Drug and Alcohol Dependence Reports 4 (2022) 100076

Contents lists available at ScienceDirect

Drug and Alcohol Dependence Reports

journal homepage: www.elsevier.com/locate/dadr

Non-invasive neuromodulation of dorsolateral prefrontal cortex to reduce )

Check for

craving in alcohol use disorder: A meta-analysis it

Maryam Sorkhou %9, Nicolette Stogios®¢, Negar Sayrafizadeh *»“9, Margaret K. Hahn®"%¢,
Sri Mahavir Agarwal >>%¢, Tony P. George *>%%*

a Institute of Medical Sciences (IMS), University of Toronto, Canada

b Department of Psychiatry, University of Toronto, Canada

¢ Temerty Faculty of Medicine, University of Toronto, Canada

d Centre for Complex Interventions (CCI), Centre for Addiction and Mental Health (CAMH), Canada
¢ Schizophrenia Division, Centre for Addiction and Mental Health (CAMH), Canada

ARTICLE INFO ABSTRACT

Keywords:

Repetitive transcranial magnetic stimulation
Transcranial direct current stimulation
Alcohol craving

Alcohol use disorder

Neuromodulation

Introduction: While several pharmacological and behavioral treatments are available for alcohol use disorder
(AUD), they may not be effective for all patients. The aim of this systematic review and meta-analysis was to
evaluate the efficacy and safety of rTMS and tDCS for craving in AUD.

Methods: EMBASE, Cochrane Library, PsycINFO, and PubMed databases were searched for original, peer-reviewed
research articles in the English language published between January 2000 and January 2022. Randomized con-
trolled trials (RCTs) reporting changes in alcohol craving among patients with AUD were selected. Random-effects
meta-analysis was employed to pool data.

Results: Changes in alcohol craving were extracted from 15 RCTs. Six studies assessed the efficacy of rTMS while
nine studies examined tDCS. Results demonstrated that in comparison to sham stimulation, active rTMS to the
DLPFC yields small but significant reductions in alcohol craving (standardized mean difference [SMD] = -0.27,
p = .03). However, DLPFC stimulation via tDCS was not superior to sham stimulation in producing changes in
alcohol craving (SMD = -0.08, p = .59).

Conclusions: Our meta-analysis suggests that r-TMS may be superior to tDCS in reducing alcohol craving in patients
with AUD. However, additional research is needed to identify optimal stimulation parameters for both non-

invasive neuromodulatory techniques in AUD.

1. Introduction

From 1990 to 2017, global alcohol consumption increased 70%
(Manthey et al., 2019). Alcohol use is one of the leading causes of pre-
ventable deaths worldwide, contributing to over 3 million deaths annu-
ally (World Health Organization, 2019). Alcohol use disorder (AUD) is
a chronic, relapsing disorder characterized by problematic alcohol use
that heightens the risk of developing cardiovascular diseases, and over
200 other medical conditions including cancers of the hepatic, digestive,
and cardiovascular systems (Iranpour and Nakhaee, 2019).

There have been significant advances in our understanding of neu-
ral mechanisms underlying AUD (Koob, 2016). However, treatment
options for this disorder are limited to behavioral and pharmacologi-
cal approaches, which are moderately effective, as approximately 50%
of patients undergoing these treatments relapse within their first year
(Oudejans et al., 2012). Craving, which refers to the intense desire or
urge to use a given substance, is an important clinical feature of AUD.

Reducing alcohol craving has been proposed as a meaningful goal in
treatment, since it is a strong proximate predictor for relapse and is
a major contributor to the maintenance of AUD (Pombo et al., 2016;
Tiffany and Wray, 2012).

Preclinical and clinical studies have linked AUD with abnormal func-
tioning of dopaminergic tracts of the mesocorticolimbic pathway, which
includes the ventral tegmental area (VTA), striatum, nucleus accumbens
(NAcc), and prefrontal cortex (Wilson, 2015). Indeed, studies employ-
ing positron emission tomography (PET) report decreased ventral stri-
atal D, receptor binding and reduced dopamine release in patients with
AUD. Further, the downregulation of these receptors correlate with life-
time alcohol use as well as relapse risk (Heinz et al., 2009). Besides the
dopamine deficiency hypothesis, AUD is also characterized by structural
and functional alterations within prefrontal regions, including the dor-
solateral prefrontal cortex (DLPFC). The DLPFC governs higher-order
cognitive functions that modulate goal-directed and self-regulation be-
haviors (Koob, 2016). In patients with AUD, reduced DLPFC function-
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ing correlates with impaired performance on cognitive tasks, including
tests evaluating inhibitory control and reinforcement learning (Li et al.,
2009; Park et al., 2010). Furthermore, other research has indicated that
disrupted functional coupling between the DLPFC and ventral striatum
predicts levels of alcohol craving and impairments in decision-making
among patients with AUD (Park et al., 2010).

Subsequently, enhancing DLPFC activity may reduce alcohol craving
through two neural mechanisms. First, increased DLPFC activity leads to
increased dopamine release in mesolimbic structures, including the cau-
date nucleus (Strafella et al., 2001), which may remediate the dopamine
dysfunction present in AUD. Rodent models of AUD have demonstrated
that enhanced dopamine availability in limbic structures leads to re-
duced alcohol consumption and craving (Solanki et al., 2020). Sec-
ond, the DLPFC has been strongly implicated in inhibitory control of
drug-seeking behaviors. Thus, it is possible that stimulation of this re-
gion can lead to improved executive functioning and a reduced risk of
cue-induced relapse. In practice, these outcomes may be achieved with
novel non-invasive neuromodulation, including repetitive transcranial
magnetic stimulation (rTMS) and transcranial direct cranial stimulation
(tDCS).

