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Background: Gambling disorder (GD) is the most common behavioral addiction and
shares pathophysiological and clinical features with substance use disorders (SUDs).
Effective therapeutic interventions for GD are lacking. Non-invasive brain stimulation
(NIBS) may represent a promising treatment option for GD.

Objective: This systematic review aimed to provide a comprehensive and structured
overview of studies applying NIBS techniques to GD and problem gambling.

Methods: A literature search using Pubmed, Web of Science, and Science Direct
was conducted from databases inception to December 19, 2019, for studies assessing
the effects of repetitive transcranial magnetic stimulation (rTMS) and transcranial direct
current stimulation (t-DCS) on subjects with GD or problem gambling. Studies using NIBS
techniques on healthy subjects and those without therapeutic goals but only aiming to
assess basic neurophysiology measures were excluded.

Results: A total of 269 articles were title and abstract screened, 13 full texts were
assessed, and 11 were included, of which six were controlled and five were uncontrolled.
Most studies showed a reduction of gambling behavior, craving for gambling, and
gambling-related symptoms. NIBS effects on psychiatric symptoms were less consistent.
A decrease of the behavioral activation related to gambling was also reported. Some
studies reported modulation of behavioral measures (i.e., impulsivity, cognitive and
attentional control, decision making, cognitive flexibility). Studies were not consistent in
terms of NIBS protocol, site of stimulation, clinical and surrogate outcome measures,
and duration of treatment and follow-up. Sample size was small in most studies.

Conclusions: The clinical and methodological heterogeneity of the included studies
prevented us from drawing any firm conclusion on the efficacy of NIBS interventions for
GD. Further methodologically sound, robust, and well-powered studies are needed.

Keywords: behavioral addiction, gambling disorder, non-invasive brain stimulation, transcranial direct current
stimulation, transcranial electrical stimulation, transcranial magnetic stimulation
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INTRODUCTION

Gambling disorder (GD), also known as pathological gambling,
affects people of all ages and is a major clinical issue associated
with reduced quality of life, psychiatric comorbidity, cognitive
deficits, and higher risk of suicide (Ledgerwood and Petry,
2004; Hodgins et al., 2011; Nautiyal et al., 2017). GD and other
impulse control disorders (ICDs) are also common in patients
with Parkinson’s disease (PD) under dopaminergic treatment
(Antonini et al., 2017).

Gambling disorder (GD) was previously classified as an
ICD but is currently considered the prototypical example
of behavioral addiction and is included in the diagnostic
category of substance-related and addictive disorders according
to the Diagnostic and Statistical Manual of Mental Disorders,
fifth edition (DSM-5; American Psychiatric Association, 2013;
Nautiyal et al, 2017), because a growing evidence suggests
that GD and substance use disorder (SUD) share common
neurobiological bases and behavioral features (Hudgens-Haney
et al, 2013; Limbrick-Oldfield et al., 2013; Tschernegg et al.,
2013; Goudriaan et al., 2014). Indeed, human and animal
studies indicate that both GD and SUD are characterized by a
dysfunction of the reward and cognitive control systems, leading
to craving, altered sensitivity to reward, reduced self-control, and
abnormal decision-making and executive function (Koob and
Volkow, 2016).

The impairment of dopaminergic brain reward circuitries,
which are supposed to play a key role in SUD (Vaughan and
Foster, 2013), has been reported in GD (Clark et al., 2019).
Reduced striatal dopamine transporter availability (Pettorruso
et al, 2019b) and increased dopamine synthesis capacity
(van Holst et al, 2018) were reported in GD compared
with healthy controls. Similarly, PD patients with GD and
ICD after dopaminergic treatment showed lower dopaminergic
transporter levels in the dorsal striatum and increased dopamine
release in the ventral striatum when engaged in reward-related
stimuli/gambling tasks (Martini et al., 2018a). An image-based
meta-analysis documented striatal hypoactivation in patients
with SUD during reward anticipation and in those with GD
during reward outcome, in line with the reward-deficiency
theory of addiction (Luijten et al., 2017). According to the
learning-deficit model (Luijten et al., 2017), these abnormalities
are supposed to sustain the transition toward compulsive
gambling addiction, characterized both by hypodopaminergic
and hyperdopaminergic states in the context of a sensitized
dopaminergic system (Pettorruso et al., 2019b).

