
Active Sham Active

| [ pre-stimulation [l Post-stimulation

Fig. 3: Effects of transcranial direct current stimulation (tDCS) on inhibitory control and craving. (A) For the sham tDCS condition, the interfer-
ence effect from gaming pictures was larger than that from non-gaming pictures; for the active tDCS condition, the 2 picture types revealed
no significant difference in interference effect. (B1) For the sham tDCS condition, we found no significant difference in background craving
between the pre- versus poststimulation conditions; for the active tDCS condition, craving was lower post-stimulation versus pre-stimulation.
(B2) Analyses of ratings of cue-induced craving did not reveal significant results. *p < 0.05; **p < 0.01. NS = not significant.
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tDCS effects on background and cue-induced cravings

Analyses of ratings of background craving revealed a signifi-
cant interaction of time x stimulation condition (F,, = 20.54,
p < 0.001, n,? = 0.39; Fig. 3B1). Post hoc paired ¢ tests showed
no significant difference in background craving between pre-
and post-stimulation conditions for sham tDCS (t,, = -0.30,
p > 0.1; 5.85 v. 5.94). However, for active tDCS we found a
significant difference, whereby background craving was
lower post-stimulation compared to pre-stimulation (t,, =
-5.64, p < 0.001; 4.24 v. 6.21). Analyses of ratings of cue-
induced craving did not reveal significant findings (Fig. 3B2).

tDCS adverse effects and blinding

All participants tolerated tDCS well. The average ratings of
adverse effects were equal for both active and sham tDCS
(mean + standard deviation; active = 1.18 + 0.29; sham = 1.18
+ 0.23). These findings suggested that participants experi-
enced few or no clinically significant adverse effects. Paired
t tests revealed no significant differences in adverse effects
between active and sham tDCS (p > 0.1). Furthermore, only
7 participants (21%) reported that they could feel the differ-
ence between active and sham tDCS, which was not signifi-
cantly different from chance (1-sample binomial test p > 0.1).

Discussion

The current study provides the first empirical evidence sug-
gesting that enhanced inhibitory control may be a cognitive
mechanism underlying the effects of tDCS on addictions,
among people with an addiction broadly and with IGD spe-
cifically. Active relative to sham tDCS reduced interference of
gaming versus non-gaming pictures on task performance.
This indicated enhanced inhibitory control toward addiction-
related distractors. In addition, ratings of background crav-
ing decreased after active versus sham stimulation, replicat-
ing previous tDCS findings. Intriguingly, we observed
divergent tDCS effects on 2 forms of craving: background
craving was reduced, but cue-induced craving remained un-
changed. These findings suggest several possibilities. For ex-
ample, it is possible that the 2 types of craving differ in their
underlying mechanisms. Alternatively, it is possible that—
given the intense and episodic nature of cue-induced craving
— it may be less sensitive to the effects of a single tDCS ses-
sion than background craving.

With respect to inhibitory control, we observed a signifi-
cantly larger interference effect from gaming versus non-
gaming images in the sham stimulation condition, indicat-
ing preferential processing of gaming-related cues in people
with IGD. These findings were consistent with those of pre-
vious studies showing attentional bias toward addiction-
related cues compared with neutral cues among people
with addictions.*#> Importantly, active relative to sham
tDCS reduced interference from gaming versus non-gaming
images in the current study, suggesting that increasing
dIPFC excitability via tDCS enhances inhibitory control
over addiction-related distractors. This result was consistent

with previous neuroimaging data showing that enhanced
inhibitory control over drug-related distractors is associated
with increased activation in the right prefrontal cortex.?!
With this in mind, the current findings may indicate that en-
hanced inhibitory control over addiction-related distractors
may be an important cognitive mechanism underlying the
effects of tDCS on addictions.

With respect to craving, we observed that active relative
to sham tDCS diminished background craving but did not
affect cue-induced craving. Our findings of a tDCS effect on
background craving in the current study replicated the find-
ings of previous tDCS studies,*?® whereas our findings re-
lated to cue-induced craving differed from some previous
studies* but not all.¥* When comparing these 2 lines of
evidence, we suggest that cue-induced craving may be
more likely to be attenuated by multiple-session tDCS than
by single-session tDCS,** and this possibility should be
tested directly for IGD.