Repetitive transcranial magnetic stimulation (rTMS) is a non-
invasive neuromodulatory technique that can stimulate or inhibit shal-
low brain regions [~2 cm into cortex; (Barr, 2014)] by projecting a
fluctuating magnetic field onto the scalp through a copper wire coil
(Lefaucheur et al., 2020). Generally, low frequency (<5 Hz) stimulation
will inhibit neuronal activity, while high frequency (> 5 Hz) stimulation
will facilitate neuronal activity (Pascual-Leone et al., 1998; Speer et al.,
2000). Transcranial direct current stimulation (tDCS) is an additional
non-invasive neuromodulatory technique that places oppositely charged
electrodes (i.e., anode and cathode) on the scalp to deliver a weak, direct
electrical current to specific brain regions. Anodal stimulation enhances
cortical excitability, while cathodal stimulation produces an opposite
effect (Jacobson et al., 2012). Both brain stimulation techniques have
been used to treat a variety of neurological and psychiatric illnesses
(Berlim et al., 2013; Nitsche et al., 2009), including substance use dis-
orders (Coles et al., 2018). The therapeutic effects of excitatory DLPFC
stimulation using rTMS or tDCS also support the dopaminergic defi-
ciency hypothesis, as increased dopamine release in limbic structures
have been obtained post-stimulation of the DLPFC (Fonteneau et al.,
2018; Strafella et al., 2001). However, the few studies investigating
DLPFC stimulation via rTMS or tDCS on craving in AUD have yielded in-
consistent findings (Jansen et al., 2019; Wietschorke et al., 2016), which
may be attributed to heterogeneity in methodology. We have identified
two recent meta-analyses investigating the effects of rTMS on craving
in substance use disorders, including tobacco, alcohol, and illicit sub-
stances (Maiti et al., 2017; Zhang et al., 2019). However, both reviews
did not examine each substance independently, and could not conclude
whether rTMS was effective for reducing alcohol craving in AUD. More
recently, Mostafavi et al. (2020) conducted a meta-analysis examining
changes in alcohol craving for both rTMS and tDCS. However, opti-
mal stimulation parameters were not explored via subgroup analyses
or meta-regressions, and there was heterogeneity in the brain region ex-
plored. Further, none of the aforementioned meta-analyses analyzed the
safety and tolerability of these modalities. In light of these findings, we
conducted a systematic review and meta-analysis investigating the ef-
fects of non-invasive neuromodulation targeting the DLPFC on craving
in AUD to integrate the evidence and to determine if certain parameters
are associated with stronger effects on craving. We further analyzed the
safety and tolerability of these methods.

2. Methods
2.1. Search strategy

The study was submitted to the PROSPERO international database
of prospectively registered systematic reviews in July 2021 (PROS-
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PERO number: CRD42021257664). Using EMBASE, Cochrane Library,
PsycINFO, and PubMed databases, original, peer-reviewed research ar-
ticles were searched for based on the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Fig. 1)
(Moher et al., 2009). Articles available online in the English language
between 2000 through January 2022 were considered. Details of the
search string can be found in Supplementary Table 1.

2.2. Inclusion and exclusion criteria

Using the PICOS framework (Schardt et al., 2007), the populations,
interventions, comparisons, outcomes, and study designs of interest
were defined a priori. Studies were included in this review if they sat-
isfied the following criteria—population (P): studies recruiting partici-
pants with alcohol use disorder or alcohol dependence; intervention (I):
intervention employing either tDCS or rTMS on the DLPFC; comparison
(C): studies including either sham rTMS, sham tDCS, or a control group
receiving no intervention; and outcomes (O): studies investigating alco-
hol craving as either the primary or secondary outcome via a validated
or objective measurement tool (e.g., scores from the Obsessive Compul-
sive Drinking Scale [OCDS]); and study design (S): studies employing
either a parallel (between-subject) or cross-over (within-subject) ran-
domized controlled trial (RCT).

The exclusion criteria for this review are as follows; (1) studies re-
cruiting participants without alcohol use disorder (e.g., heavy drinkers);
(2) other literature reviews, meta-analyses, dissertations, abstracts, con-
ference presentations, and case studies; (3) studies lacking a well-
defined control group and (4) studies employing tDCS or rTMS to brain
regions other than the DLPFC.

2.3. Selection of articles

Two authors (M.S. and N.Sto.) independently screened each ex-
tracted title and abstract to determine eligibility for full-text review. The
full-text of the screened studies were subsequently reviewed by three
authors (M.S., N.Sto., and N.Say.). Any disagreements were resolved by
consensus and discussion between all authors.

2.4. Data extraction

For each included study, two of the authors (M.S and N.Sto), ex-
tracted author information, sample characteristics, study design, stim-
ulation parameters, and outcome variables. The primary outcome in
the present study was defined as the relative changes in alcohol crav-
ing scores post-stimulation. Secondary outcomes included participant
attrition and the presence or absence of adverse events associated with
rTMS and tDCS, including headaches, irritation at stimulation site (e.g.,
burning, pain, itching, or numbness), fatigue, difficulty concentrating,
insomnia, and nausea. Corresponding authors were contacted if data
could not be extracted in a usable form from the original publication.

2.5. Risk of Bias

The Cochrane Risk-of-Bias Tool (RoB-2) assessed the quality of in-
cluded RCTs (Corbett et al., 2014). Low risk of bias resulted if at least
five of the individual domains were considered of low risk and no do-
main indicated a high risk of bias. Moderate risk of bias results if 2-3
individual domains are considered of moderate concern, or one domain
was considered high risk. Finally, high risk of bias resulted if at least four
domains were considered of moderate risk or if two or more individual
domains were considered of high risk.