Executive dysfunction documented in GD patients suggests
the involvement of the cognitive control system that can be
differentiated into several cognitive sub-processes, i.e., response
inhibition, conflict monitoring, decision making, and cognitive
flexibility (Moccia et al., 2017). Human functional neuroimaging
studies have shown changes in prefrontal regions leading to
diminished cognitive control pivotal to the development of GD
(Moccia et al., 2017). The cognitive control circuit includes the
median prefrontal cortex (mPFC), the dorsolateral prefrontal
cortex (DLPFC), the orbital and ventromedial areas, and the
anterior cingulate cortex (Van Holst et al., 2010). PD patients

with GD and ICD show worse set-shifting and reward-related
decision-making and increased depression, anxiety, anhedonia,
and impulsivity, pointing to more severe executive dysfunction
(Martini et al., 2018b).

GD is considered a full-fledged worldwide public health
concern because of its detrimental individual, social, and
economic consequences and reduced quality of life (Williams
et al, 2012). Moreover, the number of “at risk gamblers”
(i.e., people who gamble frequently but not yet pathologically
dependent) is increasing (Cavalera et al., 2018). A comprehensive
systematic review of empirical researches from 2000 to 2015
across different countries in the world showed that 0.1-5.8% of
individuals met diagnostic criteria for problem gambling during
the year before the survey and 0.7-6.5% for problem gambling
during their lifetime (Calado and Griffiths, 2016). In addition,
a recent study estimated the prevalence of GD in Italy to range
from 1.3 to 2.2%, and that of “at risk gamblers” to be 1.3-3.8%
(ISS, 2018).

Because of the absence of pharmacological treatments with
proven efficacy for this condition, the role of non-invasive brain
stimulation (NIBS) has been explored for the treatment of GD
and other behavioral addictions (Sauvaget et al., 2015). Repetitive
transcranial magnetic stimulation (rTMS) and transcranial direct
current stimulation (t-DCS) are the most commonly used types
of NIBS.

rTMS is delivered to the brain by a rapid phasic electrical
current through an insulated wire coil placed over the skull
that generates a transient magnetic field, which propagates
in space and induces secondary currents that may depolarize
neurons in targeted brain regions and lead to neuromodulation
and neuroplastic changes (Pascual-Leone et al, 1998; Paulus
et al, 2013). High-frequency rTMS is excitatory, while low-
frequency rTMS decreases cortical excitability (Paulus et al,
2013), but the effects on synaptic plasticity are often weak, highly
variable between individuals, and short-lasting (Huang et al,
2005). Theta-burst stimulation (TBS) is a modified rTMS type
that has been found to produce a consistent, long-lasting, and
powerful effect on cortex physiology and behavior, with a mixture
of facilitatory and inhibitory effects on synaptic transmission
according to the TBS protocol used (i.e., prevalent facilitation
to intermittent TBS and prevalent inhibition to continuous TBS;
Huang et al., 2005). Spatial and temporal resolution of rTMS
are high and the former may be modified by the type of coil,
with the classical figure-of-eight coil providing superficial and
focal stimulation, and more recent H-coils able to target brain
regions to a depth of 5-7 cm (Rossi et al., 2009). The main side
effects of rTMS are transient scalp discomfort, headache, and
hearing disorders, usually following high frequency protocols
(Rossi et al., 2009). The risk of inducing epileptic seizures is
minimized through the application of the guidelines and an
accurate selection of patients (Lefaucheur et al., 2014, 2020).

t-DCS is delivered through a battery-powered device
connected to a couple of electrodes that deliver low-amplitude
direct intracerebral currents that increase or decrease neuronal
excitability in the specific brain area being stimulated through
modification of membrane polarization (Nitsche and Paulus,
2000). Generally, anodal t-DCS depolarizes neurons, thus
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increasing cortical excitability, whereas cathodal t-DCS
hyperpolarizes neurons, reducing cortical excitability (Nitsche
and Paulus, 2000). When applied for a sufficient period of
time, t-DCS induces sustained changes in cortical excitability
(Nitsche and Paulus, 2001; Nitsche et al., 2005). t-DCS is usually
safe and may cause only mild side effects, such as burning
sensation and skin irritation, especially with daily use or higher
current intensity (Antal et al., 2017), but its spatial and temporal
resolution is limited.

