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Background: Repetitive transcranial magnetic stimulation (rTMS) has demonstrated
therapeutic potential for treating patients with methamphetamine use disorder (MUD).
However, the most effective target and stimulation frequency of rTMS for treating MUD
remains unclear. This meta-analysis explored the effect of rTMS on MUD.

Methods: In this study, PubMed, Cochrane Systematic Reviews, and the Cochrane
Collaboration Central Register of Controlled Clinical Trials were searched electronically
for double-blind randomized controlled trials that used rTMS for treating MUD. We
used published trials to investigate the efficacy of rTMS in MUD up to March 5, 2022,
and pooled studies using a random-effect model to compare rTMS treatment effects.
Patients who were diagnosed with MUD according to the criteria of the Diagnostic and
Statistical Manual of Mental Disorders were recruited. Clinical craving scores between
baseline and after rTMS were compared using the standardized mean difference (SMD)
with 95% confidence intervals (Cls). The heterogeneity of the included trials was
evaluated through a visual inspection of funnel plots and the I statistic.

Results: We identified seven trials with 462 participants with MUD that met the
inclusion criteria. All the studies evaluated craving scores, with rTMS demonstrating
a more significant effect than the sham treatment on reducing craving scores
(SMD = 0.983, ClI = 0.620-1.345, p < 0.001). A subgroup meta-analysis revealed
that intermittent theta-burst stimulation (iTBS) had a greater positive effect than 10-Hz
rTMS. A metaregression revealed that the SMDs increased with the increase in baseline
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craving scores, whereas they decreased with the increase in the proportion of men and

duration of abstinence.

Conclusion: The meta-analysis suggests that rTMS may be associated with treatment
effect on craving symptoms in patients with MUD. iTBS may have a greater positive
effect on craving reduction than 10-z rTMS.

Keywords: repetitive transcranial magnetic stimulation (rTMS),
stimulation, substance use disorder

INTRODUCTION

Methamphetamine is a synthetic drug in Germany in 1887
and used widely during WWII by the Nazi and Japanese
armies. Methamphetamine is medically used for the treatment
of attention deficit hyperactive disorder and obesity (1).
Methamphetamine is marketed as Desoxyn and Adderall in
United States and other countries. Initially, students and young
workers abuse methamphetamine because it could improve their
performance by last their study and working time. However,
methamphetamine is a highly addictive substance due to the
tolerance of methamphetamine developing fast.

Methamphetamine initially improves a person’s awareness,
focus, and physical performance, providing a feeling of euphoria.
Additionally, its use leads to psychotic symptoms, such
as anxiety, agitation, paranoia, and hallucinations. However,
somatic symptoms are frequently experienced, such as seizures,
chest pains, sweating, shortness of breath, palpitations, and
high blood pressure.

The long-term use of methamphetamine usually results
in a high dose because tolerance to the drug develops
relatively rapidly. It may also trigger serious outcomes, such
as arrhythmia and cerebral hemorrhage. The habitual use of
methamphetamine often causes weight loss, poor cognitive
functioning, persistent psychotic symptoms (e.g., persecutory
delusions and hallucinations), and decreased sleep (2, 3).

The highest prevalence of methamphetamine abuse has been
recorded in Asia, particularly in East and Southeast Asia,
and this abuse is becoming a considerable socioeconomic
burden worldwide according to the World Drug Report 2016
published by the United Nations Office on Drugs and Crime
(UNODC). The UNODC estimates that 35.65 million people
or 0.8% of the world’s population aged 15-64 was using
methamphetamine in 2014.

People who abuse methamphetamine via different routes such
as mouth ingestion, nose inhalation, or intravenous injection
in different area of the world (4). Methamphetamine enter
bloodstream rapidly after traverses the blood-brain barrier
directly, entering the brain parenchyma because it is lipophilic.
The drug mainly influences the reuptake of monoamine
neurotransmitters such as dopamine, norepinephrine, and
serotonin (1), increasing dopamine levels in the cytoplasm
and neuromuscular junction. The abundance of dopamine
provides the feeling of euphoria, explaining why chronic
methamphetamine users feel unwell during withdrawal when
their dopamine levels are low; hence, they feel the need for an
increasing amount of stimulation (5).