2.6. Data analysis

Quantitative data were pooled using Review Manager 5.3. A random-
effects model was implemented, consistent with the underlying assump-
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Fig. 1. PRISMA flow diagram.

tion of variability across individual study samples. We utilized stan-
dardized mean difference (SMD; Hedge’s g) with 95% confidence in-
tervals (CI's) to calculate the effect size of changes in alcohol crav-
ing due to non-invasive neuromodulation of the DLPFC (p < .05, two-
tailed). Our models combined data from studies reporting end-point al-
cohol craving scores and changes in alcohol craving from pre- to post-
stimulation. The effect size of dichotomous variables, including reports
of adverse events and dropout rates, were summarized by odds ratios
(OR). Subgroup analyses were conducted to evaluate the effects of dif-
ferent stimulation parameters (e.g., stimulation intensity, number of
sessions, and brain laterality) against sham stimulation for both rTMS
and tDCS. Heterogeneity was estimated using the I? statistic, where an
12 of <40% was considered low heterogeneity, 40-60% moderate het-
erogeneity, and >60% high heterogeneity (Fletcher, 2007). Publication

bias was assessed by visual inspection of the funnel plot generated in
RevMan.

Exploratory meta-regression models were performed using STATA
16 (Statistics/Data Analysis http://www.stata.com) to determine the as-
sociation between rTMS stimulation paramters such as motor threshold
(MT%) and number of pulses with alcohol craving scores.

3. Results
3.1. Included study characteristics and quality assessment

After removing 280 duplicates, 279 titles and abstracts were re-
viewed (Fig. 1; PRISMA Diagram). From preliminary examination of
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titles and abstracts, 55 relevant articles were identified for full-text
screening. Of these, 17 studies met inclusion criteria for this review.
Across subjects, 488 were randomized to either active rTMS or tDCS,
and 467 were randomized to the respective sham group. Eight of the
included RCTs utilized rTMS (Addolorato et al., 2017; Del Felice et al.,
2016; Herremans et al., 2012, 2013; Hoppner et al., 2011; Jansen et al.,
2019; Mishra et al., 2010; Raikwar et al., 2020), while nine studies em-
ployed tDCS (Boggio et al., 2008; da Silva et al., 2013; den Uyl et al.,
2018, 2017; Holla et al., 2020; Klauss et al., 2018, 2014; Nakamura-
Palacios et al., 2012; Wietschorke et al., 2016).

Three studies employed a cross-over design (Boggio et al., 2008;
Herremans et al., 2013; Nakamura-Palacios et al., 2012), and stud-
ies significantly varied in length of intervention and follow-up period
(Table 1). Total number of sessions ranged from 1 to 12. Although every
study utilised a self-report questionnaire or scale to ascertain subjects’
alcohol craving levels, there was considerable heterogeneity in the ex-
act instrument employed. Questionnaires and scales assessing alcohol
craving included the Obsessive-Compulsive Drinking Scale (OCDS), the
Alcohol Urge Questionnaire (AUQ), Visual Analogue Scale (VAS), Penn
Alcohol Craving Scale (PACS), and the Alcohol Craving Questionnaire
(ACQ).

Two of the eight trials administering rTMS were excluded from quan-
titative analyses due to unreported data and are discussed qualitatively
(Del Felice et al., 2016; Hoppner et al., 2011). Similarly, one rTMS study
(Del Felice et al., 2016) and four tDCS studies (den Uyl et al., 2018,
2017; Nakamura-Palacios et al., 2016; Wietschorke et al., 2016) were
not included in the meta-analysis assessing adverse events. Finally, two
rTMS studies (Jansen et al., 2019; Raikwar et al., 2020) and two tDCS
studies (Boggio et al., 2008; Nakamura-Palacios et al., 2012) were ex-
cluded from the quantitative analyses examining attrition due to un-
available information.

A summary of the risk of bias assessments are reported in Supple-
mentary Fig. 1. Overall, eight RCTs were deemed low risk of bias, seven
demonstrated moderate risk of bias, and two trials indicated high risk
of bias. Upon visual inspection of the funnel plot for alcohol craving, no
substantial publication bias was identified (Supplementary Fig. 2).

3.2. rTMS study characteristics

The eight included rTMS studies varied substantially in stimulation
protocols utilized. Three of the RCTs employed a single-session protocol
(Herremans et al., 2012, 2013; Jansen et al., 2019), while the number of
sessions across prospective trials ranged from 10 to 12 (mean = 10.67).
One study stimulated the DLPFC bilaterally (Addolorato et al., 2017),
three studies stimulated the left DLPFC (Del Felice et al.,, 2016;
Hoppner et al., 2011; Raikwar et al., 2020), and four studies stimulated
the right DLPFC (Herremans et al., 2012, 2013; Jansen et al., 2019;
Mishra et al., 2010). High-frequency (>5) rTMS was employed in all
studies, with three studies administering 20 Hz (Herremans et al., 2012,
2013; Hoppner et al., 2011), while the remaining trials deployed 10 Hz
of rTMS (Addolorato et al., 2017; Del Felice et al., 2016; Jansen et al.,
2019; Mishra et al., 2010; Raikwar et al., 2020).

3.3. tDCS study characteristics

Nine studies employing tDCS were eligible, including two, random-
ized, single-blind, controlled, trials (Klauss et al., 2014; Nakamura-
Palacios et al., 2012) and seven double-blind, randomized, controlled
trials (Boggio et al., 2008; da Silva et al., 2013; den Uyl et al., 2018,
2017; Holla et al., 2020; Klauss et al., 2018; Wietschorke et al., 2016).
The DLPFC was bilaterally stimulated in five studies (Boggio et al., 2008;
Holla et al., 2020; Klauss et al., 2018, 2014; Wietschorke et al., 2016),
while four studies targeted the left DLPFC (da Silva et al., 2013; den Uyl
et al., 2018, 2017; Nakamura-Palacios et al., 2012) using anodal left
electrode stimulation. Intensity of tDCS ranged from 1 to 2 mA, while
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active sessions and follow-up periods ranged from 1 to 10 sessions and
3-12 months, respectively.