Recommendations and guidelines for the safe and appropriate
application of NIBS for clinical and research application have
been published (Rossi et al., 2009; Rossini et al., 2015; Woods
et al,, 2016). Guidelines on the therapeutic use of NIBS proposed
level A recommendation (definite efficacy) for rTMS of the
left dorsolateral prefrontal cortex (DLPFC) in the treatment of
depression (Lefaucheur et al., 2020) and level B recommendation
(probable efficacy) for anodal tDCS of the left DLPFC (with right
orbitofrontal cathode) in major depressive episode without drug
resistance and anodal tDCS of the right DLPFC (with left DLPFC
cathode) in addiction/craving (Lefaucheur et al., 2017). Recent
studies highlighted the potential of rTMS for some SUDs (Diana
etal., 2017).

Data on the therapeutic options for GD are scarce. Moreover,
information on potentially effective treatments for this condition
are needed, because of its social and economic impact. Since
the application of NIBS to GD is a very recent field of interest,
the present manuscript is aimed to offer a systematic review on
studies applying rTMS and t-DCS to patients with GD.

METHODS

This systematic review was conducted according to
the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) recommendations

(Liberati et al., 2009; Moher et al., 2015).

Eligibility Criteria

We included studies assessing the effects of NIBS techniques
in subjects with a diagnosis of GD or pathological/problem
gambling. Both controlled and exploratory studies were included
and considered eligible, and no restrictions were placed on the
publication date of the studies.

We excluded reviews, commentaries, letters, abstracts,
conference papers, and animal model studies. Studies applying
NIBS techniques on healthy subjects were also excluded. Studies
considering NIBS techniques without therapeutic goals but only
aiming at assessing basic neurophysiology measures were not
considered eligible.

Primary outcomes of interest were changes in clinical
(i.e., GD severity, craving, relapse, abstinence, psychiatric
related symptoms) or para-clinical outcomes (ie.,
physiological measures).

Search Strategy

The Pubmed, Science Direct, and Web of Science databases
were searched for peer-reviewed studies on NIBS techniques in
subjects with/or at risk of GD or pathological/problem gambling

and published from databases inception until December 19, 2019.
Only studies written in English were considered.

The search string for Pubmed and Web of Science
was: (gambling disorder OR pathological gambling OR
problem gambling OR compulsive gambling OR gambling
addiction OR gambling addictions OR problematic gambling OR
pathological gamblers OR problem gamblers OR gamblers
anonymous OR gambling addicts OR gambling) AND
(transcranial magnetic stimulation OR TMS OR r-TMS OR
theta burst stimulation OR theta burst OR TBS OR ¢-TBS OR
i-TBS OR NIBS OR non-invasive brain stimulation OR brain
stimulation OR transcranial direct current stimulation OR
tDCS OR tES OR transcranial electrical stimulation OR tCS OR
transcranial current stimulation).

The search strategy for Science Direct database included:
(Gambling OR gamblers) AND (NIBS OR non-invasive
brain stimulation OR brain stimulation), then (Gambling OR
gamblers) AND (transcranial magnetic stimulation OR TMS
OR r-TMS OR theta burst stimulation OR TBS OR ¢-TBS OR
i-TBS), and (Gambling OR gamblers) AND (transcranial direct
current stimulation OR tDCS OR tES OR transcranial electrical
stimulation OR tCS OR transcranial current stimulation).

Study Selection

Two authors (CZ and EM) independently screened titles
and abstracts using Rayyan software (Ouzzani et al., 2016).
The reference lists of relevant papers were inspected for
additional studies potentially missed in the databases search.
Any disagreement was planned to be solved by consensus or
consulting a third reviewer (ST).

Data Collection Procedure

Two reviewers (CZ and EM) independently extracted the
following data: study design (i.e., randomized, crossover, parallel,
open label, single arm trials), sample size, gender, presence
of any comorbidity with GD (i.e., psychiatric conditions,
SUD), type of rTMS/t-DCS protocol (excitatory/inhibitory effect,
session numbers, blinding, sham condition, side effects, follow-
up duration), targeted brain area, outcomes of interest (i.e.,
clinical, surrogate).

Data Analysis

A descriptive analysis of the results was carried out, focusing
on the effects of the interventions. A meta-analysis was not
possible due to the small number of studies and subjects, and
to the clinical, methodological (NIBS protocol, brain target), and
outcome heterogeneity of the included studies.

RESULTS

Identification and Selection of the Studies

A total of 400 records were identified. After removal of duplicates,
269 papers were screened through title and abstract and 13
papers were obtained for full-text screening. The reference
lists of the relevant papers were inspected for additional
studies potentially missed in the databases search, but no
significant papers were further added. Two authors (CZ and EM)
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independently evaluated the 13 papers selected for the full-text
examination. Disagreement was solved by consensus between
the two reviewers, therefore the third reviewer’s (ST) advice was
not required.