methamphetamine, craving, theta-burst

Non-invasive brain  stimulation including repetitive
transcranial magnetic stimulation (rTMS) and transcranial
direct current stimulation (tDCS) have been widely applied to
different neurological and psychiatric conditions. It is considered
to have therapeutic effects because of the neuromodulation
produced by a change in unidentified mechanisms in the human
brain that might include cortical excitability, neurotransmitter
release, signaling pathways, and gene expression (6-10). Initially,
rTMS was determined to have an antidepressant effect by
inhibiting the dorsolateral prefrontal cortex (DLPFC). However,
craving related to addiction is suspected to be correlated with
the “brain reward circuit” through the dopamine pathway in
the brain. Furthermore, inhibitory control is exerted by the
DLPEC over the reward circuit through the mesofrontolimbic
connections (11, 12). Studies have suggested that rTMS
stimulates the DLPFC to reduce drug cravings through two
processes. First, the DLPFC interacts with the ventral tegmental
area, which is correlated with the reward system through
an increase in dopamine. Second, stimulation of the DLPFC
stimulates glutamate, inducing increased dopamine excretion
and reducing cravings (13, 14). These findings support the
use of rTMS for substance use disorders, although negative
findings on alcohol and cocaine use disorder have also been
revealed (15, 16). Therefore, in this study, we focused on
methamphetamine use disorder (MUD), which is a central
nervous system stimulant addiction similar to cocaine addiction.
Studies on rTMS in relation to MUD have revealed that this
treatment significantly reduces cravings and relapse (17-20).
Theta-burst stimulation (TBS) is a novel TMS protocol in
which short bursts of high-frequency (50 Hz) stimulation are
repeated at 5 Hz (200-ms intervals). Both intermittent TBS
(iTBS) and continuous TBS (cTBS) can rapidly induce synaptic
plasticity (21). Pilot studies have reported the effects of TBS
on patients with MUD (19, 22). However, the most effective
frequency for both conventional rTMS and iTBS remains
unclear. Because findings related to this promising anticraving
intervention are varied, a meta-analysis of all studies on rTMS
and MUD is warranted.

MATERIALS AND METHODS

Search Strategy and Study Selection

In this study, two well-trained authors (C-HC and M-FL)
independently performed a systematic literature search from
the study’s inception until March 5, 2022. The search terms
were (methamphetamine OR methylamphetamine) AND
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(repetitive transcranial magnetic stimulation OR rTMS OR
brain stimulation OR theta-burst) (23-25). We searched the
PubMed, Cochrane Collaboration Central Register of Controlled
Clinical Trials, and Cochrane Systematic Reviews databases
for studies on rTMS for MUD. The included trials and related
review articles were reviewed manually to acquire pertinent
references. The Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines were followed
(26) (Figure 1).

Eligibility Criteria

Studies were included if they (a) had participants with MUD,
(b) were double-blind randomized placebo-controlled trials
(DBRCTs), and (c) used rTMS as a monotherapy or adjunctive
treatment. Articles were excluded if they (1) were not related to
human clinical trials, (2) were review or comment papers, (3) did
not include rTMS, (4) did not include a DBRCT, (5) were based
on animal studies, (6) involved a duplicate dataset, (7) were a
protocol, or (8) did not focus on patients with MUD.

Data Extraction

The two authors independently extracted data of interest
following the PRISMA guidelines. They examined all the
retrieved articles and recorded information relating to the first
author, year of publication, number of participants, sex ratios,
mean age, baseline craving scores, brain target, frequency,
number of sessions, onset age, duration of abstinence, duration
of methamphetamine use, and methamphetamine dose per
day (Table 1).

Methodological Quality Appraisal

In this study, Jadad scoring (27) was used to assess the
methodological quality of the randomized controlled trials
(RCTs) in the enrolled studies. Jadad scores evaluate the
methodology quality of RCTs based on the following three
aspects: (a) randomization (two points), (b) blinding (two
points), and (c) an account of all patients (one point). Potential
Jadad scores range from 0 to 5, with a higher score indicating
higher methodological quality. Between-reviewer discrepancies
were solved through discussions under the supervision of the
corresponding author.

Outcome Measures

We aimed to evaluate the rTMS effect on craving in participants
with MUD. In this study, the reduced craving scores for rTMS
and sham treatment were compared.