3.4. Meta-Analysis of included trials

3.4.1. Effects of rTMS on alcohol craving

A total of six trials were combined in a meta-analysis to determine
the effects of DLPFC stimulation via rTMS on alcohol craving (polled
n = 278; Fig. 2). The meta-analysis revealed that, in comparison to
sham stimulation, active rTMS yields small but significant reductions
in craving among individuals with AUD (SMD = —-0.27, 95% CI: —0.51
to —0.03, p = .03, I> = 0%). Since only one of the six included tri-
als bilaterally stimulated the DLPFC, we were unable to quantitatively
evaluate the standardized mean difference for this parameter. However,
the subgroup analysis for unilateral DLPFC stimulation yielded a signif-
icant mean effect size (SMD = —-0.30, 95% CI: —0.54 to —0.05, p = .02,
12 = 0%) (Table 2). Concerning stimulation intensity, our subgroup
analysis did not reveal a significant standardized mean difference for
studies utilizing 10 Hz of stimulation (SMD = —0.26, 95% CIL: —0.55
to 0.03, p=.08, 12 = 0%) or 20 Hz of stimulation (SMD = —0.28, 95%
CL: -0.70 to 0.14, p = .29, I2 = 0%) against sham controls. Similarly,
the subgroup analysis for number of sessions did not reveal any signif-
icant differences between single session (SMD = —0.30, 95% CI: —0.61
t0 0.01, p = .06, I? = 0%) or multi-session rTMS (SMD = —0.23, 95% CI:
—0.60 to 0.15, p = .24, I = 0%) against sham.

An additional two rTMS trials were identified; however, data were
unextractable and, therefore, could not be included in the meta-
analysis. One study obtained significant reductions in craving post-
stimulation (Hoppner et al.,, 2011), while a separate group obtained
null findings (Del Felice et al., 2016). After stimulating the left
DLPFC for ten consecutive days using high-frequency (20 Hz) rTMS,
Hoppner et al. (2011) found that in comparison to the sham group, pa-
tients receiving active rTMS reported a decrease in alcohol craving, in
addition to improvements in cognition and depressive symptoms. In
contrast, Del Felice et al. (2016) failed to find significant effects of rTMS
on alcohol craving after administering four sessions over a two-week
period. However, other clinical benefits emerged post-treatment, where
only individuals receiving active stimulation significantly improved per-
formance on an inhibitory control task and reported a reduction in de-
pressive symptoms.

Meta-regression: Random effects meta-regression models for motor
threshold (%) and number of pulses for rTMS revealed no significant
association between these variables and alcohol craving scores (Supple-
mentary Figs. 3 and 4). These are preliminary findings that must be
interpreted cautiously given the limited number of studies included in
the analysis (n = 6).

3.4.2. Effects of tDCS on alcohol craving

Ten comparisons from nine studies were included for the meta-
analysis evaluating the effects of tDCS on alcohol craving (n = 360).
One tDCS publication contained two active groups with differing an-
odal and cathodal placements; these two groups were reported indepen-
dently in the comparison according to target site (Boggio et al., 2008).
Compared to sham stimulation, there was no significant effect of ac-
tive tDCS on alcohol craving (SMD = -0.08, 95% CI: —0.35 to 0.20,
p =.59, I> = 39%). However, the subgroup analysis revealed a sig-
nificant standardized mean difference for bilateral DLPFC stimulation
(SMD = —0.35, 95% CI: —0.65 to —0.06, p = .02, I> = 0%) but not for
unilateral DLPFC stimulation (SMD = —0.35, 95% CI: —0.68 to 0.39,
p = .60, I = 63%) (Table 2). For number of sessions, the results of the
subgroup analysis were nonsignificant for trials utilizing either a single-
session (SMD = —0.38, 95% CI: —0.81 to 0.06, p = .09, 12 = 0%) or multi-
session (SMD = —0.17,=8 95% CI: —0.52 to 0.16, p = .29, I? = 45%)
design. A subgroup analysis on stimulation intensity did not reveal any
significant effects for active stimulation with 2 mA (SMD = -0.12, 95%
CI: —0.43 to 0.20, p = .48, 12 = 44%). There was only one included study



Table 1

Characteristics of included studies.