Eleven studies met the inclusion criteria and were therefore
included in the systematic review (Figure 1).

Description of the Included Studies

The included papers evaluated the efficacy of NIBS interventions
based on rTMS or t-DCS techniques for subjects with GD or
problem gambling. Studies were grouped according to the NIBS

technique employed (i.e., rTMS or t-DCS) and the presence or
absence of a sham-NIBS control arm.

rTMS Studies
Seven studies employed rTMS in GD (Table 1).

Controlled Studies

Zack et al. (2016) assessed the effect of two rTMS protocols
on gambling reinforcement and related responses in nine
community-recruited, non-treatment-seeking men with GD.
They reported that three sessions of high frequency rTMS
targeting mPFC yielded a significant reduction of craving,

rm—
=
L Records identified through
ﬁ database searching
b= (n =400)
—
c
]
-
Records after duplicates removed
(n=269)
2
: ,
] Records screened R Records excluded
(n=269) v (n=1256)
———/
y
Full-text articles assessed Full-text articles excluded,
i for eligibility > with reasons
= (n=13) (n=2)
2 Participants without
o gambling disorder (n= 1)
Study applying transcranial
magnetic stimulation to
investigate
— inhibitory/excitatory
’ parameters in the motor

Included

Studies included in
qualitative synthesis

cortex (n=1)

(n=11)
—/
FIGURE 1 | PRISMA diagram of the study (www.prisma-statement.org).
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TABLE 1 | Overview of rTMS studies included in the review.

References Study design Population Sample Stimulation Stimulation protocol Outcome Outcome Follow-up Side Results
size site measures measures effects
(clinical) (surrogate)
Rosenberg Open label GD patients (men, 5 Left DLPFC 15 days, one session/day, HDRS, HARS, None Interview to None HDRS, HARS, CGl,
etal. (2013) age 37.8 £ 10.5) 10min duration, 1 Hz, 110% Y-BOCS, SOGS, families Y-BOCS, and VAS
motor threshold DAGS, VAS, improved after
CGl-l, SAS! treatment; all patients
returned to gamble
Zack et al. Sham-controlled Community- 9 mPFC, right ~ rTMS, 10Hz, 450 pulses (mPFC) Desire to gamble  DDT, Stroop None None rTMS reduced desire
(2016) cross-over recruited, DLPFC cTBS, 50Hz, 900 pulses (VAS) task, arousal to gamble; cTBS
non-treatment (DLPFC) (blood pressure, reduced
seeking men with Three sessions ("rTMS, cTBS, POMS-vigor amphetamine-like
GD (age 43.2 £ sham; 1-week washout) scale, ARCI) effects and diastolic
13.2) blood pressure
Gay et al. Randomized GD patients 22 Left DLPFC High frequency rTMS (single Gambling craving, None None None Decrease in gambling
(2017) sham-controlled session) PG-YBOCS craving
cross-over
Sauvaget et al.  Randomized Men with GD 30 Right DLPFC  rTMS, 1 Hz, 360 pulses Craving (VAS, Heart rate, None None Both active and sham
(2018) double-blind seeking treatment Two sessions (active, sham; GCS) blood pressure rTMS were
sham-controlled (age range 28-56) 1-week washout) associated with
cross-over significant decrease
in the urge to gamble
Cardullo et al. ~ Case series Men with GD and 7 Left DLPFC  Twice/day for 5 consecutive G-SAS, CCQ, None At day 5, 30, None Improvement of
(2019) cocaine use days, then twice/day once a PSQl, BDI—II, at 60 after the gambling severity,
disorder (mean week for 8 weeks, 15Hz, 100% SAS?, GSI beginning of cocaine craving, and
age 42.1 £5.7) motor threshold, 60 pulses per treatment negative-affect
train, 40 trains, 15 s inter-train symptoms; results
interval, 13 min duration stable at follow-ups
Pettorruso et al. Case report One man with GD 1 Left DLPFC  Twice/day for 5 days/week for 2 BDI, G-SAS, DAT availability One and two None No craving for
(2019b) (40 years) weeks (20 sessions), then PG-YBOCS, ISI, measured by weeks, one, gambling or
twice/daily, one/week for 12 YMRS SPECT two, three, six gambling-related
weeks (24 sessions), 15Hz, months symptoms; decrease
100% motor threshold, 60 in DAT availability in
pulses per train, 40 trains, 15s striatal regions
inter-train interval, 2,400
pulses/session, 13 min duration
Pettorruso et al. Open-label feasibility GD patients (age 8 (7 men) Left DLPFC  Twice/day for 5 days/week for 2 G-SAS, None Two, four, eight, None Reduction of
(2020) study 40.6 £ 11.2) weeks (20 sessions), then PG-YBOCS, and 12 weeks gambling behavior

twice/daily, one/week for 12
weeks (24 sessions), 15Hz,
100% motor threshold, 60
pulses per train, 40 trains, 15s
inter-train interval, 2,400
pulses/session, 13 min duration

