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Background: Brain stimulation interventions are increasingly used to reduce craving and consumption in
individuals with drug addiction or excessive eating behavior. However, the efﬁcacy of these novel
treatments and whether effect sizes are affected by the length of the intervention has not been
comprehensively evaluated.
Objective: A meta-analytical approach was employed to evaluate the effectiveness of non-invasive
excitatory brain stimulation [transcranial Direct Current Stimulation (tDCS) and high-frequency repetitive Transcranial Magnetic Stimulation (rTMS)] targeted at dorsolateral prefrontal cortex (dlPFC) for
reducing craving and consumption levels in drug and eating addiction, including both single- and multisession protocols.
Methods: After a comprehensive literature search, 48 peer-reviewed studies (1095 participants in total)
were included in the current meta-analysis. We computed Hedge's g as a conservative measure for
evaluating effect sizes.
Results: Random effects analyses revealed a small effect of neuromodulation interventions on craving
and a medium effect on consumption, favoring active over sham stimulation. These effects did not differ
across the different populations investigated (alcohol, nicotine, illicit drugs, eating addictions) or by the
used technique (rTMS/tDCS, left/right hemisphere). Multi-session protocols showed a larger effect size
for reducing craving and consumption than single-session protocols, with a positive linear association
between the number of sessions or administered pulses and craving reduction, indicating a doseresponse effect.
Conclusions: Our results provide compelling evidence that novel non-invasive brain stimulation targeted
at dlPFC reduces craving and consumption levels (providing the ﬁrst meta-analytical evidence for the
latter effect in drug addiction), with larger effects in multi-session as compared to single-session
interventions.
© 2018 Elsevier Inc. All rights reserved.
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Substance use disorders, eating disorders and obesity are major
public health problems, which are costly and pervasive. According
to 2016 National Survey on Drug Use and Health [1], more than 20.1
million (7.4%) adolescents or adults in the United States experienced substance use disorder, while 37.9% of adults aged 20 years
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and over were deﬁned as obese (Health United States Report 2016;
[2]), with a cumulative lifetime risk of eating disorders characterized by excessive eating of 5.7% of the population (National Comorbidity Survey Replication 2001e2003; [3]). Novel treatment
approaches, such as neuromodulation approaches, are urgently
needed, as the efﬁcacy of currently available therapeutic interventions in preventing relapse in drug addiction is only 40e60%
[4], with similarly low success rates (~50%) in eating disorders [5].
The hallmark of drug addiction and excessive eating behavior is
the lack of ability to refrain from consumption (e.g. smoking,
drinking or eating); even when consumption is associated with
potentially negative consequences. Compulsive consumption is
generally preceded by craving, which has been deﬁned as an
“intensive desire or urge” to consume in drug addiction [6]. In drug
addiction, craving predicts the maintenance of drug seeking
behavior, as well as relapse after abstinence [7]. Reducing craving
has hence been proposed to be a meaningful goal for clinical
intervention studies [7]. Similar to drug craving, food craving is
deﬁned as an intense desire to consume a particular food that is
difﬁcult to resist [8]. Although still controversial, the existing evidence similarly points to food craving as a critical factor in the
maintenance of eating disorders and obesity [9], with craving
predicting body mass index and consumption of high caloric foods
such as sweets and high-fat food [10]. Both drug addiction and
disorders of excessive food intake are further characterized by a
break-down of inhibitory self-control, which aggravates the intense
urge to consume [11e13]. Because of these observed parallels between drug addiction and excessive eating behavior, the later has
increasingly been conceptualized as eating addiction [14e16],
which encompasses pathological binge eating as well as uncontrolled eating in individuals without a clinical diagnosis [16]. This
comparison has been further substantiated by ﬁndings implicating
common neural mechanisms between eating and drug addictions
[12,13,16].
The intensiﬁed urge to consume in drug addiction is thought to
have its neurobiological substrate both in an increased phasic (yet
reduced tonic) response of the dopaminergic reward system in the
presence of drugs or drug cues [17e21] and the decreased
engagement of prefrontal systems underlying inhibitory selfcontrol, such as the dorsolateral prefrontal cortex (dlPFC) [18,22].
Studies across different addicted populations have linked increased
activation levels in the dopaminergic reward system during drug
cue exposure to increased subjective craving [23,24]. In parallel, in
eating addiction, the sensitization of the dopaminergic reward
system has been linked to an increased drive for excessive intake of
food [12,13,16]. Aggravating the problem, this observed hyperreactivity of the reward system is potentiated by an reduced
engagement of prefrontal systems (including the dlPFC) during
attempts to self-regulate craving and inhibit consumption of drugs
[22,25,26] or food [12,13,16]. The primary role of the dlPFC is
thought to be the representation of contextual information when
faced with conﬂicting outcomes [27], hence fulﬁlling a crucial role
in the selection (and inhibition) of behavioral and cognitive responses in the face of different options [28e30]. Evidence further
suggests that the dlPFC is the apex of the frontal control hierarchy,
exerting inﬂuence on other frontal brain regions through its broad
efferent connections [30]. As such its recruitment may be necessary
for successful inhibition of a behavioral (consumption) or cognitive
(craving) response. In drug addiction, the dlPFC has been shown to
be hypo-active, speciﬁcally when attempting to inhibit behavioral
responses [26,31] or to cognitively self-regulate craving [26,32,33],
while it is hyperactivated when not attempting to self-regulate
craving during drug cue exposure [26]. In analogy to its role in
drug addiction, the dlPFC has also been implicated in the failure to
inhibit excessive food intake in eating disorders and obesity [12,13].
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Moreover, the attenuation of dlPFC activity by inhibitory forms of
rTMS led to overconsumption of high-caloric foods in healthy
weight individuals, providing evidence for its causal role in
reducing consumption [34,35].
Recent reviews of the neurobiological effects of the available
cognitive-behavioral and pharmacological treatments in drug
addiction have proposed that the dlPFC is an important neural
target of treatment, showing the potential for a (partial) normalization of its functions after treatment [26,32]. While the dlPFC is by
no means the only target for treatment and inhibitory control is not
the only mechanism impaired in drug and eating addictions (for in
depth reviews see Refs. [12,13,16e18,20,26]), the dlPFC is particularly suited as a target for non-invasive neuromodulation approaches
with
currently
widely
used
non-invasive
neuromodulation techniques, such as repetitive Transcranial
Magnetic Stimulation (rTMS) and transcranial Direct Current
Stimulation (tDCS), both because of its involvement in inhibitory
control and its closeness to the scalp [36]. Repetitive TMS with
standard ﬁgure-eight electromagnetic coils exerts its neuromodulatory inﬂuence by generating (repetitive) magnetic pulses
which induce small electrical currents within a focal area in the
superﬁcial brain tissue below the scalp [36]. In rTMS, trains of
pulses are used to achieve a sustained alteration of neural excitability in the targeted region [37]. Excitatory rTMs, which has a
frequency of more than 5 Hz (“high frequency rTMS”) lowers the
threshold for (self-) engaging the targeted brain region, whereas
low frequency stimulation (1 Hz) would have inhibitory effects
[38]. Similarly, tDCS can either increase or decrease neuronal
excitability. tDCS generates a low intensity electric ﬁeld (0.5e2 mA)
between two electrodes, increasing neuronal excitability under the
anodal, but decreasing it under the cathodal electrode [39],
allowing for a targeted approach. When applied for a sufﬁcient
duration, increases in cortical excitability are sustained [39] and
linked to changes in synaptic plasticity [40]. The hypothesized
neuro-behavioral mechanism of the reviewed excitatory rTMS/
tDCS interventions is thus to upregulate neuronal excitability of the
dlPFC, such that the threshold for engaging this region during (self)regulation of craving and consumption is lowered. In this metaanalysis, we focused on quantifying the effects of excitatory neuromodulation targeted at dlPFC, because we hypothesized that such
interventions are of particular clinical beneﬁt in a population
characterized by hypoactivation of the dlPFC during attempted selfregulation.
There are a number of reasons for us to perform the current
meta-analysis. First, no meta-analysis has been carried out to
quantify the effects of neuromodulation approaches to reduce both
craving and consumption in populations with drug addiction and
excessive eating behavior. Previous meta-analyses on this topic
only focused on craving measures of these disorders [41], or only
concerned the regulation of eating behavior [42,43] or two types of
drug users (alcohol and nicotine) [44]. These previous analyses
included a much smaller number of studies (17 studies [41], 11
studies [42], or 10 studies [44], as compared to 48 studies in the
current analysis), providing a less reliable estimate of the effect
sizes. Second, none of the previous meta-analyses investigated the
impact of the number of sessions or administered pulses, which
could be important when evaluating a potential dose-response
effect. However, previous ﬁndings from individual studies that
directly compared single-to multiple-session protocols found that
single-session interventions yielded smaller improvements as
compared to interventions with ﬁve [45,46] or eight sessions [47].
Third, previous meta-analyses on drug addiction only used craving
as an outcome measure [41,44], even though reducing consumption is the most important goal of these interventions. Fourth,
previous meta-analyses on the effects in drug addiction only
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To identify pertinent studies, a two-staged literature search was
carried out. First, an online search was conducted in PubMed, Web
of Science, PsycINFO and Embase database covering peer-reviewed
articles from January 1990 to July 2018. This search was performed
following the PICO-method (Patient/Population, Intervention,
Comparison, Outcome). Key elements were the ‘P’ (substance or
eating addiction), the ‘I’ (tDCS or rTMS stimulation), the ‘C’ (Active
and Sham stimulation) and the ‘O’ (craving or consumption levels).
See Supplementary A for full search terms. Second, an additional
literature search was performed using the reference lists of the
identiﬁed studies, of other meta-analytical studies [41e44] and a
number of relevant review articles [36,48e53]; the goal was to
search for as many potential studies as possible.