Data Synthesis and Analysis

We used the standardized mean difference (SMD), which
expresses changes in craving scores, in each selected meta-
analysis to calculate the SMD. Positive values indicated that the
craving scores improved after rTMS or sham therapy. We used a
random-effects model to pool the individual SMDs. We used I?
tests to evaluate between-trial heterogeneity, and values > 50%
were considered to indicate considerable heterogeneity. Two-
tailed p values of < 0.05 were considered statistically significant.
We used a sensitivity test with a “one study removal” test to
evaluate the effect on the results of removing each individual
study and reanalyzing the overall effect on the remaining studies.

Records identified through
database searching
(n=397)

z
i
2
w

rTMS, repetitive transcranial magnetic stimulation.

Additional records identified
through other sources

Records identified (n=397)

Records after duplicates
removed (n=360)

Full-text articles assessed
for eligibility (n=53)

Studies includedin
qualitative synthesis (n=7)

Studies included in
meta-analysis (n=7)

FIGURE 1 | PRISMA flow diagram for the identification of included studies. Database: PubMed (n = 312), Cochrane Central Register of Controlled Trials (n = 85),
Cochrane Database of Systematic Reviews (n = 0). Keyword: (methamphetamine OR methylamphetamine) AND (repetitive transcranial magnetic stimulation OR
rTMS OR brain stimulation OR theta-burst). Date: date available to Mar 2022. DBRCT, double-blind randomized placebo-controlled trial; MA, methamphetamine;

(n=0)

Duplicated records excluded (n=37)

Excluded by title and abstract (n=307)

Studies excluded: n=46

Not rTMS trials n=14
Review/comment n=10

Not DBRCT n=10

Animal studies n=7

Duplicate dataset n=3
Protocol n=1

Not focus on MA patients n=1
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NA
0.57 (0.34)

73.56 (43.50)
76.26 (44.34)
60.00 (41.83)

NA
3.80 (1.24)
2.79 (1.41)

27.49 (5.64)
24.15 (7.48)

23.54 (6.17)

10
20
20

iTBS*

Left DLPFC vmPFC

34.89
32.62
30.08

74
60
49

Chenetal. (17)
Su et al. (29)

iTBS
iTBS

Left DLPFC
Left DLPFC

63.20

NA

63.00

Chen et al. (22)

n, NA, not available; vmPFC, ventromedial prefrontal cortex. *Four-arm trial (Group A: iTBS targeting the left DLPFC; Group B: cTBS

DLPFC, dorsolateral prefrontal cortex; iTBS, intermittent theta-burst stimulatio

targeting the left vmPFC; Group C: a combination of the Group A and B treatment protocols; Group D: sham TBS).

In addition, we evaluated potential publication bias with funnel
plots and an Egger’s test. The meta-analysis was performed
using Comprehensive Meta-Analysis software, version 3 (Biostat,
Englewood, NJ, United States).

RESULTS

Characteristics of Included Studies

The seven included studies had enrolled a total of 462 patients
with MUD (mean age = 33.44 + 2.57 years, men = 84.44%).
The average number of participants was 78.10 + 31.67
(range: 20-65), and the average number of treatment sessions
was 14.76 & 5.47 (range: 5-20). The mean baseline craving
scores were 39.30 £ 10.87. The mean age of onset was
24.86 £ 1.52 years, and the mean duration of methamphetamine
use was 66.96 & 7.28 months. Six trials (19, 20, 22, 28-30) were
two-arm trials with a sham-controlled design, and one (17) was a
four-arm trial (Group A: iTBS targeting the left DLPFC; Group
B: cTBS targeting the left vmPFC; Group C: a combination of
the Group A and B treatment protocols; Group D: sham TBS).
A schematic of the search process is presented in Figure 1 and
Table 1 summarizes the study characteristics.

OVERALL REPETITIVE TRANSCRANIAL
MAGNETIC STIMULATION EFFECT ON
CRAVING ANALYSES

Meta-Analyses of Repetitive Transcranial

Magnetic Stimulation Effect

Among the seven trials (17, 19, 20, 22, 28-30), all reported
the effect on craving. The positive SMD results indicated the
improvement of clinical symptoms after the treatment with
add-on rTMS. rTMS showed a more significant effect than the
sham treatment on reducing craving scores in participants with
methamphetamine use disorder (SMD = 0.983, CI = 0.620-1.345,
P <0.001; Figure 2A).