(Author, Year) Sample Study Design tDCS or rTMS Features Brain Target Total Sessions Alcohol Craving  Alcohol Craving Results
Outcome
rTMS
Addolorato et al. (2017) 14 AUD patients, aged 39 4-week, randomized, parallel groups, Deep r'TMS and sham, H-coil, 10 Hz, 1000  Bilateral DLPFC 12 (3/week) = OCDS Craving did not significantly change from pre-rTMS to
—64 (85.71% men) sham-controlled, double-blind, pilot study pulses, 100% MT post-rTMS in either the active or sham group
Del Felice et al. (2016) 17 AUD patients, aged 18 =  2-week, randomized, parallel groups, High-frequency rTMS and sham, figure-8 Left DLPFC 4 (2/week) VAS Craving did not significantly change from pre-rTMS to
65 (76.47% men) sham-controlled, double blind, study coil, 10 Hz, 1000 pulses, 100% MT post-rTMS in either the active or sham group
Herremans et al. (2012) 31 AUD detoxified One randomized single-blind, parallel groups, High frequency rTMS and sham, figure-8 Right DLPFC 1 OCDS Craving did not significantly change from pre-rTMS to
inpatients, aged 18-65 sham-controlled, study with a 3-day follow-up coil, 20 Hz, 1560 pulses, 110% MT post-rTMS in either the active or sham group
(67.74% men)
Herremans et al. (2013) 29 detoxified AUD patients, One randomized, single blind, sham High frequency rTMS and sham, figure-8 Right DLPFC 1 0OCDS Craving did not significantly change from pre-rTMS to
aged 18-65 (65.51% men) (placebo)-controlled, crossover study with a  coil, 20 hz, 1560 pulses, 110% MT post-rTMS in either the active or sham group
7-day follow-up
Hoéppner et al. (2011) 19 female detoxified AUD 10-day, randomized single-blind, parallel High frequency rTMS and sham, figure-8 Left DLPFC 10 (daily 0OCDS Craving significantly decreased from pre- to post-intervention
patients, aged 18 - 65 (0%  groups, sham-controlled, study coil, 20 Hz, 1000 pulses, 90% MT sessions) in both the active and sham group
men)
Jansen et al. (2019) 39 recently detoxed AUD One randomized single-blind, parallel groups, High-frequency rTMS and sham, figure-8 Right DLPFC 1 AUQ Craving did not significantly change from pre-rTMS to
patients, aged 18 - 65 sham-controlled, study coil, 10 Hz, 1000 pulses, 110% MT post-rTMS in either the active or sham group
(66.67% men)
Mishra et al. (2010) 45 male AUD patients, aged  10-day, randomized, parallel groups, Active and sham rTMS, figure-8 coil, Right DLPFC 10 sessions ACQ In comparison to sham, active rTMS led to significant
18-60 (100% men) single-blind, shame-controlled, study witha 10 Hz, 1000 pulses, 110% MT (daily) decreases in alcohol craving post-intervention
1-month follow-up
Raikwar et al. (2020) 60 male AUD inpatients, 10-day,single-blind, randomoized, Active and sham rTMS, figure-8 coil, Left DLPFC 10 (daily ACQ Craving did not significantly change from pre-rTMS to
aged 25 — 56 (100% men) sham-controlled, parallel groups, study with a 10 Hz, 800 pulses, 120% MT sessions) post-rTMS in either the active or sham group
14-day follow-up
tDCS
Boggio et al. (2008) 13 AUD patients, aged 30 —  Single-session, randomized, sham-controlled  Anodal left/cathodal right, cathodal left/ ~ Bilateral DLPFC 1 AUQ In comparison to sham stimulation, stimulation in either
55 (84.61% men) double blind, crossover study anodal right, and sham tDCS, 2 mA, 20mins anodal left/cathodal right or anodal right/cathodal decreased
alcohol craving upon exposure to alcohol cues
Da Silva et al. (2013) 13 AUD patients, aged 5-week, randomized, parallel groups, Anodal left and sham tDCS, 2 mA, 20mins  Left DLPFC 5 (1/week) OCDS Craving significantly decreased from pre- to post-intervention
18-75 (100% men) sham-controlled double-blind study only in the active tDCS group
den Uyl et al. (2017) 91 AUD inpatients, aged 1-week, double-blind, sham-controlled, Anodal left tDCS and sham, 2 mA, 20mins  Left DLPFC 4 (4/week) PACS Participants in all three groups demonstrated a significant
18-65 (67.03% men) parallel groups (active rTMS and cognitive reduction in alcohol craving from pre- to post-intervention
bias modification (CBM) vs. sham rTMS and
CBM vs. active rTMS), study with a 3- and
12-month follow-up
den Uyl et al. (2018) 83 AUD inpatients, aged 2-by-2 double-blind factorial design (control ~ Anodal left tDCS and sham, 2 mA, 20mins  Left DLPFC 4 (4/week) PACS Participants in all four groups demonstrated a significant
18-65 (72.29% men) vs. real Attentional Bias Modification (ABM) reduction in alcohol craving from pre- to post-intervention
and sham vs. active tDCS) parallel groups
study with a 12-month follow-up
Holla et al. (2020) 24 male AUD patients, aged  5-day, randomized, sham-controlled, parallel ~Left cathodal/right anodal and sham tDCS, Bilateral DLPFC 5 (daily ACQ There was no significant effect of active or sham tDCS in
18 - 65 (100% men) groups study with follow-ups at Day 7, 14, 2 mA, 35cm> 20mins sessions) reducing craving from pre- to post-intervention or at follow-up
30, 60, and 90 post-intervention
Klauss et al. (2014) 33 AUD patients, aged 1-week, parallel groups, randomized, Left cathodal/right anodal and sham tDCS, Bilateral DLPFC 5 (daily 0OCDS Craving did not significantly change from pre-tDCS to
18-75 (96.96% men) sham-controlled, single-blinded study with 2 mA, 35cm? 13mins sessions) post-tDCS in either the active or sham group
4-weekly and 5-monthly follow-ups
Klauss et al. (2018) 45 AUD patients, aged 18 -  20-day, parallel groups, randomized, Left cathodal/right anodal and sham tDCS, Bilateral DLPFC 10 (1 0OCDS There was a significant decrease in alcohol craving
65 (82.2% men) double-blind, sham-controlled, clinical trial, 2 mA, 35cm?2. 20mins session/2 immediately after the intervention and at the one-week
with 3-weekly and a 3-month follow-up days) follow-up for both active and sham groups. However, the
decrease in alcohol craving was significantly greater in the
active tDCS group.
Nakamura-Palacios 49 AUD patients, aged 18 -  14-day, randomised, single-blind, Left anodal and sham tDCS, 1 mA, 35cm®>  Left DLPFC 2 (1/week) OCDSs Craving did not significantly change from pre-tDCS to
etal. (2012) 75 (91.50% men) sham-controlled, crossover 10mins post-tDCS in either the active or sham group
study
Wietschorke et al. (2016) 30 AUD patients, aged Randomized, double-blind, shame-controlled, Right anodal/left cathodal and sham tDCS, Bilateral DLPFC 1 VAS Only active tDCS led to a small, significant decrease in alcohol

18-65 (63.33% men)

parallel-group, single-session study

2 mA, 35cm? 20mins

cravings from pre- to post- stimulation

List of Abbreviations: rTMS: repetitive transcranial magnetic stimulation, tDCS: transcranial direct current stimulation, AUD: alcohol use disorder, DLPFC: dorsolateral prefrontal cortex, ABM: attentional bias
modification, CBM: cognitive bias modification, OCDS: Obsessive-Compulsive Drinking Scale, AUQ: Alcohol Urge Questionnaire, VAS: Visual Analogue Scale, PACS: Penn Alcohol Craving Scale, and ACQ: Alcohol