consumption measures and standardized effect sizes for the effect
of stimulation on craving and consumption levels. When means
and standard deviations were not available, effect sizes were
computed from t-values, F-values or p-values. When studies
included more than one measures on craving or consumption, we
averaged them to compute one pooled effect size. For example, if a
study included two measures of craving [(Visual Analogue Scale
(VAS) and Food Craving Questionnaire State (FCQ-S)], these two
measurements were summarized by their pooled effect size [54]. If
a study reported results of measures both during the stimulation
and post-stimulation, only the data of the post-stimulation was
included [55]. For the ﬁve studies [56e60], which included both left
and right dlPFC stimulation data, a combined effect size for both
sites was calculated. However, when evaluating left with right
hemisphere stimulation, we computed separate effect sizes for
each stimulation site for these studies. When the reported data was
insufﬁcient for the current data analysis, the authors were contacted. If the authors could not be reached or the data were only
available in chart format, means and SDs were estimated using
Engauge Digitizer [61]. Each study included in the meta-analysis
was independently coded by two of the authors (S.S. and W.G.);
discrepancies were addressed by discussion.

Inclusion criteria

Data analysis

This work followed PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines. Peer-reviewed
studies published in all language journals and meeting the
following criteria were included in the current meta-analysis: (1)
randomized controlled trials (RCTs) and controlled clinical trials
(CCTs), focusing on high-frequency rTMS or anodal tDCS targeting
the dlPFC in patients with (a) substance use disorder (e.g. alcohol,
cannabis, cocaine, heroin, methamphetamine and nicotine) or
frequent smoking or (b) eating disorders (Bulimia Nervosa/Binge
Eating type) or individuals with frequent food craving or obesity;
(2) including at least one craving or consumption measure as an
outcome; (3) comparing real to sham brain stimulation; (4) having
provided means, standard deviations (SDs), t, F or p statistics and
the number of participants in each intervention group, or other
data that could be used to calculate effect size. The inclusion criteria
did not consider the craving assessment tool, consumption
assessment tool, number of stimulation sessions, stimulated
hemisphere, or method of localization for the site of stimulation.

To assess the risk of bias within the individual studies, we used a
standardized critical appraisal instrument named the Cochrane
Collaboration's risk of bias tool [62]. Ratings (high, low, or unclear
risk) were assigned to evaluate bias on the following domains:
random sequence generation (selection bias), allocation concealment (selection bias), blinding of participants and personnel (performance bias), blinding of outcome assessment (detection bias),
incomplete outcome data (attrition bias), selective reporting
(reporting bias) and other bias (if any). In addition, we evaluated
the used control condition and blinding procedures for all included
studies. Blinding of the outcome assessment was assessed for
craving and consumption independently. Two reviewers (S.S. and
W.G.) independently evaluated and recorded their judgments, and
any disagreements were resolved by discussion.
To examine the magnitude of the effect of non-invasive brain
stimulation on craving and consumption levels, we computed a
synthesized effect size Hedge's g with a corresponding conﬁdence
interval (CI) of 95%. Hedge's g is considered to be a conservative
estimate, which is useful for studies with small sample sizes [63].
The magnitude of g is conventionally interpreted as reﬂecting a
small (if g ¼ 0.2e0.5), medium (if g ¼ 0.5e0.8), or a large effect size
(if g > 0.8) [63]. The direction of the effect size was deﬁned as
positive if an active stimulation condition was better than the sham
condition on craving or consumption measures. A random-effects
model was used for all between-group analyses, which is in
accordance with the underlying assumption of the nonhomogeneity between individual study samples. Compared to a
ﬁxed-effects model, the random-effects model provides a more
conservative estimate of precision and is more appropriate for
generalization beyond the included studies [63,64]. We ﬁrst
calculated the overall effect size (independent of the number of
sessions) on craving and consumption levels (for the 5 studies
reporting both single-session and multi-session effects
[45e47,65,66], only the multi-session effect was included here),
and then estimated the effect sizes of single-session and multisession interventions separately. To compare single-session with
multi-session effects, a Q test was conducted [67]. We further
investigated the inﬂuence of the number of sessions (or the total
number of pulses) on both craving and consumption using a
moderator variable analysis [67]. In addition, we assessed the

included individuals with alcohol and nicotine addictions [41,44],
but not illicit drug users. Fifth, the current meta-analysis addressed
potential inﬂuences by differences in methodological approach
(stimulated hemisphere, study design) on both craving and consumption, in addition to the re-evaluation of the effect of the
stimulation technique employed (rTMS vs tDCS) [41].
Methods