GTFB, BDI, SAS?

and the number of
days spent gambling;
results confirmed
during all the
follow-up period

ARCI, Addiction Research Center Inventory,; BDI, Beck depression inventory,; BDI-Il, Beck depression inventory-Il; CCQ, Cocaine craving questionnaire; CGlI-I, Clinical global impression improvement scale; cTBS, continuous theta burst
stimulation; DAGS, Dannon and ainhold gambling scale; DAT, Dopamine active transporter; DDT, Delay discounting task; DLPFC, Dorsolateral prefrontal cortex; GCS, Gambling craving scale; GD, Gambling disorder; G-SAS, Gambling
symptom assessment scale; GSI, Global severity index; GTSB, Gambling timeline follow back; HARS, Hamilton anxiety rating scale; HDRS, Hamilton depression rating scale; ISI, Insomnia severity index; mPFC, medial prefrontal cortex;
PG-YBOCS, Pathological gambling adaptation of the Yale-Brown obsessive-compulsive scale; POMS, Profile of mood states; PSQI, 19-item Pittsburgh sleep quality index; rTMS, repetitive transcranial magnetic stimulation; SAS', Social
adjustment scale; SAS?, Self-rating anxiety scale; SOGS, South oaks gambling screen; SPECT, Single photon emission computed tomography; VAS, Visual analog scale; Y-BOCS, Yale-Brown obsessive compulsive scale; YMRS, Young

mania rating scale.
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in particular in the post-game increase in the desire to
gamble, and that the same sessions number of continuous TBS
targeting the right DLPFC reduced amphetamine-like effects (i.e.,
psychostimulant-like sensations measured with the Addiction
Research Center Inventory amphetamine scale) and behavioral
activation measured with diastolic blood pressure, but no changes
were reported in impulsive choices or cognitive control on the
Stroop task (Zack et al., 2016).

Gay et al. (2017) performed a randomized sham-controlled
cross-over study on 22 GD patients using a single session of high
frequency rTMS over the left DLPFC and documented a decrease
in cue-induced craving and no effect on gambling behavior to
real r'TMS, but the absence of follow-up impeded to measure the
duration of the effect.

In the study conducted by Sauvaget et al. (2018), one
session of low frequency rTMS targeting the right DLPFC did
not lead to a significant reduction of craving, measured with
both self-report scales and physiological measures, compared to
sham stimulation.

Uncontrolled Studies

In an open-label study that explored the effect of 15 sessions of
low frequency rTMS over the left DLPFC in five participants
with GD, despite initial improvement in rating scales,
the effect decayed over time and the authors concluded
that rTMS treatment failed to demonstrate effectiveness
(Rosenberg et al., 2013).

Cardullo et al. (2019) evaluated the effect of 26 sessions
of high-frequency rTMS over the left DLPFC in seven men
with dual diagnosis of GD and cocaine use disorder and found
significant improvement in gambling severity, cocaine craving,
and negative-affect symptoms compared to baseline.

Pettorruso et al. (2019a) described a GD patient who was
treated with 44 sessions of high frequency rTMS over the left
DLPFC and reported a marked reduction in craving for gambling
and no episodes of gambling during the 6-month follow-up.
Of note, the authors found decreased dopamine transporter
availability, a neurobiological marker of dopaminergic pathways
modulation, after 2 weeks of treatment.

The same authors investigated eight GD treatment-seeking
patients treated with 44 sessions of high frequency rTMS
targeting the left DLPFC in an open-label study that showed
significant reduction of gambling episodes and the days of
gambling throughout the study period in comparison to baseline
(Pettorruso et al., 2020).

t-DCS Studies
Four studies employed t-DCS in GD (Table 2).