Craving Questionnaire.
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Experimental Sham Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Repetitive Transcranial Magnetic Stimulation (rTMS)
Addolorato etal 2017 224 175 5 159 11.2 6 2.0% 0.41 [-0.79,1.62) B B —
Herremans etal 2012 433 372 15 5 339 16 54% -0.18 [-0.89, 0.52] I
Herremans etal 2013 862 7.9 29 1155 0944 29 8.8% -0.33[-0.85,0.19] T
Jansenetal 2018 271 3m 35 418 568 38 10.4% -0.32[-0.78,0.15] T
Mishra etal 2010 48.46 10.21 30 5266 6.33 15 6.5% -0.45[-1.08,0.18] =t
Raikwar et al 2020 92.03 6625 30 933 6342 30 91% -0.19 [-0.70,0.31] ==
Subtotal (95% CI) 144 134 42.2% -0.27 [-0.51, -0.03] 2
Heterogeneity: Tau®= 0.00; Chi®=1.80, df= 5 (P = 0.88); F=0%
Test for overall effect: Z=2.20 (P = 0.03)
1.1.2 Transcranial Direct Current Stimulation (tDCS)
Boggio et al 2008 - Left AnodaliRight Cathodal 387 149 13 325 158 13 45% 0.39[-0.39,1.17) e
Boggio et al 2008 - Right AnodaliLeft Cathodal 40 13 13 325 158 13 45% 0.50 [-0.28,1.28] T
Da Silvaetal 2014 -8 46 6 -09 23 7 16% -1.87 [-3.26,-0.48)
den Uyl etal 2017 56 547 30 44 547 30 9.1% 0.22[-0.29,0.72) T
den Uyl etal 2018 27 357 20 33 375 22 6.9% -0.16 [-0.77, 0.45] T
Holla et al 2020 28 09 M 29 08 10 3.8% -0.11 [-0.97,0.74] I
Klauss etal 2014 2.8 31 16 33 31 17 57% -0.16 [-0.84, 0.53] I
Klauss etal 2018 -396 468 23 -1.36 415 22 71% -0.58 [11.17,0.02) —
Nakamura-Palacios etal 2012 673 511 33 613 444 31 85% 0.12[-0.37, 0.61] ==
Wietschorke et al 2016 -12.86 2916 15 -6.895 12.66 15  52% -0.26 [-0.98, 0.46) s
Subtotal (95% Cl) 180 180 57.8% -0.08 [-0.35, 0.20] L 2
Heterogeneity: Tau*= 0.08; Chi*=14.82, df=8 (P =0.10); F= 39%
Test for overall effect: Z= 0.54 (P = 0.59)
Total (95% Cl) 324 314 100.0% -0.15[-0.32, 0.03]

Heterogeneity: Tau*= 0.02; Chi*=18.39, df=15 (P = 0.24), F=18%
Testfor overall effect Z=1.61 (P=0.11)
Test for subaroun differences: Chi*=1.05, df=1 (P =0.31), F= 4.9%

L L L
t 1 1

4 2 2 1
Favours [experimental] Favours [sham]

P

Fig. 2. Changes in alcohol craving in repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS): results of the

meta-analysis.

Table 2

Changes in alcohol craving in repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current

stimulation (tDCS): Results of the subgroup analyses .

Stimulation Parameter n SMD (95% CI) 2 p-value*
rTMS Stimulation Intensity

10 Hz 4 —-0.26 (-0.55 - 0.03) 0% .08
20 Hz 2 —-0.28 (-0.70 - 0.14) 0% .29
rTMS Number of Sessions

Single Session 3 —0.30 (-0.61 - 0.01) 0% .06
Multiple Sessions 3 —0.23 (-0.60 - 0.15) 0% .24
rTMS Laterality of Stimulation

Unilateral —0.30 (0.54 - —0.05) 0% .02
Bilateral 1 - - -
tDCS Stimulation Intensity

1 mA 1 - - -
2 mA —0.12 (-0.43 - 0.20) 44% .48
tDCS Number of Sessions

Single Session 3 —0.38 (-0.91 - 0.06) 0% .09
Multiple Sessions 7 —0.18 (-0.52 - 0.16) 45% .29
tDCS Laterality of Stimulation

Unilateral 4 —-0.14 (-0.68 - 0.39) 63% .60
Bilateral 6 —0.35 (-0.65 - —0.02) 0% .02

*all analyses are comparing active against sham stimulation.

that utilized tDCS at 1 mA, so a meta-analysis could not be synthesized
for this intensity level.

3.5. Adverse events

Seven rTMS studies (n = 197) and five tDCS studies (n = 131) re-
ported on the presence or absence of adverse events following stimu-
lation (Fig. 3). Three studies administering rTMS (n = 103) and three
studies administering tDCS (n = 98) reported no adverse events in both
the sham and active groups. The frequency and types of adverse events
experienced in both the active and sham groups are reported in Table 3.
Overall, adverse events were not significantly more likely to be reported
by the active group in comparison to the sham group (OR = 1.50, 95%
CI: 0.43 to 2.52, p = .92). Subgroup analyses further revealed that indi-
viduals receiving either active rTMS or tDCS were not significantly more

likely at risk of experiencing adverse events than individuals receiving
sham stimulation (p = .06, I = 0% vs. p = .92, I? = 0%, respectively).

3.6. Attrition

We conducted analyses only on publications that explicitly reported
attrition for both the active and sham groups. Overall, risk of attrition
was not greater in the active group when comparing against the sham
group (OR = 1.01, CL 0.46 to 2.21, p = .97) (Fig. 4). Similar findings
were obtained when conducting subgroup analyses for rTMS (p = .95,
I2 = 0%) and tDCS (p = .97, I2 = 0%).