Exclusion criteria
We excluded studies from our meta-analysis if they: (1) focused
on populations other than the ones mentioned above (e.g. schizophrenia, Prader-Willi syndrome, depression, posttraumatic stress
disorder or chronic pain); (2) assessed the effects of stimulation
using techniques other than tDCS or high frequency rTMS (e.g.,
deep TMS, continuous theta burst stimulation, electro convulsive
therapy and low frequency rTMS); (3) assessed the effect of dlPFC
stimulation using outcome measures other than craving or consumption; (4) lacked a sham stimulation condition in experiment
design; (5) did not provide enough information to calculate effect
size; (6) were case studies or review articles.
Data extraction
The extracted data included the study name, population, type of
substance involved, number of stimulation sessions per condition,
side of stimulation (right vs. left), stimulation technique (tDCS vs.
rTMS), number of participants, study design, blinding method,
blinding evaluation, total number of pulses, craving measures,
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potential inﬂuences of the population, stimulation technique and
study design on such intervention effects. In particular, as ﬁve
studies [56e60] included both left and right dlPFC stimulation data,
in order to exclude the multiple effect sizes in individual studies,
we used Z-test (instead of Q-test) to assess the potential inﬂuences
of the stimulated hemisphere [63]. Furthermore, we used Egger's
regression intercept test to measure for publication bias [68]. All
suitable data were calculated with the software Comprehensive
Meta-Analysis 2.0 (CMA) (http://www.meta-analysis 2.0.com).
Results
The results of the initial search are summarized in Fig. 1. We
included a total of 48 studies focusing on non-invasive brain
stimulation interventions in drug or eating addiction. The characteristics of these studies are summarized in Table 1. Not all studies
reported both craving and consumption measures, and only 5
studies evaluated both a single-session and a multi-session effect
(Supplementary Table 1). Speciﬁcally, we included 44 articles on
studies assessing the overall intervention effect of brain stimulation
on craving (33 with single-session and 15 with multi-session interventions). In addition, we included 15 articles on studies that
investigated the overall intervention effect of brain stimulation on
consumption (10 with single-session and 7 with multi-session interventions). All included studies used excitatory rTMS or tDCS
stimulation.
Assessment of risk of bias in the included studies
The evaluation of the risk of bias for each included study was
summarized in Supplementary Table 2. The results indicated that
overall the included studies were of high quality (i.e., at relatively
low risk of bias). In addition, the evaluation of the control condition
and blinding procedures for all included studies was summarized in
Supplementary Table 3. Both evaluations found that all included
studies used appropriate procedures to avoid bias. Only three
studies [69e71] reported a partial failure of the employed blinding
procedures (e.g., Goldman et al., 2011, in which the authors
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reported that “participants were able to identify whether they were
receiving real or sham tDCS at a rate better than chance.“). To
ensure that these three studies did not bias our ﬁndings, we
repeated all analyses while excluding these studies (see below).
Craving: overall intervention effect and the inﬂuence of multiple
sessions and session length
We found a signiﬁcant overall effect (independent of the number of sessions) of non-invasive neuromodulation on craving levels
with a small effect size (g ¼ 0.456; CI: 0.328e0.583), favoring active
over sham stimulation in reducing craving (z ¼ 7.009, p < 0.0001)
(Fig. 2). The Egger's test indicated that there was no publication bias
(t(42) ¼ 0.982, p ¼ 0.332). Single-session interventions had a small
pooled standardized effect (g ¼ 0.360; CI: 0.225e0.495), indicating
that active stimulation was more effective than sham stimulation in
reducing craving (z ¼ 5.211, p < 0.0001) (Fig. 3). More importantly,
multi-session interventions had a medium pooled standardized
effect size (g ¼ 0.683; CI: 0.401e0.964), again indicating that active
stimulation was more effective than sham stimulation (z ¼ 4.751,
p < 0.0001) (Fig. 4). Furthermore, Q-test analysis revealed that the
effect size of multi-session protocols was signiﬁcantly larger than
the effect size of single session protocols (Q ¼ 4.138, p ¼ 0.042),
indicating that multi-session interventions were more beneﬁcial
for the reduction of craving as compared to single-session interventions. Finally, the moderator analysis found a signiﬁcant
positive linear relationship between the number of sessions and
craving levels (b ¼ 0.045, CI: 0.010e0.081, Q ¼ 6.364, p ¼ 0.012,
Supplementary Fig. 1), and a signiﬁcant positive linear relationship
between the total number of pulses (including the 18 rTMS studies
which have this parameter) and the craving level (b ¼ 0.0001, CI:
0.00002e0.00013, Q ¼ 8.465, p ¼ 0.004, Fig. 5).
To investigate if neuromodulation interventions were equally
effective in the potentially more severely impaired populations
with a clinical diagnosis of either an eating disorder or substance
addiction, we conducted a supplementary analysis, excluding the
16 studies performed in populations without an eating disorder
diagnosis (individuals with obesity or excessive food craving, Supplementary B). We obtained the same results as above, replicating
the overall effect of neuromodulation, the larger effect after multiple sessions and the positive linear relationship between the
number of sessions/pulses and effect size (Supplementary B).
Additionally, we repeated all analyses after excluding the three
studies which reported failure of blinding procedures [69e71], also
replicating all the ﬁndings above (Supplementary C).
Consumption: overall intervention effect and the inﬂuence of
multiple sessions and session length

Fig. 1. Flow chart of the study selection process. Reasons for exclusion included the use
of stimulation techniques other than tDCS or high frequency rTMS (such as continuous
theta burst stimulation, electro convulsive therapy and low frequency rTMS) or the
investigation of effects in other clinical populations (such as Schizophrenia, Depression, Posttraumatic Stress Disorder or chronic pain).

We found a signiﬁcant overall effect (independent of the number of sessions) of non-invasive neuromodulation on consumption
levels with a medium pooled standardized effect size (g ¼ 0.657; CI:
0.390e0.924), favoring active stimulation over sham stimulation
(z ¼ 4.819, p < 0.0001) (Fig. 6). Egger's test again indicated that
there was no publication bias (t(13) ¼ 0.736, p ¼ 0.475). Singlesession interventions again had a small pooled standardized effect (g ¼ 0.433; CI: 0.128e0.738), indicating that active stimulation
was more effective than sham stimulation in reducing consumption
(z ¼ 2.786, p ¼ 0.005) (Fig. 7), while multi-session interventions in
contrast showed a large pooled standardized effect size (g ¼ 0.950;
CI: 0.625e1.275) for active stimulation as compared to sham
stimulation (z ¼ 5.734, p < 0.0001) (Fig. 8). Moreover, Q-test analysis revealed that multi-session protocols for reducing consumption levels had a signiﬁcantly larger effect size than single session
protocols (Q ¼ 5.176, p ¼ 0.023), again indicating that multi-session

First author
Alcohol (12 studies)
Boggio et al.(2008)
da Silva et al.(2013)
den Uyl et al. (2015)
Herremans et al.(2012)
Herremans et al.(2013)
Herremans et al.(2015)
€ppner et al.(2011)
Ho
Klauss et al.(2014)
Klauss et al.(2018)
Mishra et al.(2010)
Nakamura-Palacios et al.(2012)
Wietschorke et al.(2016)
Food (20 studies)
Barth et al. (2011)

Claudino et al. (2011)

Fregni et al. (2008a)
Gluck et al.(2015)
Gluck et al.(2017)
Goldman et al. (2011)
Grundeis et al.(2017)
Heinitz et al.(2017)
Jauch-Chara et al.(2014)
Kekic et al.(2014)
Kekic et al.(2017)
Kim et al.(2018)
Lapenta et al. (2014)
Ljubisavljevic et al.(2016)
Montenegro et al. (2012)
Ray et al.(2017)
Uher et al. (2005)
Van den Eynde et al. (2010)

Study population

Number of sessions
(per condition)

Anodal Stimulation
side (dlPFC)

Stimulation
Technique

Participants
number

Study
Design

total number of pulses
(per condition)

Craving
measure

Consumption
measure

Alcohol
Alcohol
Alcohol
Alcohol
Alcohol
Alcohol
Alcohol
Alcohol
Alcohol
Alcohol
Alcohol
Alcohol

1
5
1
1
1
1
10
5
10
10
1
1

Both
Left
Left
Right
Right
Right
Left
Right
Right
Right
Left
Right

tDCS
tDCS
tDCS
rTMS
rTMS
rTMS
rTMS
tDCS
tDCS
rTMS
tDCS
tDCS

13
13
26
31
29
24
19
33
45
45
32
30

W
B
B
B
W
W
B
B
B
B
W
B

NA
NA
NA
1560
1560
1560
NA
NA
NA
10000
NA
NA

AUQ *
OCDS *
AAAQ *
OCDS
OCDS
VAS
OCDS
OCDS
OCDS
ACQ *
OCDS *
VAS *

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

1

Left

rTMS

10

W

3000

VAS

NA

5
1

Right
Right

tDCS
tDCS

10
30

B
W

NA
NA

VAS
VAS *

NA
Calories consumed *

1

Left

rTMS

22

B

1000

VAS and FCQ-S *

NA

1

Both

tDCS

21

W

NA

VAS *

Calories consumed *

3
15
1

Left
Left
Right

tDCS
tDCS
tDCS

9
20
19

B
B
W

NA
NA
NA

NA
NA
VAS

Calories consumed
Calories consumed *
Food consumed

1
15
Both 1 and 8

Left
Left
Right

tDCS
tDCS
tDCS

23
29
14

W
B
W

NA
NA
NA

NA
NA
VAS *

Calories consumed
Calories consumed *
Calories consumed *

1

Right

tDCS

20

W

NA

FCQ-S

Food consumed

1
4
1

Both
Left
Right

tDCS
rTMS
tDCS

39
57
9

W
B
W

NA
4000
NA

VAS *
VAS
VAS *

NA
NA
Calories consumed *

5

Right

tDCS

27

B

NA

FCQ-S and FCI *

NA

1
1
1

Left
Right
Left

tDCS
tDCS
rTMS

9
18
28

W
W
B

NA
NA
1000

VAS *
VAS
VAS *

NA
Calories consumed
Calories consumed

1

Left

rTMS

37

B

1000

VAS *

NA

10

Left

rTMS

21

B

10000

VAS and sTCQ *

Self-report Cigarettes
consumed *

Left

tDCS

23

B

NA

VAS *

dependence
dependence
use disorder
dependence
dependence
dependence
dependence
dependence
dependence
dependence
dependence
dependence