The neuromodulatory intervention used here (i.e., single-
session tDCS) resulted in different effects on 2 forms of crav-
ing. This finding was consistent with previous work suggest-
ing that some interventions (such as the nicotine patch) may
decrease background craving but not cue-induced craving
among smokers.®® Although both forms of craving are impor-
tant motivational factors in addictions and regulation of both
forms may involve prefrontal cortex function, the findings of
the current study suggest that they may differ in their under-
lying mechanisms, or that cue-induced craving may be less
amenable to manipulations more broadly.

Overall, neurostimulation of the dIPFC may influence crav-
ing or addictive behaviours in at least 3 ways. First, it may en-
hance executive control, influencing factors such as attention,
motivation and behaviours. As demonstrated in the current
study, tDCS of the dIPFC improves inhibitory control over
addiction-related distractors. Second, neuromodulation may
alter neurotransmission (e.g., increase dopamine release) and
alter function in reward systems indirectly by, for example,
interconnections between the dIPFC and other structures such
as the ventral tegmental area.'**! This currently speculative
notion requires direct examination. Third, neurostimulation of
the dIPFC may involve a combination of the aforementioned
influences on control and reward systems. Accordingly, this
possibility may explain the attenuation of background craving
in the current study. Based on a history of repetitive associa-
tions between addiction-related cues and behaviours,? cue-
induced craving may involve habitual or seemingly automatic
responses to addiction-related cues, which may be intense
and difficult to attenuate. Such craving may have neuroadap-
tations indexed by hyperactivation of reward networks (e.g.,
the striatum or the orbitofrontal cortex) in response to
addiction-related relative to non-addictive stimuli.'* Weaken-
ing habit-related neural processes that underlie learned cue-
craving associations may require greater improvement of
executive control elicited by explicit self-control or inhibitory
goals.® Further, this process may require a relatively long
experience of reconfiguring old cue-craving associations and
rebuilding new associations. Such changes might be facili-
tated by multiple tDCS sessions, although this notion is
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currently speculative. Future research is warranted to directly
differentiate the neural mechanisms that underlie alterations
in these 2 craving processes, and to examine the efficacy of
multiple tDCS sessions.

The current study has important clinical implications in
several ways. First, it suggests that enhancement in inhibi-
tory control may be a potential predictor of tDCS efficacy in
treating addictions. Multiple-session tDCS studies are war-
ranted to examine the relationship between enhancement in
inhibitory control and alleviation in addictive behaviours
in the future. Second, given the effects of tDCS on inhibitory
control, a combination of tDCS and cognitive training relat-
ing to inhibitory control might augment the efficacy of addic-
tion interventions. Third, differential tDCS effects on 2 forms
of craving suggest that treatment for each form of craving
might call for distinct interventions.

Limitations

Several limitations should be discussed. First, the current
study included a relatively small group of young adult male
participants from China. However, our sample size was con-
sistent with most previous tDCS studies (previous sample
sizes have ranged from approximately 20 to 30)."34° Our
sample size (n = 33) was larger than the desired sample size
(n = 30) calculated using G*Power 3.1.9.2 (as described in the
Method section, above).* Although our sample size was suffi-
cient to support the validity of the current findings, future stud-
ies should include larger samples of males and females of
greater diversity with respect to age and geographic or cultural
domains. Second, the current study demonstrated in a prelimi-
nary way that enhanced addiction-related inhibitory control
may be an important cognitive mechanism underlying tDCS
treatment in addictions. Studies using multiple-session tDCS are
warranted to examine the relationships between alterations in
addiction-related inhibitory control and addictive behaviours.

Conclusion

The current study demonstrated that dIPFC stimulation
affected inhibitory control over addiction-related cues as well
as addiction-related motivation. This was the first empirical
study to suggest that enhanced addiction-related inhibitory
control may be a cognitive mechanism underlying the effects
of tDCS on addictions such as IGD. The attenuation of back-
ground craving in the current study replicated the findings of
previous tDCS studies. Intriguingly, distinct tDCS effects on
2 forms of craving in the current study suggested that they
may have different underlying mechanisms or differential
sensitivity to tDCS intervention.
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