4. Discussion

This systematic review and meta-analysis included 17 randomized,
sham-controlled studies to examine the effects of rTMS or tDCS over
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Experimental Control

Study or Subgroup Events

Total Events Total Weight M-H, Random, 95% Cl
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1.2.1 Repetitive Transcranial Magnetic Stimulation (rTMS)

Raikwar et al 2020 5 30 1 30
Mishra etal 2010 5 30 1 15
Jansenetal 2019 0 35 o 38
Héppner et al 2011 0 10 0 9
Herremans etal 2013 1 29 0 29
Herremans etal 2012 0 15 0 16
Addolorato etal 2017 0 5 0 6
Subtotal (95% ClI) 154 143
Total events 11 2
Heterogeneity: Tau®= 0.00; Chi*=0.23, df=2 (P =0.89), F=0%

Test for overall effect: Z=1.86 (P = 0.06)

1.2.2 Transcranial Direct Current Stimulation (tDCS)

Klauss etal 2018 16 23 13 22
Holla etal 2020 0 11 0 10
Da Silva etal 2014 0 6 0 7
Boggio et al 2008 - Right AnodaliLeft Cathodal 4 13 4 13
Boggio et al 2008 - Left Anodal/Right Cathodal 2 13 4 13
Subtotal (95% CI) 66 65
Total events 22 21
Heterogeneity: Tau?= 0.00; Chi*=1.36, df=2 (P = 0.51); F=0%

Test for overall effect: Z=0.10 (P = 0.92)

Total (95% CI) 220 208

Total events 33 23
Heterogeneity: Tau®= 0.00; Chi*= 3.95, df=5 (P = 0.56); F=0%

Testfor overall effect: Z=1.07 (P = 0.28)

Test for subgroup differences: Chi*=2.34, df=1 (P=0.13), F=57.3%

Odds Ratio Odds Ratio
M-H, Random, 95% CI
11.4% 5.80[0.63, 53.01)
11.1% 2.80(0.30, 26.42)
Not estimahle
Not estimable
5.3% 3.11[0.12,79.43)
Not estimable
Not estimahle
27.8% 3.85[0.93, 15.88] ’—
36.9% 1.58 [0.46, 5.41] B —
Not estimahle
Not estimable
20.1% 1.00(0.19, 5.29) —
15.2% 0.41 [0.08, 2.77) e p—
72.2% 1.05 [0.43, 2.52] ~catiiilifpee
100.0% 1.50 [0.71, 3.17] B
0.01 0.1 10 100

Favours [experimental] Favours [control]

Fig. 3. Adverse Events in repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS): Results of the meta-analysis.

Table 3
Types and frequency of adverse events reported by participants.

Number of Participants per Non-Invasive Neuromodulation Technique

1TMS (N = 286)

tDCS (N = 428)

Type of Adverse Event Active (n = 143)

Sham (n = 143)

Active (n = 220) Sham (n = 208)

Headaches 10
Discomfort at Stimulation Side
Seizure

Heaviness of the Head

Tingling

Itchiness

Mood Changes

Total Number of Adverse Events

_ o OO0 oo~
NO OO+ KFEOO

2 1
4 1
0 0
0 0
16 13
0 1
0 1
22 17

the DLPFC on alcohol craving. We demonstrated that in comparison to
sham stimulation, participants receiving active rTMS reported signifi-
cantly greater reductions in alcohol craving. However, the random ef-
fect meta-analysis revealed no significant, overall tDCS effect on craving
in AUD. Nevertheless, we established that both non-invasive neuromod-
ulation techniques are safe, and we did not detect significant differences
in dropout rates between active and sham groups.

The observed effect size for rTMS was comparable or greater than
several pharmacological agents used to treat AUD (Blodgett et al., 2014;
Maisel et al., 2013). For example, a meta-analysis of 64 RCTs utilizing
pharmacotherapy for alcohol craving obtained a mean effect size of 0.14
(CL: 0.05-0.2) and 0.03 (CL: —0.04 - 0.1) for acamprosate and naltrex-
one, respectively (Maisel et al., 2013). Comparable effect sizes on crav-
ing have been obtained for baclofen (Rose and Jones, 2018) and topi-
ramate (Blodgett et al., 2014). Such findings suggest that rTMS may be
comparable to pharmacological treatments in reducing alcohol craving.
Nevertheless, the clinical utility of rTMS for reducing alcohol consump-
tion remains unclear, as few of the included studies investigated this
outcome and optimal stimulation parameters have yet to be established.

Our tDCS findings are consistent with a previous meta-analysis that
did not demonstrate active tDCS as superior to sham in producing
changes in alcohol craving (Mostafavi et al., 2020). Rather, we ob-
served a placebo effect in tDCS overall where individuals in both the

active and sham group significantly reduced craving post-intervention.
This may be attributed to a substantial number of the tDCS studies
included in the meta-analysis had incorporated additional treatment
options for sham and active groups, including behavioural therapies
and pharmacotherapy (Boggio et al., 2008; den Uyl et al., 2018, 2017;
Holla et al., 2020; Nakamura-Palacios et al., 2012). However, it is en-
couraging to note that bilateral stimulation of the DLPFC was associ-
ated with a significant reduction in alcohol craving in comparison to
sham treatment, with an effect size comparable to current pharmaco-
logical treatments (Blodgett et al., 2014; Rose and Jones, 2018). Fur-
thermore, tDCS is well-tolerated in AUD, as none of the studies re-
ported unexpected or serious adverse events. Therefore, tDCS should
still be considered as a potential treatment modality for alcohol crav-
ing, but further research is warranted to determine optimal stimulation
parameters.