Healthy women who endorsed
frequent food cravings
Obesity
Binge Eating Disorder (also
subthreshold)
Bulimia Nervosa or Eating
Disorder not otherwise
speciﬁed
Healthy subjects with frequent
food cravings
Obesity
Obesity
Healthy subjects with frequent
food cravings
Obesity
Obesity
Healthy men with low cognitive
restraint for food consumption
Healthy women with frequent
food cravings
Bulimia Nervosa
Obesity
Healthy women with frequent
food cravings
Healthy individuals with
frequent food cravings
Overweight
Obesity
Women with strong food
cravings
Bulimia Nervosa or Eating
Disorder not otherwise
speciﬁed

Nicotine (9 studies)
Amiaz et al. (2009)

Nicotine dependence

Boggio et al. (2009)

Smoking 10 cigarettes per day
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Bravo et al.(2016)
Burgess et al.(2016)
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Table 1
Study and sample characteristics for included studies.

Fecteau et al.(2014)

Average daily intake of at least
15 cigarettes

Fregni et al. (2008b)

Smoking 15 or more cigarettes
per day
Average daily intake of at least
18 cigarettes
Nicotine dependence
Nicotine dependence
Nicotine dependence
Daily intake of at least 10
cigarettes

Johann et al. (2003)
Li et al.(2013)
Li et al.(2017)
Pripﬂ et al.(2014)
Xu et al. (2013)
Drugs (7 studies)
Batista et al.(2015)
Boggio et al. (2010)
Sahlem et al.(2017)
Shahbabaie et al. (2014)

Shahbabaie et al.(2018)

Right

tDCS

12

W

NA

sQSU *

Self-report Cigarettes
consumed *

Both

tDCS

24

W

NA

VAS *

NA

1

Left

rTMS

11

W

1000

VAS*

NA

1
1
1
1

Left
Left
Left
Left

rTMS
rTMS
rTMS
tDCS

14
10
11
24

W
W
W
W

3000
3000
1200
NA

VAS *
VAS
VAS *
UTS

NA
NA
NA
NA

5
1

Right
Both

tDCS
tDCS

36
17

B
B

NA
NA

OCCS *
VAS *

NA
NA

1
1

Left
Right

rTMS
tDCS

16
30

W
W

4000
NA

MCQ
VAS

NA
NA

Both 1 and 5
Both 1 and 5

Left
Left

rTMS
rTMS

10
30

B
B

10000
6000

VAS *
VAS *

NA
NA

1

Right

tDCS

15

W

NA

VAS *

NA

AAAQ: alcohol approach and avoidance questionnaire; ACQ: Alcohol Craving Questionnaire; AUQ: Alcohol Urge Questionnaire; B/W: between-subject design/within-subject design; dlPFC: dorsolateral prefrontal cortex; FCI:
Food Craving Inventory; FCQ-S: Food Craving Questionnaire State; MCQ: Marijuana Craving Questionnaire; NA: not available; OCDS: Obsessive Compulsive Drinking Scale; rTMS: repetitive transcranial magnetic stimulation;
sTCQ: short version of the Tobacco Craving Questionnaire; sQSU: standardized Questionnaire of Smoking Urges; tDCS: transcranial direct current stimulation; UTS: Urge to Smoke; OCCS: Obsessive-Compulsive Cocaine Scale;
VAS: Visual Analogue Scale; * represent signiﬁcant craving or consumption reduction after intervention, if an article reported the effect of both single-session and multi-session, this only represent the effect of the later.
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Craving:
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Consumption: 5
Craving: 5
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both 1 and 5
1
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Fig. 2. The overall effect of neuromodulation on craving.

protocols were more beneﬁcial. However, the moderator analysis
testing for a positive linear association between the number of
sessions and effect size (b ¼ 0.032, CI: -0.001e0.008, Q ¼ 2.488,
p ¼ 0.115) was not signiﬁcant, possibility due to the lower number
of studies measuring consumption as compared to craving
(Supplementary Fig. 2). The relationship between administered
pulses and consumption could not be investigated since there were
only two available rTMS studies. The additional analyses excluding
individuals without a clinical diagnosis of eating disorder studies
(Supplementary B), as well as the analyses excluding studies with
partially failed blinding procedures (Supplementary C) conﬁrmed
the above ﬁndings.

Differences in effects between different study populations
The comparison of the effect sizes in different study populations
(alcohol, nicotine, illicit drugs or eating addiction) revealed no
signiﬁcant differences in the overall effect size for the modulation
of craving (Q ¼ 2.545, p ¼ 0.467). In addition, when investigating
each population separately, we found a signiﬁcant effect with small
to medium effect sizes on craving level in individuals with alcohol
(g ¼ 0.382, CI: 0.078e0.685; z ¼ 2.465, p ¼ 0.014), eating (g ¼ 0.426,
CI: 0.261e0.592; z ¼ 5.047, p < 0.0001), drug (g ¼ 0.514, CI:
0.073e0.955; z ¼ 2.284, p ¼ 0.022) and nicotine (g ¼ 0.627, CI:
0.407e0.846; z ¼ 5.601, p < 0.0001) addiction. The comparison
between populations of the overall effect size for a reduction of
consumption level was marginally signiﬁcant (Q ¼ 2.970,
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Fig. 3. The effect of single-session neuromodulation on craving.

Fig. 4. The effect of multi-session neuromodulation on craving.

p ¼ 0.085), revealing a slightly larger effect in individuals with
nicotine addiction (with consumption levels generally being
measured by cigarettes smoked per day as indicated by self-report,
see Table 1) as compared to eating addiction (based on consumed

food during a test after the intervention, see Table 1). When
considering these two populations separately, we found a signiﬁcant reduction of consumption levels in both populations, with a
large effect size in smokers (g ¼ 1.138, CI: 0.543e1.733; z ¼ 3.751,
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Fig. 5. Regression of the total number of pulses on the effect size of neuromodulation of craving. b ¼ 0.0001, 95% CI: 0.00002e0.00013, Q ¼ 8.465, p ¼ 0.004.

Fig. 6. The overall effect of neuromodulation on consumption.

Fig. 7. The effect of single-session neuromodulation on consumption.

p < 0.0001) and a medium effect size for the reduction of food
consumption (g ¼ 0.560, CI: 0.279e0.841; z ¼ 3.908, p < 0.0001). No
study has investigated the effect of neuromodulation on consumption in individuals with alcohol or illicit drug addiction.