Controlled Studies

Dickler et al. (2018) used a montage to administer anodal t-DCS
on the right DLPFC and cathodal t-DCS on the left DLPFC to
characterize its effects on neural metabolites levels measured with
magnetic resonance spectroscopy. They found that two sessions
of active t-DCS induced significantly increased GABA levels in
comparison to sham t-DCS, and that metabolite levels were

positively correlated with measures of risk taking, impulsivity,
and craving (Dickler et al., 2018).

Soyata et al. (2019) reported that three sessions of active
anodal t-DCS on the right DLPFC and cathodal t-DCS on the
left DLPFC modulated decision making and cognitive flexibility,
leading to more advantageous choices during the Iowa Gambling
Task and better performances at the Wisconsin Card Sorting Test
in participants with GD.

Martinotti et al. (2019) reported that five consecutive sessions
of active anodal right DLPFC t-DCS induced a significant
reduction of craving levels in comparison to sham t-DCS in a
group of treatment-seeking GD patients.

Uncontrolled Studies

Martinotti et al. (2018) reported a young male with 8-year history
of GD comorbid with alcohol and cocaine use disorder who was
treated with 20 sessions of bilateral DLPFC t-DCS and showed
improvement of psychiatric symptoms (depression, anxiety, and
impulsivity) and gambling craving, which were maintained at
follow-up visits.

DISCUSSION

This systematic review explored the effect of rTMS and t-DCS in
people affected by GD. We have found a small number of studies,
i.e., seven rTMS and four t-DCS studies, and among them only
six were controlled ones, i.e., three on rTMS and three on t-DCS,
while the other five reports had an uncontrolled design or were
case reports/series.

Despite some differences among outcome measures, most
controlled studies (Zack et al., 2016; Gay et al., 2017; Martinotti
et al., 2019) and uncontrolled reports (Martinotti et al., 2018;
Cardullo et al., 2019; Pettorruso et al., 2019a, 2020) reported
a reduction of gambling behavior, craving, or gambling-related
symptoms, while the effect on coexistent psychiatric symptoms
(e.g., depression, anxiety) was less consistent. Notably, one
controlled (Sauvaget et al., 2018) and one uncontrolled study
(Rosenberg et al., 2013) reported no changes to rTMS. Two
controlled t-DCS studies found improvement in surrogate
outcome measures, namely brain gamma-aminobutyric acid
levels (Dickler et al., 2018) and neuropsychological testing scores
(Soyata et al., 2019), but no improvement in clinical measures.

Taken together, the current evidence lends very limited
support to the use of NIBS in patients with GD. It should be noted
that the papers we have included in the systematic review were
quite heterogeneous in terms of study design, study population,
outcome measures, duration of follow-up, comorbidities, all
factors that hampered a meta-analytical approach. Moreover,
only three studies were comparable in terms of stimulation
protocol features and brain target (Dickler et al., 2018; Martinotti
et al., 2019; Soyata et al., 2019), but the outcome measures were
heterogeneous and impeded a meta-analysis.

All studies targeted the DLPFC, but they were not consistent
in terms of brain side, and one study targeted also the mPFC
(Zack et al, 2016). The rationale of choosing the DLPFC
is because this target is a key structure in the cognitive
control circuit (Moccia et al, 2017), which is supposed to
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TABLE 2 | Overview of t-DCS studies included in the review.

References Study design Population Sample Stimulation Stimulation protocol Outcome Outcome Follow-up Side Results
size site measures measures effects
(clinical) (surrogate)
Martinotti et al.  Case report One man with GD 1 Left and right Twice/day, 20 min stimulation, SOGS, BPRS, None Ten, 100, and None Significant
(2018) and alcohol and DLPFC 1.5mA, 1-h interval between left HDRS, HARS, 190 days after improvement of
cocaine use and right DLFPFC, 10 BIS, VAS, t-DCS gambling, craving
disorder, 26 years consecutive days PG-YBOCS, severity, and
G-SAS psychiatric symptoms;
further improvement at
follow-ups
Dickler et al. Randomized Patients with GD 16 (9 men, DLPFC Anode on right DLPFC, cathode Craving (GCS) Metabolite levels None None Active t-DCS increased
(2018) double-blind (age range 21-65) 7 women) on left DLPFC, two sessions, (GABA, Glx, GABA levels compared
sham-controlled 1mA, 30 min (active, sham; NAA), BART, BIS to sham, positive
crossover 1-week washout) correlations with BART,
BIS, GCS
Soyata et al. Randomized Patients with GD 20 DLPFC Anode on right DLPFC, cathode Not assessed IGT, WCST, None None Active t-DCS yielded
(2019) triple-blind (age range 18-55) on left DLPFC, three session, Stroop task better performance at
sham-controlled 2mA, 20 min (active, sham) WCST and Stroop task
parallel design compared to sham
Martinotti et al.  Randomized, Treatment-seeking 34 DLPFC Anode on right DLPFC, cathode = Craving (VAS) None None None Active t-DCS
(2019) double-blind GD subjects on left DLPFC, five consecutive significantly reduced