Subgroup Analyses of Repetitive
Transcranial Magnetic Stimulation
Frequency

Four trials (17, 19, 22, 29) that used iTBS had significant ESs:
1.217 (95% CI: 0.953-1.481, P < 0.001), whereas two trials used
10 Hz showed significant ESs: 0.877 (95% CI: 00.412-1.342,
P < 0.001; Figure 2B).

Subgroup Analyses of Brain Target

Six studies (19, 20, 22, 28-30) targeted at left DLPFC showed
significant ESs: 0.956 (95% CI: 0.535-1.378, P < 0.001;
Figure 2C).

Meta-Regression Analyses of Overall

Clinical Symptoms
We noted that the increased effect of rTMS on reducing craving
scores was significantly correlated with the baseline craving
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Statistics for each study
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Liang et al., 2018 1.015
Su et al.,, 2020a 1.156
Yuan et al., 2020 0.187
Chen et al., 2020 1.153
Su et al,, 2020b 1.025
Chen et al., 2021 1.773

0.983

Group by Study name
Frequency
1Hz Yuan et al., 2020
1Hz
10 Hz Suetal., 2017
10 Hz Liang et al., 2018
10 Hz
iTBS Su et al., 2020a
iTBS Chen et al., 2020
iTBS Su et al., 2020b
iTBS Chen et al., 2021
iTBS
Group by Study name
Brain target
Left DLPFC Suetal., 2017
Left DLPFC Liang et al., 2018
Left DLPFC Su etal.,, 2020a
Left DLPFC Yuan et al., 2020
Left DLPFC Su et al., 2020b
Left DLPFC Chen et al., 2021
Left DLPFC
vmPFC Left DLPFC  Chen et al., 2020
vmPFC Left DLPFC

limit

-0.065
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-0.273
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0.487
1.099
0.620

limit

1.406
1.616
1.536
0.646
1.707
1.564
2.446
1.345

p-Value

0.074
0.001
0.000
0.426
0.000
0.000
0.000
0.000

Statistics for each study

Std diff
in means

0.187
0.187
0.671
1.015
0.877
1.156
1.153
1.025
1.773
1.217
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limit
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Upper
limit p-Value
0646 0426
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Statistics for each study

Std diff
in means

0.671
1.015
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0.187
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FIGURE 2 | Meta-analyses of (A) overall standardized mean difference, (B) group by frequency, and (C) group by brain target.
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scores, whereas a decreased effect of rTMS on craving scores
was correlated with the proportion of men and duration of
abstinence (Figure 3).

Heterogeneity and Publication Bias

Significant heterogeneity was observed within the seven studies
(Q = 18.641, df = 6, 1> = 67.814%, P = 0.005). Egger’s test
revealed no significant publication bias regarding the overall
SMD (P = 0.6959). The funnel plots for the SMD of overall clinical
symptoms are shown in Figure 4.

Sensitivity Analysis

In the meta-analysis of the rTMS effect on reducing craving
scores, the conclusion remained significant when removing
any single study.

DISCUSSION

To the best of our knowledge, this is the first meta-analysis
focusing on the efficacy of rTMS in patients with MUD. We

revealed that (1) rTMS had a significant positive effect on craving
score reduction in participants with MUD compared with a sham
treatment (SMD = 0.983, CI = 0.620-1.345, p < 0.001), (2) studies
targeting the left DLPFC revealed significant positive effects, (3)
TBS had a greater positive effect than 10-Hz rTMS, and (4) the ES
increased with the baseline craving scores and decreased with the
proportion of male participants and duration of abstinence.