Comparing different stimulation techniques
The comparison of the two stimulation techniques (rTMS vs.
tDCS) showed no signiﬁcant differences in their overall
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Fig. 8. The effect of multi-session neuromodulation on consumption.

effectiveness for down-regulating craving (Q ¼ 0.307, p ¼ 0.579);
with a signiﬁcant effect for tDCS (g ¼ 0.490, CI: 0.347e0.633;
z ¼ 6.710, p < 0.0001) and rTMS interventions (g ¼ 0.411, CI:
0.170e0.651; z ¼ 3.350, p ¼ 0.001). When separately considering
the effect on craving within single-session (Q ¼ 0.398, p ¼ 0.528) or
multi-session interventions (Q ¼ 0.054, p ¼ 0.816), we also found
no signiﬁcant differences in the effectiveness between the two
stimulation techniques. There were not enough studies to assess
the session effect for consumption.
Comparing different stimulated hemispheres
The comparison of the overall effect size depending on the side
of stimulation (right versus left hemisphere) revealed no signiﬁcant
differences for an effect on craving (Z ¼ 0.028, p ¼ 0.9778), with
similar effects for each hemisphere separately (left: g ¼ 0.438, CI:
0.254e0.623; z ¼ 4.651, p < 0.0001; right: g ¼ 0.464, CI:
0.300e0.628; z ¼ 5.545, p < 0.0001). This was replicated when
considering only single-session (Z ¼ 0.01, p ¼ 0.992) or multisession interventions (Z ¼ 0.088, p ¼ 0.930). Similarly, the side of
stimulation did not inﬂuence the overall effectiveness of the
intervention in reducing consumption levels (Z ¼ 0.045, p ¼ 0.964),
with similar effects per targeted hemisphere (left: g ¼ 0.602, CI:
0.305e0.899; z ¼ 3.966, p < 0.0001; right: g ¼ 0.648, CI:
0.220e1.076; z ¼ 2.968, p ¼ 0.003).
Inﬂuence of study design
Finally, when investigating the inﬂuence of the chosen study
design, we found a signiﬁcant craving reduction both in studies
with a between-subject design (g ¼ 0.541, CI: 0.332e0.750;
z ¼ 5.078, p < 0.0001) and a within-subject design (g ¼ 0.399, CI:
0.237e0.561; z ¼ 4.828, p < 0.0001); there was no signiﬁcant difference in the effect size between the two study designs (Q ¼ 1.114,
p ¼ 0.291). Consistent with this pattern, we found a signiﬁcant
reduction of consumption levels in studies using a between-subject
design (g ¼ 0.690, CI: 0.346e1.034; z ¼ 3.930, p < 0.0001) or a
within-subject design (g ¼ 0.645, CI: 0.261e1.029; z ¼ 3.289,
p ¼ 0.001); and again no difference in the effect size between the
two designs (Q ¼ 0.029, p ¼ 0.865).
Discussion
The current meta-analysis of 48 studies revealed a signiﬁcant
overall effect of neuromodulation interventions targeted at the
dlPFC (over sham stimulation), with small to medium effect sizes
for the reduction of craving and small to large effect sizes for the
reduction of consumption levels across different addicted populations. More importantly, the current results showed for the ﬁrst

time that multi-session protocols are more effective than singlesession protocols. We found signiﬁcantly larger effects of multisession interventions both on craving reduction and for ability to
refrain from consumption, with a linear dose-response effect such
that an increased number of sessions or administered pulses had a
larger effect on the craving level.
These results are in agreement with the general pattern of
prolonged neuromodulation: compared to single pulse TMS,
repeated pulses induce more prolonged effects in the brain, an
effect which scales with the number of pulses applied [37].
Moreover, multi-session excitatory rTMS with its multifold total
number of pulses has more prolonged effects than single-session
rTMS does, generating a cumulative long-term potentiation (LTP)
of synaptic connections [37]. Similarly, the length of stimulation in
tDCS neuromodulation is crucial to achieving sustained effects
[39]. The current meta-analytical results are also consistent with
previous individual studies showing a larger effect of multi-session
as compared to single-session interventions [45e47,65,66],
which reported a linear dose-response effect of neuromodulation
[46]. While we would expect a saturation of this dose-response
effect after a certain number of sessions, the current results indicate that this threshold has not been reached in the reviewed
studies.
The current results hence imply that multi-session excitatory
stimulation protocols targeted at the dlPFC may have a cumulative
dose effect on craving and consumption, potentially improving
inhibitory control capacity underlying successful self-regulation of
craving and consumption through normalizing hypo-active dlPFC
functions during attempted self-regulation. As the current results
suggest that neuromodulation interventions are equally effective in
individuals with drug addiction and the ones with eating addiction,
this meta-analysis also provides evidence for the hypothesized
similarity in the underlying neuro-behavioral mechanisms, though
differences across these populations surely exist [16]. It is interesting to note that we replicated all ﬁndings within a restricted
sample of potentially more impaired individuals (excluding individuals without a clinical diagnosis), demonstrating the general
clinical beneﬁt of the intervention across very different
populations.
The current results were also in agreement with previous metaanalyses, which showed small-sized effects on craving reduction
across different addicted populations [41], a medium-sized effect
for nicotine [44] and food [42]. However, in contrast to Maiti's
previous meta-analysis that found no signiﬁcant effect on alcohol
craving [44], the current analysis also showed a small effect in this
population. This discrepancy may be due to the limited number of
studies (6 studies) in Maiti's meta-analysis versus a relatively larger
number of studies in our meta-analysis (12 studies). The current
results also showed for the ﬁrst time that there was a signiﬁcant
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effect (medium-sized) for a craving reduction in illicit drug users
(e.g., cannabis, cocaine, heroin, methamphetamine) by brain
stimulation, hence suggesting consistent effects across all four
included populations (alcohol vs. nicotine vs. illicit drugs vs. eating
addictions).
Moreover, regarding the effect of neuromodulation on consumption, the current analysis (covering 12 studies) is consistent
with a previously updated meta-analysis (covering 8 studies)
focusing on individuals with excessive eating, which found an effect of brain stimulation on food consumption [43]. Furthermore,
the current results demonstrated for the ﬁrst time that noninvasive brain stimulation targeted at dlPFC can lead to a largesized effect in the consumption reduction of cigarette smoking.
When comparing smokers to excessive eaters, we found a
marginally signiﬁcant difference in the effect sizes for reduction of
consumption, with a large effect size for smokers and a medium
effect size for eating addiction. However, this difference between
the reduction in cigarette and food consumption may be in part due
to differences in the used measurement instruments, as the
reduction in cigarette consumption was mainly assessed by selfreport whereas the reduction in food taking was generally
assessed with the real consumption (e.g., the amounts of calories
consumed) after the intervention. There was no difference in effect
sizes between populations when craving was used as an outcome
measure.
The current results, also converging with a previous metaanalysis of 17 studies [41], showed that the stimulation technique
per se did not signiﬁcantly affect the reduction of craving across
different populations. This pattern was different from a previous
meta-analysis (covering 12 studies, including 8 tDCS) [42,43] which
showed a stimulation effect on food cravings that was statistically
signiﬁcant for rTMS but not tDCS. When we restricted our analysis
to studies on food craving only (covering 16 studies, including 11 for
tDCS), we showed a signiﬁcant brain stimulation effect for both
rTMS (g ¼ 0.287, CI: 0.014e0.559; z ¼ 2.061, p ¼ 0.039) and tDCS
(g ¼ 0.479, CI: 0.266e0.692; z ¼ 4.400, p < 0.001).
In the current meta-analysis, we examined the potential effect
of lateralized neuromodulation targeted at a speciﬁc hemisphere
(left versus right) but found no effect for this factor, consistent with
a previous meta-analysis [41], but inconsistent with a second metaanalysis, which only investigated the effect on food craving [43].
When restricting our analysis to include only studies on food
craving we did not ﬁnd a difference between the targeted site
(Z ¼ 0.170, p ¼ 0.865). However, it would be premature to conclude
that the mechanism of intervention may not be lateralized, as there
are strong anatomical connections between the left and right dlPFC,
likely leading to the presence of neuromodulation in both hemispheres. Finally, we examined the potential effect of study design
(within-versus between-participant) for the ﬁrst time, and again
found no effect of this variable, conﬁrming the independence of our
results from these operational parameters.
Despite its strengths, the current meta-analysis has several
limitations. First, the currently available literature does not allow
for a systematic investigation of long-term outcomes of brain
stimulation, as studies with a follow-up visit were scarce. The few
studies that did include long-term outcome measures had somewhat inconsistent ﬁndings: some studies observed a long-term
reduction of craving 10 days [72], 25 days [73] or one month [74]
after the last brain stimulation of dlPFC or a long-term reduction of
consumption nine days [65], 14e21 days [75] or six months [76]
after the last stimulation; other studies observed no such long-term
effects on craving either 1e3 days [77] or six months [78] after the
last treatment. Second, due to the large heterogeneity in the used
stimulation protocols, we were not able to evaluate the potential
effects of many variables involved in the protocols. For example, we