While our results are promising, several limitations need to be con-
sidered. Due to the small number of included studies, we were unable
to conduct meaningful subgroup analyses and evaluate certain stimu-
lation parameters against one another (e.g., 10 Hz vs. 20 Hz), which
precluded us from investigating optimal stimulation parameters to treat
alcohol craving. Further, while we did obtain interesting results within
our subgroup analyses, including 10 Hz of rTMS and single-session of
r'TMS trending towards significance, our small sample size may have
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Experimental Control

Study or Subgroup Events

Odds Ratio
Total Events Total Weight M-H, Random, 95% CI
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Odds Ratio
M-H, Random, 95% CI

1.3.1 Repetitive Transcranial Magnetic Stimulation (rTMS)
Addolorato et al 2017 0 5 0 6

Del Felice etal 2016 2 12 1 11 9.3%
Herremans et al 2012 2 15 2 16 13.8%
Herremans etal 2013 B 46 7 46 441%
Hoppner et al 2011 0 10 0 9

Mishra etal 2010 1 30 I 15  57%
Subtotal (95% CI) 118 103 72.9%

Total events 11 10
Heterogeneity: Tau®= 0.00; Chi*=0.45, df=3 (P=093); F=0%
Test for overall effect: Z= 0.06 (P = 0.95)

1.3.2 Transcranial Direct Current Stimulation (tDCS)

Da Silva etal 2014 0 ] 0 7
den Uyl etal 2017 1 31 1 33 77%
den Uyl etal 2018 0 24 0 23
Holla etal 2020 1 12 2 12 9.4%
Klauss etal 2014 0 16 0 17
Klauss etal 2018 2 26 1 23 10.0%
Subtotal (95% CI) 115 115 27.1%

Total events 4 4
Heterogeneity: Tau®= 0.00; Chi*= 0.60, df=2 (P=0.74); F= 0%
Test for overall effect: Z=0.04 (P =0.97)

Total (95% CI) 233

Total events 15 14
Heterogeneity: Tau®= 0.00; Chi*=1.05, df=6 (P = 0.98), F= 0%
Test for overall effect: Z=0.03 (P = 0.97)

Test for subgroup differences: Chi*=0.00, df=1 (P=0.95), F=0%

218 100.0%

2.00([0.16, 25.75]

1.58 [0.06, 41.03]

1.03 [0.41, 2.57]

1.07[0.06,17.83]

1.83[0.16, 21.66]
0.97 [0.22, 4.35]

1.01 [0.46, 2.21]

Mot estimahle

1.08[0.13,8.80]
0.84[0.26, 2.71]
Not estimable

Mot estimahle

Not estimable
0.45[0.04,5.81]
Mot estimahle

il
0.01 01 10
Favours [experimental] Favours [control]

100

Fig. 4. Attrition in repetitive transcranial magnetic stimulation (+rTMS) and transcranial direct current stimulation (tDCS): Results of the meta-analysis.

been underpowered to detect true effects, and more studies are required
to ascertain the optimal stimulation parameters to treat craving in AUD.
Similarily, the exploratory meta-regression analyses for rTMS stimula-
tion paraterms were extremely preliminary as a minimum of 10 studies
is typically required in order to draw meaningful conclusions from the
resulting associations. An additional limitation involves the significant
methodological heterogeneity across studies, including trial duration,
stimulation intensity, and participant characteristics, may impact our
findings. For example, concomitant medication use was not adequately
addressed in the literature, despite past research demonstrating that
certain psychotropic medications can interact with non-invasive neu-
romodulation techniques (Brunoni et al., 2013; Hunter et al., 2019).
An additional concern is that the effects of tDCS and rTMS on craving
were assessed only through self-report questionnaires and visual ana-
logue scales, which are prone to socially desirable responding. Past re-
search has illustrated that self-report measures of alcohol consumption
lead to underreporting of use, and this effect may be stronger in heavy
drinkers as opposed to light or moderate drinkers (Taylor et al., 2007).
Subsequently, future research should corroborate self-report question-
naires with behavioral and psychophysiological measures of alcohol
craving, as these measures have been found to predict treatment out-
come (Drummond and Glautier, 1994). Moreover, the exact location of
DLPFC stimulation is ambiguous in several studies. Six of the included
trials relied upon a 5cm rule (Addolorato et al., 2017; Herremans et al.,
2012, 2013; Hoppner et al., 2011; Mishra et al., 2010; Raikwar et al.,
2020), which maintains that the DLPFC is positioned 5 cm anterior from
the abductor pollicis muscle (Pascual-Leone et al., 1996). However, this
method does not consider variability in head size or shape, leading to
inaccuracies in the localization of the DLPFC target point (Rusjan et al.,
2010). In contrast, only one publication utilised a tailored approach to
define the stimulation site for each individual via fMRI data obtained
at baseline (Jansen et al., 2019). Finally, we only focused on studies
stimulating the DLPFC, and trials targeting other brain regions were not
assessed. While the DLPFC plays a critical role in the maintenance of
a drug addiction (Koob, 2016), stimulating other brain regions, such as

the ventromedial prefrontal cortex, may produce significant therapeutic
effects (Ceccanti et al., 2015).

In conclusion, our meta-analysis demonstrated that rTMS produces
significant reductions in alcohol craving, with effect sizes comparable to
evidence-based pharmacotherapies. However, our understanding of the
most efficient stimulation parameters, treatment schedules, and brain
targets is limited for both non-invasive neuromodulatory techniques.
Thus, there is a need for further randomized, double-blind, sham con-
trolled trials with sufficient follow-up periods to determine the effi-
cacy of rTMS and tDCS for AUD. Additionally, future studies should
combine these techniques with neuroimaging to provide insights into
treatment-related neurobiological changes, which may elucidate physi-
ological mechanisms by which rTMS or tDCS improve alcohol craving.
These studies may provide novel neuroscience-based methods for im-
proving AUD outcomes.
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