Our findings are consistent with those of three meta-analyses
(23-25). We included seven DBRCTs in our study, whereas other
studies had four (25), five (24) and six (23). Zhang et al. included
26 trials, with four (20, 28, 31, 32) focusing on MUD. The ESs of
these four trials ranged from a Hedges g of —0.398 to —1.611. Ma
etal. included 12 trials, with five (20, 28, 31-33) focusing on rTMS
and MUD. The mixed-effect subgroup analysis suggested that the
treatment for methamphetamine addiction was positive (N = 10,
Hedges' g = 1.541, CI = [0.735, 2.347], z = 3.749, p < 0.001).
Gay et al. included 34 trials, with six (19, 20, 28, 30, 31, 33)
focusing on MUD. The subgroup analysis using a random-effects
model demonstrated a significant positive effect on reducing
methamphetamine cravings (SMD = —0.57, CI = —0.96 to —0.18,
z=2.83, p=0.005). These meta-analyses reveal the effect of rTMS

A Regression of Std diff in means on Male Proportion

N O

Std diff in means

1 | 6 studies, slope = -3.1235, p = 0.0470

Male Proportion

C Regression of Std diff in means on Abstinence duration

e

Std diff in means

1 |6 studies, slope = -0.1197, p = 0.0266

20 00 20 40 60 80 100 120

Abstinence duration

FIGURE 3 | (Continued)

B Regression of Std diff in means on Baseline craving scores

Std diff in means

6 studies, slope = 0.0369, p = 0.0001

Baseline craving scores

D Regression of Std diff in means on MA(g/d)

O

Std diff in means

1 |4 studies, slope = 1.7317, p = 0.3484 |
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E Regression of Std diff in means on Duration of MA use (months)
O

O
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750 200 850
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H
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G Regression of Std diff in means on Session

Std diff in means
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™1 |7 studies, slope = 0.0471, p = 0.1029
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FIGURE 3 | Metaregression of the effects of repetitive transcranial magnetic stimulation on craving in relation to (A) proportion of men, (B) baseline craving scores,
(C) duration of abstinence, (D) mean methamphetamine use per day, (E) duration of methamphetamine use, (F) onset age, and (G) number of sessions.

F Regression of Std diff in means on Onset age
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N Q
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on methamphetamine cravings. In our study, the overall effect
on craving was SMD = 0.983, CI = 0.620-1.345, p < 0.001. The
differences in effect results might be explained by design of the
included trials and ES methodology.

Moreover, in our study, high-frequency rTMS, including 10-
Hz rTMS and TBS, had a significant effect on craving reduction,
whereas low-frequency rTMS did not (Figure 2B). Our findings
are consistent with other meta-analyses on substance use
disorders. A systematic meta-analysis of non-invasive brain
stimulation on stimulant-craving users of cocaine, amphetamine,
and methamphetamine reported that in studies using high-
frequency rTMS (N = 7), the craving level decreased (Hedges’
g = 1.671, CI = [0.669, 2.673], z = 3.269, p = 0.001), but in low-
frequency rTMS studies, it did not (N = 4, Hedges’ g = 0.962,
CI = [-1.137, 3.061], z = 0.898, p = 0.369) (24). Another
meta-analysis of the effect of r'TMS on craving in patients with
substance dependence reported that in studies using excitatory
r'TMS over the left DLPFC (N = 13), the craving level decreased
(Hedges g = —0.624, CI = [—0.894, —0.354], z = —4.531,
p < 0.0001) (25). A single-blind sham-controlled crossover

study enrolled 10 non-treatment-seeking methamphetamine-
dependent users and discovered that low-frequency (1 Hz) rTMS
of the left DLPFC transiently increased cue-induced craving for
methamphetamine (1-Hz rTMS group: 17.86 £ 1.46 vs. sham
group: 24.85 £ 1.57, p = 0.001) (31). Another study enrolled 50
male methamphetamine users and randomly assigned them to
five groups (10 Hz left P3, 10 Hz L-DLPFC, 10 Hz R-DLPFC,
1 Hz L-DLPFC, 1 Hz R-DLPFC), revealing that on either the left
or right side, both high-frequency and low-frequency rTMS were
effective at decreasing the cue-induced cravings (32). However,
this study lacked a sham control and was not double blinded.
We further evaluated different levels of high frequency. Two
articles (20, 28) included in our meta-analysis investigated the
effects of 10-Hz rTMS, whereas four studies (17, 19, 22, 29)
investigated TBS. We noted that iTBS treatment was more
effective than the 10-Hz treatment (N =4, SMD = 1.217, p < 0.001
and N =2, SMD = 0.877, p < 0.001, respectively). We aimed to
clarify why patients receiving TBS experienced greater benefits
than those receiving conventional 10-Hz rTMS. A network meta-
analysis of the acute treatment of major depression enrolled
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FIGURE 4 | Funnel plots for the standardized mean differences of craving.