could not explore whether the frequency (10 versus 20 Hz) used in
rTMS protocols inﬂuence the modulation effects, as only ﬁve
studies used 20 Hz protocols [77,79e82]. Similarly, we could not
evaluate the inﬂuence of the electric current intensity used in tDCS
studies (1 vs 2 mA), as only four studies adopted an 1 mA protocol
[47,83e85]. In the current meta-analysis we further excluded
studies using (inhibitory) low-frequency rTMS (1 Hz). In contrast
to excitatory high frequency (5 Hz) rTMS intervention, low frequency rTMS studies targeted at dlPFC have been shown to increase
craving levels in methamphetamine users [86], however, other
studies have found opposite results in methamphetamine users
[87] and pathological gamblers [88]. These discrepancies need to be
further explored, as only a limited number of studies is currently
available. Third, we only focused on excitatory brain stimulation of
the dlPFC, studies that targeted at brain regions other than dlPFC
(e.g., medial PFC [89]; cathodal frontal-parietal-temporal [90])
were not evaluated due to the limited numbers of relevant studies.
Initial pilot studies employing inhibitory forms of TMS
(cTBS ¼ continuous bursting frequency TMS) targeting ventral
medial prefrontal cortex (vmPFC) demonstrated the feasibility of
this approach for attenuating reactivity of the reward network and
reducing craving [91,92]. Overall, the optimization of stimulation
protocols and deﬁnition of neural targets certainly remain an
important goal for future research.
Conclusions
The current meta-analysis found signiﬁcant effects of neuromodulation approaches targeted at the dlPFC for reducing craving
and consumption in both eating and drug addiction. Importantly,
multi-session interventions and longer sessions had larger effects
than single-session interventions, with a linear dose-response effect. Overall, the current ﬁndings support the efﬁcacy of neuromodulation approaches as a clinical treatment for individuals with
drug or eating addiction.
Conﬂict-of-interest statement
The authors declare that the research was conducted in the
absence of any commercial or ﬁnancial relationships that could be
construed as a potential conﬂict of interest.
Acknowledgements
This work was supported by the National Basic Research Program of China (973 Program: 2015CB856400) and National Natural
Science Foundation of China (31630034).
Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.brs.2018.12.975.
References
[1] Center for Behavioral Health Statistics and Quality. 2016 national Survey on
drug use and health: detailed tables. Rockville, MD: Substance Abuse and
Mental Health Services Administration; 2017.
[2] National Center for Health Statistics. Health, United States, 2016: with
chartbook on long-term trends in health. Hyattsville, Maryland. 2017.
[3] Hudson JI, Hiripi E, Pope HG, Kessler RC. The prevalence and correlates of
eating disorders in the National Comorbidity Survey Replication. Biol Psychiatry 2007;61(3):348e58.
[4] National Institute on Drug Abuse. Principles of drug addiction treatment.
3th ed. 2012. https://www.drugabuse.gov/sites/default/ﬁles/podat_1.pdf.
[Accessed 20 August 2018].
[5] Kass AE, Kolko RP, Wilﬂey DE. Psychological treatments for eating disorders.
Curr Opin Psychiatr 2013;26(6):549.

S. Song et al. / Brain Stimulation 12 (2019) 606e618
[6] Association AP. Diagnostic and statistical manual of mental disorders. ﬁfth ed.
Washington, DC: American Psychiatric Association; 2013.
[7] Tiffany ST, Wray JM. The clinical signiﬁcance of drug craving. Ann Ny Acad Sci
2012;1248(1):1e17.
[8] Wang G-J, Volkow ND, Thanos PK, Fowler JS. Similarity between obesity and
drug addiction as assessed by neurofunctional imaging: a concept review.
J Addict Dis 2004;23(3):39e53.
[9] Potenza MN, Grilo CM. How relevant is food craving to obesity and its treatment? Front Psychiatr 2014;5:164.
[10] Chao A, Grilo CM, White MA, Sinha R. Food cravings, food intake, and weight
status in a community-based sample. Eat Behav 2014;15(3):478e82.
[11] Goldstein RZ, Volkow ND. Dysfunction of the prefrontal cortex in addiction:
neuroimaging ﬁndings and clinical implications. Nat Rev Neurosci
2011;12(11):652.
[12] Kaye WH, Wierenga CE, Bailer UF, Simmons AN, Wagner A, Bischoff-Grethe A.
Does a shared neurobiology for foods and drugs of abuse contribute to extremes of food ingestion in anorexia and bulimia nervosa? Biol Psychiatry
2013;73(9):836e42.
[13] Volkow ND, Wang G-J, Tomasi D, Baler RD. The addictive dimensionality of
obesity. Biol Psychiatry 2013;73(9):811e8.
[14] Gearhardt AN, White MA, Potenza MN. Binge eating disorder and food
addiction. Curr Drug Abuse Rev 2011;4(3):201e7.
[15] Davis C, Carter JC. Compulsive overeating as an addiction disorder. A review of
theory and evidence. Appetite 2009;53(1):1e8.
€ Adan R, Antel J, Dieguez C, de Jong J, et al. “Eating
[16] Hebebrand J, Albayrak O,
addiction”, rather than “food addiction”, better captures addictive-like eating
behavior. Neurosci Biobehav Rev 2014;47:295e306.
[17] Everitt BJ, Robbins TW. Drug addiction: updating actions to habits to compulsions ten years on. Annu Rev Psychol 2016;67:23e50.
[18] Koob GF, Volkow ND. Neurobiology of addiction: a neurocircuitry analysis.
Lancet Psychiatry 2016;3(8):760e73.
[19] Koob GF, Volkow ND. Neurocircuitry of addiction. Neuropsychopharmacology
2010;35(1):217.
[20] Robinson TE, Berridge KC. The neural basis of drug craving: an incentivesensitization theory of addiction. Brain Res Rev 1993;18(3):247e91.
[21] Belin D, Belin-Rauscent A, Murray JE, Everitt BJ. Addiction: failure of
control over maladaptive incentive habits. Curr Opin Neurobiol 2013;23(4):
564e72.
[22] Goldstein RZ, Volkow ND. Drug addiction and its underlying neurobiological
basis: neuroimaging evidence for the involvement of the frontal cortex. Am J
Psychiatry 2002;159(10):1642e52.
[23] Goldman M, Szucs-Reed RP, Jagannathan K, Ehrman RN, Wang Z, Li Y, et al.
Reward-related brain response and craving correlates of marijuana cue
exposure: a preliminary study in treatment-seeking marijuana-dependent
subjects. J Addiction Med 2013;7(1):8.
[24] Kühn S, Gallinat J. Common biology of craving across legal and illegal drugs-a
quantitative meta-analysis of cue-reactivity brain response. Eur J Neurosci
2011;33(7):1318e26.
[25] Jentsch JD, Taylor JR. Impulsivity resulting from frontostriatal dysfunction in
drug abuse: implications for the control of behavior by reward-related
stimuli. Psychopharmacology 1999;146(4):373e90.
[26] Zilverstand A, Huang AS, Alia-Klein N, Goldstein RZ. Neuroimaging impaired
response inhibition and salience attribution in human drug addiction: a systematic review. Neuron 2018;98(5):886e903.
[27] Mansouri FA, Tanaka K, Buckley MJ. Conﬂict-induced behavioural adjustment:
a clue to the executive functions of the prefrontal cortex. Nat Rev Neurosci
2009;10(2):141.
[28] Koechlin E, Hyaﬁl A. Anterior prefrontal function and the limits of human
decision-making. Science 2007;318(5850):594e8.
[29] Badre D. Cognitive control, hierarchy, and the rostroecaudal organization of
the frontal lobes. Trends Cognit Sci 2008;12(5):193e200.
[30] LuijtenBadre D, Nee DE. Frontal cortex and the hierarchical control of
behavior. Trends Cognit Sci 2018;22(2):170e88.
[31] Luijten M, Machielsen MW, Veltman DJ, Hester R, de Haan L, Franken IH.
Systematic review of ERP and fMRI studies investigating inhibitory control
and error processing in people with substance dependence and behavioural
addictions. J Psychiatry Neurosci 2014;39(3):149e69.
[32] Zilverstand A, Parvaz MA, Moeller SJ, Goldstein RZ. Cognitive interventions for
addiction medicine: understanding the underlying neurobiological mechanisms. In: Progress in brain research. Elsevier; 2016. p. 285e304.
[33] Zilverstand A, Parvaz MA, Goldstein RZ. Neuroimaging cognitive reappraisal in
clinical populations to deﬁne neural targets for enhancing emotion regulation.
A systematic review. Neuroimage 2017;151:105e16.
[34] Lowe CJ, Hall PA, Staines WR. The effects of continuous theta burst stimulation
to the left dorsolateral prefrontal cortex on executive function, food cravings,
and snack food consumption. Psychosom Med 2014;76(7):503e11.
[35] Lowe CJ, Staines WR, Manocchio F, Hall PA. The neurocognitive mechanisms
underlying food cravings and snack food consumption. A combined continuous theta burst stimulation (cTBS) and EEG study. Neuroimage 2018;177:
45e58.
[36] Spagnolo PA, Goldman D. Neuromodulation interventions for addictive disorders: challenges, promise, and roadmap for future research. Brain
2017;140(5):1183e203.
[37] Ridding MC, Rothwell JC. Is there a future for therapeutic use of transcranial
magnetic stimulation? Nat Rev Neurosci 2007;8(7):559.