sham-controlled
parallel design

sessions (active, sham)

craving levels
compared to sham

BIS, Barratt impulsiveness scale; BART, Balloon analog risk taking task; BPRS, Brief psychiatric rating scale; DLPFC, Dorsolateral prefrontal cortex; GABA, Gamma-aminobutyric acid; GCS, Gambling craving scale; GD, Gambling
disorder; Glx, Glutamine-glutamate-GABA complex; G-SAS, Gambling symptom assessment scale; HARS, Hamilton anxiety rating scale; HDRS, Hamilton depression rating scale; IGT, lowa gambling task; NAA, N-acetyl aspartate;
PG-YBOCS, Pathological gambling adaptation of the Yale-Brown obsessive-compulsive scale; SOGS, South oaks gambling screen;, t-DCS, Transcranial direct current stimulation; VAS, Visual analog scale; WCST, Wisconsin card sorting
test; Y-BOCS, Yale-Brown obsessive compulsive scale.
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be altered in GD patients, leading to compulsive gambling,
craving, impaired reward sensitivity, self-control, and decision-
making processes (Van Holst et al., 2010; Koob and Volkow,
2016). Moreover, changes in impulsivity and risky decision-
making have been reported after the application of rTMS or
t-DCS over prefrontal regions in healthy subjects (Fecteau
et al, 2007a,b; Cho et al., 2010; Lantrip et al., 2017).
Among the studies we included, however, only two t-DCS
reports explored behavioral or neuropsychological measures
(Dickler et al., 2018; Soyata et al., 2019).

The studies differed for the site of stimulation, with five
rTMS reports targeting the left DLPFC, and two targeting
the right one. Conversely, all t-DCS studies targeted both the
left and the right DLPFC. The rationale for the left DLPFC
preference in rTMS studies may result from studies on SUD,
where rTMS over the left DLPFC was reported to be effective in
reducing craving, enhancing cognitive control (Politi et al., 2008;
Jansen et al., 2013; Rapinesi et al., 2016; Terraneo et al., 2016),
and in improving cognitive functioning (Schluter et al., 2018)
and the supposed pathophysiological communalities between
GD and SUD (Hudgens-Haney et al., 2013; Limbrick-Oldfield
et al, 2013; Tschernegg et al., 2013; Goudriaan et al., 2014).
Two studies applied rTMS to the right DLPFC and found
no improvement in clinical outcomes but some changes in
autonomic measures (Zack et al., 2016; Sauvaget et al., 2018).
Despite being very preliminary and based on a small number
of patients, these data may suggest a preference for the left
DLPFC. However, rTMS of the prefrontal regions has been
demonstrated to induce bilateral changes in the pattern of brain
activation, because of the activation of monosynaptic afferents
in the contralateral hemisphere or the influence on functional
connectivity patterns of bilateral frontostriatal circuits (Hanlon
et al., 2013; Schluter et al., 2017). Because of these concerns, the
laterality issue for rTMS of the DLPFC should be further explored
in future studies.

In t-DCS studies, DLPFC was targeted bilaterally, either
separately in two sessions the same day (Martinotti et al., 2018)
or together in the same session through the application of the
anode over the right DLPFC and the cathode over the left one
(Dickler et al., 2018; Martinotti et al., 2019; Soyata et al., 2019).
The choice of this stimulation protocol was based on previous
reports that these parameters were associated with a reduction
of spontaneous (Batista et al., 2015; Klauss et al., 2018) and cue-
induced craving (Fregni et al., 2008a,b; Boggio et al., 2010) and
impulsivity (Fecteau et al., 2007a,b; He et al., 2016; Shen et al.,
2016; Soff et al., 2017) in patients with SUD and attention deficit
hyperactivity disorder.