81 studies. Their results indicated that TBS is more effective
than high-frequency rTMS in terms of remission (TBS: odds
ratio [OR] = 3.37, 95% CI = 0.52-22.05; high-frequency rTMS:
OR =2.73,95% CI = 1.78-4.20) (34). A randomized multicenter
non-inferiority clinical trial evaluated the effectiveness of theta-
burst versus high-frequency rTMS in patients with depression
(35). They randomly allocated 205 participants to 10-Hz rTMS
treatment and 209 to iTBS treatment. After 4-6 weeks of
treatment, Hamilton rating scale for depression (17-item version)
scores improved from 23.5 (SD 4.4) to 13.4 (7.8) in the 10-
Hz rTMS group and from 23.6 (4.3) to 13.4 (7.9) in the iTBS
group (adjusted difference = 0.103 [corrected], 95% CI = —1.16,
p = 0.0011), indicating the non-inferiority of iTBS. Notably,
these studies focused on depression rather than MUD. Further
studies are warranted to evaluate the difference between TBS and
high-frequency rTMS in patients with MUD.

We further evaluated the effect of each modulator on craving
reduction. Through a metaregression analysis, we identified trials
with a higher proportion of men demonstrating lower SMDs for
the effects of rTMS on craving (Figure 2A). Previous studies
have observed potential sex-related differences in rTMS-induced
cortical plasticity. Inghilleri et al. observed that the motor-evoked
potential (MEP) size increased progressively during women’s
menstrual cycle, suggesting that rTMS may induce increased
MEP in women in the late stage of the menstrual cycle (36). This
is consistent with the results of other studies, highlighting the
excitatory neuronal effect associated with estradiol and inhibition
associated with progesterone (37, 38). A meta-analysis of rTMS
used to treat patients with major depression observed that women

may have a greater response to rTMS treatment than men
(39). However, whether rTMS treatment yields a comparable
sex-related difference in methamphetamine abuse populations
remains undetermined. Further well-designed studies with larger
samples are required to evaluate sex-related differences in
relation to treatment and brain function.

In the metaregression analysis, we revealed that the increased
effect of rTMS on craving scores was significantly correlated
with baseline craving scores, whereas a decrease in the
effect of rTMS on craving scores was correlated with the
duration of abstinence (Figures 3B,C). Studies have noted
that methamphetamine withdrawal may cause long-term effects,
including dry mouth, paranoia, itching, sleeplessness, psychosis,
and depressive symptoms (40). Craving is associated with
withdrawal discomfort during abstinence (41, 42); thus, in the
early stages of withdrawal, rTMS may have a greater effect
on craving scores. Further studies should evaluate the different
stages of abstinence after discontinuing methamphetamine use.

Strengths and Implication

Our study has several strengths compared with the three other
meta-analyses (23-25). First, we included seven trials, whereas
other studies included four, five, and six (23-25). Second, we
conducted a subgroup analysis on conventional rTMS and TBS,
revealing that TBS had a higher positive effect on cravings
than 10-Hz rTMS. Third, we used a metaregression to analyze
the relationship between ES and key factors. In addition to
r'TMS, non-invasive brain stimulation like tDCS have shown
promising effect in substance use disorder (10). A randomized
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and sham-controlled trial including 60 male patients showed that
the combination of Matrix Model psychotherapy and tDCS may
improve cognition and craving in MUD (9). Further trials are
suggested to evaluate the treatment effect of rTMS and tDCS in
patients with MUD.

Limitations

Our study also has some limitations. First, the numbers of
included trials and patients were small. Second, the duration of
most trials was less than 36 weeks, and the long-term positive
effect of rTMS treatment on craving remains uncertain. Third,
not all trials used the same protocols to evaluate craving and
rTMS treatment. Fourth, we did not consider trials without a
double-blind design or unpublished studies. Five, comprehensive
genetic or psychosocial factors that are potential confounders of
treatment outcomes were not evaluated in this study. Further
trials with larger sample sizes and including comprehensive
variables may be warranted.

CONCLUSION

This meta-analysis revealed that rTMS has a significantly positive
effect on patients with MUD and a positive effect on craving
reduction. In addition, iTBS has a greater positive effect on
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