617

[38] Peterchev AV, Wagner TA, Miranda PC, Nitsche MA, Paulus W, Lisanby SH,
et al. Fundamentals of transcranial electric and magnetic stimulation dose:
deﬁnition, selection, and reporting practices. Brain Stimul 2012;5(4):
435e53.
[39] Nitsche MA, Paulus W. Sustained excitability elevations induced by transcranial DC motor cortex stimulation in humans. Neurology 2001;57(10):
1899e901.
[40] Brunoni AR, Ferrucci R, Fregni F, Boggio PS, Priori A. Transcranial direct current stimulation for the treatment of major depressive disorder: a summary of
preclinical, clinical and translational ﬁndings. Prog Neuro-Psychopharmacol
Biol Psychiatry 2012;39(1):9e16.
[41] Jansen JM, Daams JG, Koeter MW, Veltman DJ, van den Brink W, Goudriaan AE.
Effects of non-invasive neurostimulation on craving: a meta-analysis. Neurosci Biobehav Rev 2013;37(10 Pt 2):2472e80.
[42] Lowe CJ, Vincent C, Hall PA. Effects of noninvasive brain stimulation on food
cravings and consumption: a meta-analytic review. Psychosom Med
2017;79(1):2e13.
[43] Hall PA, Lowe C, Vincent C. Brain stimulation effects on food cravings and
consumption: an update on Lowe et al.(2017) and a response to Generoso
et al.(2017). Psychosom Med 2017;79(7):839e42.
[44] Maiti R, Mishra BR, Hota D. Effect of high-frequency transcranial magnetic
stimulation on craving in substance use disorder: a meta-analysis.
J Neuropsychiatry Clin Neurosci 2016;29(2):160e71.
[45] Su H, Zhong N, Gan H, Wang J, Han H, Chen T, et al. High frequency repetitive
transcranial magnetic stimulation of the left dorsolateral prefrontal cortex for
methamphetamine use disorders: a randomised clinical trial. Drug Alcohol
Depend 2017;175:84e91.
[46] Boggio PS, Liguori P, Sultani N, Rezende L, Fecteau S, Fregni F. Cumulative
priming effects of cortical stimulation on smoking cue-induced craving.
Neurosci Lett 2009;463(1):82e6.
[47] Jauch-Chara K, Kistenmacher A, Herzog N, Schwarz M, Schweiger U,
Oltmanns KM. Repetitive electric brain stimulation reduces food intake in
humans. Am J Clin Nutr 2014;100(4):1003e9.
[48] Grall-Bronnec M, Sauvaget A. The use of repetitive transcranial magnetic
stimulation for modulating craving and addictive behaviours: a critical literature review of efﬁcacy, technical and methodological considerations. Neurosci Biobehav Rev 2014;47:592e613.
nez-Murcia S, Fern
[49] Sauvaget A, Trojak B, Bulteau S, Jime
andez-Aranda F,
Wolz I, et al. Transcranial direct current stimulation (tDCS) in behavioral and
food addiction: a systematic review of efﬁcacy, technical, and methodological
issues. Front Neurosci 2015;9:349.
[50] Trojak B, Sauvaget A, Fecteau S, Lalanne L, Chauvet-Gelinier J-C, Koch S, et al.
Outcome of non-invasive brain stimulation in substance use disorders: a review of randomized sham-controlled clinical trials. J Neuropsychiatry Clin
Neurosci 2017;29(2):105e18.
[51] Lupi M, Martinotti G, Santacroce R, Cinosi E, Carlucci M, Marini S, et al.
Transcranial direct current stimulation in substance use disorders: a systematic review of scientiﬁc literature. J ECT 2017;33(3):203e9.
[52] Dunlop K, Hanlon CA, Downar J. Noninvasive brain stimulation treatments for
addiction and major depression. Ann Ny Acad Sci 2017;1394(1):31e54.
[53] Hall PA, Vincent CM, Burhan AM. Non-invasive brain stimulation for food
cravings, consumption, and disorders of eating: a review of methods, ﬁndings
and controversies. Appetite 2018;124:78e88.
[54] Claudino A, Van den Eynde F, Stahl D, Dew T, Andiappan M, Kalthoff J, et al.
Repetitive transcranial magnetic stimulation reduces cortisol concentrations
in bulimic disorders. Psychol Med 2011;41(6):1329.
[55] Shahbabaie A, Golesorkhi M, Zamanian B, Ebrahimpoor M, Keshvari F,
Nejati V, et al. State dependent effect of transcranial direct current stimulation
(tDCS) on methamphetamine craving. Int J Neuropsychopharmacol
2014;17(10):1591e8.
[56] Boggio PS, Sultani N, Fecteau S, Merabet L, Mecca T, Pascual-Leone A, et al.
Prefrontal cortex modulation using transcranial DC stimulation reduces
alcohol craving: a double-blind, sham-controlled study. Drug Alcohol Depend
2008;92(1e3):55e60.
[57] Boggio PS, Zaghi S, Villani AB, Fecteau S, Pascual-Leone A, Fregni F. Modulation
of risk-taking in marijuana users by transcranial direct current stimulation
(tDCS) of the dorsolateral prefrontal cortex (DLPFC). Drug Alcohol Depend
2010;112(3):220e5.
[58] Fregni F, Orsati F, Pedrosa W, Fecteau S, Tome FA, Nitsche MA, et al. Transcranial direct current stimulation of the prefrontal cortex modulates the
desire for speciﬁc foods. Appetite 2008;51(1):34e41.
[59] Fregni F, Liguori P, Fecteau S, Nitsche MA, Pascual-Leone A, Boggio PS. Cortical
stimulation of the prefrontal cortex with transcranial direct current stimulation reduces cue-provoked smoking craving: a randomized, sham-controlled
study. J Clin Psychiatr 2008;69(1):32e40.
[60] Kekic M, McClelland J, Bartholdy S, Boysen E, Musiat P, Dalton B, et al. Singlesession transcranial direct current stimulation temporarily improves symptoms, mood, and self-regulatory control in bulimia nervosa: a randomised
controlled trial. PLoS One 2017;12(1):e0167606.
[61] Mitchell M, Muftakhidinov B, Winchen T, Je˛ drzejewski-Szmek Z. Engauge
digitizer software. Webpage: http://markummitchell github io/engaugedigitizer, Accessed 2017;11.
[62] Higgins J, Green S. Handbook for systematic reviews of interventions version
5.1. 0 [updated March 2011]. The Cochrane Collaboration; 2011.