Stimulation parameters were also not consistent across
studies. Two rTMS studies, which used low frequency rTMS (i.e.,
inhibitory effect), reported no significant changes (Rosenberg
et al,, 2013; Sauvaget et al., 2018). Conversely, three studies used
high frequency rTMS (i.e., excitatory effect) and found significant
results (Gay et al., 2017; Cardullo et al., 2019; Pettorruso et al.,
2019a, 2020). A single rTMS study compared excitatory high
frequency rTMS over the mPFC to inhibitory continuous TBS
over the right DLPFC and found differential effects among the
two types of NIBS (Zack et al., 2016). Taken together these

findings would favor high frequency rTMS for future studies.
Studies varied also in terms of the duration of rTMS from a
single session to multiple days up to 8 weeks. The very short
follow-up periods, which were often limited to the time of rTMS
application, impede us from drawing any conclusion whether the
changes may outlast the treatment period.

Three out of the four reports on t-DCS used excitatory anodal
t-DCS over the right DLPFC and inhibitory cathodal t-DCS over
the left one, impeding any conclusion on whether the effects in
GD patients were due to excitation or inhibition of the DLPFC.

All studies reported no side effects, confirming the overall
safety of NIBS techniques when studies are conducted according
to the safety and application guidelines (Rossi et al., 2009; Rossini
etal, 2015; Woods et al., 2016; Antal et al., 2017).

Several limitations may have contributed to the
inconsistencies across the studies we reviewed. First, all
studies had small sample sizes ranging from single case reports
to 30-34 patients, with a large majority of men, hampering the
generalization of the findings to larger and gender-balanced
populations of patients (Ekhtiari et al., 2019; Luigjes et al,
2019). Second, the heterogeneity of the type of stimulation (i.e.,
excitatory, inhibitory) and duration of stimulation sessions
impede any conclusions on the optimal stimulation parameters.
Third, targeted brain areas and site varied across studies, with
most of them focusing on the DLPFC, despite the inconsistencies
on the stimulated side, because of its fundamental role on
the cognitive control circuit. This target was probably chosen
because of the data from SUD patients (Ekhtiari et al., 2019),
and the similarities between SUD, behavioral addiction, and
GD. Indeed, these conditions share common behavioral
(e.g., impulsivity), neurophysiological, and brain structural
and functional changes involving bilateral insula, amygdala,
hippocampi, parahippocampal gyri, prefrontal cortex, and
anterior cingulate cortex, but they also show some differences,
especially in striatal connectivity (Gomis-Vicent et al.,, 2019).
Moreover, studies on the neurobiology of addictive disorders
indicate that the reward-related circuitry is much broader,
including several other areas, such as the mPFC (Steele and
Lawrie, 2004), which was targeted only in one study (Zack
et al.,, 2016) and other subcortical areas that can be reached only
with H-shaped coils (Rossi et al.,, 2009) that was not used in
the reports we reviewed. Future studies on GD and behavioral
addictions should consider the similarities and the differences
between gambling and SUDs, exploring the role of NIBS on other
brain areas, including the deeper ones (Spagnolo and Goldman,
2017; Gomis-Vicent et al., 2019). Fourth, another critical issue is
the standardization of a panel of GD clinical outcomes together
with surrogate measures that represent biomarker of changes
related to NIBS. Fifth, most of the studies focused on short-term
outcomes (i.e., immediate craving reduction), without adequate
follow-up sessions to evaluate the persistence of changes induced
by NIBS over time. Sixth, the study design may have influenced
the findings. Five of the 11 studies we included were open-label
ones, or case reports/series, and their conclusions should be
taken with caution because of the risk of placebo effect and
overstatement of the findings. Two studies used a parallel design
that might have led to an increased probability of the occurrence
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of unblinding (Ekhtiari et al., 2019). Only three of them used a
cross-over design (Zack et al., 2016; Dickler et al., 2018; Sauvaget
et al,, 2018) that may not be free from carry-over effects (Fregni
et al., 2007; Hallett, 2007). Consensus among experts is needed
to define the most appropriate study design for future studies on
NIBS in GD.

CONCLUSIONS AND FUTURE
DIRECTIONS

Despite the limited amount of information on the role of NIBS
that prevented us to draw any conclusion on its efficacy for
the treatment of GD and problem gambling, our systematic
review highlighted preliminary encouraging results and provided
important directions for future studies. The finding that only
few studies were available on this topic, to date, in our opinion
represents an interesting starting point for future research.

The studies we reviewed suggest the potential of high
frequency rTMS over the DLPFC, and excitatory anodal t-DCS
over the right DLPFC together with inhibitory cathodal t-DCS
over the left one for GD, but these pieces of evidence should
be considered still preliminary. Further larger studies should
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