618

S. Song et al. / Brain Stimulation 12 (2019) 606e618

[63] Borenstein M, Hedges LV, Higgins JP, Rothstein HR. Introduction to metaanalysis. 2009.
[64] Borenstein M, Hedges LV, Higgins J, Rothstein HR. A basic introduction to
ﬁxed-effect and random-effects models for meta-analysis. Res Synth Methods
2010;1(2):97e111.
[65] Fecteau S, Agosta S, Hone-Blanchet A, Fregni F, Boggio P, Ciraulo D, et al.
Modulation of smoking and decision-making behaviors with transcranial
direct current stimulation in tobacco smokers: a preliminary study. Drug
Alcohol Depend 2014;140:78e84.
[66] Shen Y, Cao X, Tan T, Shan C, Wang Y, Pan J, et al. 10-Hz repetitive transcranial
magnetic stimulation of the left dorsolateral prefrontal cortex reduces heroin
cue craving in long-term addicts. Biol Psychiatry 2016;80(3):E13e4.
[67] Lipsey MW, Wilson DB. Practical meta-analysis. Sage Publications, Inc; 2001.
[68] Egger M, Smith GD, Schneider M, Minder C. Bias in meta-analysis detected by
a simple, graphical test. BMJ 1997;315(7109):629e34.
[69] Van den Eynde F, Claudino AM, Mogg A, Horrell L, Stahl D, Ribeiro W, et al.
Repetitive transcranial magnetic stimulation reduces cue-induced food
craving in bulimic disorders. Biol Psychiatry 2010;67(8):793e5.
[70] Goldman RL, Borckardt JJ, Frohman HA, O'Neil PM, Madan A, Campbell LK,
et al. Prefrontal cortex transcranial direct current stimulation (tDCS) temporarily reduces food cravings and increases the self-reported ability to resist
food in adults with frequent food craving. Appetite 2011;56(3):741e6.
[71] Sahlem GL, Baker NL, George MS, Malcolm RJ, McRae-Clark AL. Repetitive
transcranial magnetic stimulation (rTMS) administration to heavy cannabis
users. Am J Drug Alcohol Abuse 2017:1e9.
[72] Bravo GL, Poje AB, Perissinotti I, Marcondes BF, Villamar MF, Manzardo AM,
et al. Transcranial direct current stimulation reduces food-craving and measures of hyperphagia behavior in participants with Prader-Willi syndrome.
Am J Med Genet B Neuropsychiatr Genet 2016;171B(2):266e75.
[73] Ljubisavljevic M, Maxood K, Bjekic J, Oommen J, Nagelkerke N. Long-term
effects of repeated prefrontal cortex transcranial direct current stimulation
(tDCS) on food craving in normal and overweight young adults. Brain Stimul
2016;9(6):826e33.
[74] Mishra BR, Nizamie SH, Das B, Praharaj SK. Efﬁcacy of repetitive transcranial
magnetic stimulation in alcohol dependence: a sham-controlled study.
Addiction 2010;105(1):49e55.
[75] Huang W, Shen F, Zhang J, Xing B. Effect of repetitive transcranial magnetic
stimulation on cigarette smoking in patients with schizophrenia. Shanghai
Arch Psychiatry 2016;28(6):309e17.
[76] Dinur-Klein L, Dannon P, Hadar A, Rosenberg O, Roth Y, Kotler M, et al.
Smoking cessation induced by deep repetitive transcranial magnetic stimulation of the prefrontal and insular cortices: a prospective, randomized
controlled trial. Biol Psychiatry 2014;76(9):742e9.
[77] Herremans S, Baeken C, Vanderbruggen N, Vanderhasselt M-A, Zeeuws D,
Santermans L, et al. No inﬂuence of one right-sided prefrontal HF-rTMS
session on alcohol craving in recently detoxiﬁed alcohol-dependent patients: results of a naturalistic study. Drug Alcohol Depend 2012;120(1):
209e13.
[78] Amiaz R, Levy D, Vainiger D, Grunhaus L, Zangen A. Repeated high-frequency
transcranial magnetic stimulation over the dorsolateral prefrontal cortex reduces cigarette craving and consumption. Addiction 2009;104(4):653e60.

[79] Wing VC, Bacher I, Wu BS, Daskalakis ZJ, George TP. High frequency repetitive
transcranial magnetic stimulation reduces tobacco craving in schizophrenia.
Schizophr Res 2012;139(1):264e6.
€ppner J, Broese T, Wendler L, Berger C, Thome J. Repetitive transcranial
[80] Ho
magnetic stimulation (rTMS) for treatment of alcohol dependence. World J
Biol Psychiatr 2011;12(sup 1):57e62.
[81] Herremans S, Vanderhasselt M-A, De Raedt R, Baeken C. Reduced intraindividual reaction time variability during a GoeNoGo task in detoxiﬁed
alcohol-dependent patients after one right-sided dorsolateral prefrontal HFrTMS session. Alcohol Alcohol 2013;48(5):552e7.
[82] Herremans SC, Van Schuerbeek P, De Raedt R, Matthys F, Buyl R, De Mey J,
et al. The impact of accelerated right prefrontal high-frequency repetitive
transcranial magnetic stimulation (rTMS) on cue-reactivity: an fMRI study on
craving in recently detoxiﬁed alcohol-dependent patients. PLoS One
2015;10(8).
[83] den Uyl TE, Gladwin TE, Wiers RW. Transcranial direct current stimulation,
implicit alcohol associations and craving. Biol Psychol 2015;105:37e42.
[84] Nakamura-Palacios EM, de Almeida Benevides MC, da Penha Zago-Gomes M,
de Oliveira RWD, de Vasconcellos VF, de Castro LNP, et al. Auditory eventrelated potentials (P3) and cognitive changes induced by frontal direct current stimulation in alcoholics according to Lesch alcoholism typology. Int J
Neuropsychopharmacol 2012;15(5):601e16.
[85] Wietschorke K, Lippold J, Jacob C, Polak T, Herrmann MJ. Transcranial direct
current stimulation of the prefrontal cortex reduces cue-reactivity in alcoholdependent patients. J Neural Transm 2016;123(10):1173e8.
[86] Li X, Malcolm RJ, Huebner K, Hanlon CA, Taylor JJ, Brady KT, et al. Low frequency repetitive transcranial magnetic stimulation of the left dorsolateral
prefrontal cortex transiently increases cue-induced craving for methamphetamine: a preliminary study. Drug Alcohol Depend 2013;133(2):641e6.
[87] Liu Q, Shen Y, Cao X, Li Y, Chen Y, Yang W, et al. Either at left or right, both
high and low frequency rTMS of dorsolateral prefrontal cortex decreases cue
induced craving for methamphetamine. Am J Addict 2017;26(8):776e9.
[88] Sauvaget A, Bulteau S, Guilleux A, Leboucher J, Pichot A, Valriviere P, et al.
Both active and sham low-frequency rTMS single sessions over the right
DLPFC decrease cue-induced cravings among pathological gamblers seeking
treatment: a randomized, double-blind, sham-controlled crossover trial.
J Behav Addict 2018;7(1):126e36.
[89] Ceccanti M, Inghilleri M, Attilia ML, Raccah R, Fiore M, Zangen A, et al. Deep
TMS on alcoholics: effects on cortisolemia and dopamine pathway modulation. A pilot study. Can J Physiol Pharmacol 2015;93(4):283e90.
[90] Wang Y, Shen Y, Cao X, Shan C, Pan J, He H, et al. Transcranial direct current
stimulation of the frontal-parietal-temporal area attenuates cue-induced
craving for heroin. J Psychiatr Res 2016;79:1e3.
[91] Hanlon CA, Dowdle LT, Austelle CW, DeVries W, Mithoefer O, Badran BW,
et al. What goes up, can come down: novel brain stimulation paradigms may
attenuate craving and craving-related neural circuitry in substance dependent
individuals. Brain Res 2015;1628:199e209.
[92] Hanlon CA, Kearney-Ramos T, Dowdle LT, Hamilton S, DeVries W,
Mithoefer O, et al. Developing repetitive transcranial magnetic stimulation
(rTMS) as a treatment tool for cocaine use disorder: a series of six translational studies. Curr Behav Neurosci Rep 2017;4(4):341e52.

