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Substance use disorders (SUDs) are a highly prevalent global issue worldwide associated with high relapse rates. These outcomes
may be caused by substance related changes in brain circuits responsible for reward processing, impulse control, and decision
making. Transcranial magnetic stimulation (TMS) is a non-invasive intervention with potential in addressing these addiction
related neural changes. This literature review examines the potential of TMS as an emerging intervention for individuals with
SUDs, focusing on clinical outcomes including craving, abstinence, and relapse-related measures. This review included 11 peer-
reviewed human studies identified through PubMed, ScienceDirect, and Google Scholar, published in English within the past 20
years. Eligible studies examined TMS or repetitive TMS (rTMS) as an intervention for SUDs, and reported outcomes related to
craving, relapse, or abstinence using clinical or experimental designs, such as randomized controlled trials (RCTs), systematic
reviews, and pilot studies. No formal meta-analysis was conducted and a PRISMA-like search strategy guided study selection.
TMS, most frequently targeting the dorsolateral prefrontal cortex, was associated with reductions in craving and substance use,
with some trials reporting improved relapse related outcomes. Effects were most consistent in alcohol and nicotine use disorders
compared with cocaine and stimulant use disorders. Clinical trials further demonstrate that combining repetitive TMS (rTMS)
with approaches such as cognitive-behavioral therapy may potentiate treatment outcomes compared to standalone interventions.
Overall, evidence suggests that TMS is a promising intervention for targeting neurobiological pathways involved in addiction.
Future research should focus on establishing standardized protocols and identifying effective integration within comprehensive
treatment plans.
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Introduction

Substance use disorders (SUDs) are a highly prevalent issue
worldwide and place substantial impacts on both individuals
and society. Global estimates indicate that alcohol, opioid,
cannabis, stimulant, and nicotine use disorders affect millions
of individuals. Beyond their high prevalence, SUDs are as-
sociated with detrimental effects on longevity and brain de-
velopment, while also imposing a substantial economic and
emotional burden.

The prevalence of SUDs has continued to increase, with
the percentage of individuals with drug use disorder aged 12
or older increasing from 8.7% in 2021 to 9.8% in 20241. A
growth in substance use can be attributed to multiple factors,
including technological advancements that facilitate the on-
line drug trade, increased accessibility, and policy changes,
such as the legalization of cannabis, which have been linked
to greater use among young adults. The emergence of digital
marketplaces has increased wholesale activity regarding the
distribution, selling, and buying of illegal substances2.
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One study reported that beyond age 15, drug use, on aver-
age, was estimated to reduce life expectancy by 1.4 years for
men and 0.7 years for women3. Other factors contributing to
such reductions in longevity are due to the association between
substance abuse and higher rates of chronic diseases such as
cancer, cardiovascular disease, liver damage, and neurodegen-
erative conditions like Alzheimer’s, which worsen long-term
health outcomes.

Beyond these consequences, SUDs are associated with
structural brain changes, including grey and white matter ab-
normalities in brain regions involved in cognitive and emo-
tional processing, such as the anterior cingulate (ACC), lateral
prefrontal, and insular cortex4. White matter alterations as-
sociated with chronic substance use may involve demyelina-
tion (damaging of the protective myelin sheath around nerve
fibers), cognitive deficits, and disruptions in white matter mi-
crostructure, although the permanence of these changes re-
mains uncertain5,6. These neurobiological alterations are fur-
ther supported by evidence of reduced dopamine D2 recep-
tor availability in individuals with SUDs compared to healthy
controls, reflecting impaired reward system functioning as-
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Fig. 1 Comparison of dopamine D2 receptor availability in healthy
controls and individuals with cocaine, alcohol, and smoking
dependence. Warmer colors (red/yellow) indicate higher D2
receptor availability. The obese condition is included in the original
image for comparative purposes but is not discussed in this review.
Reprinted from Wikimedia Commons, by N. Volkow, 2001,
wikimedia.org. In the public domain7.

sociated with increased drug seeking behavior. Collectively,
these findings suggest that SUDs involve dysregulation of neu-
ral systems associated with reward processing and executive
control, contributing to increased vulnerability to craving, as
illustrated by reduced dopamine receptor availability in indi-
viduals with SUDs (see Figure 1). These findings have con-
tributed to growing interest in interventions targeting neural
systems involved in executive control and reward processing.

Despite the global prevalence and severity of SUDs, exist-
ing treatments show variable efficacy with relapse rates rang-
ing from 40% to 60% among individuals in recovery8. A
study published in 2019 concluded that the number of al-
cohol or other drug (AOD) recovery attempts varied widely,
ranging from 0 to 100. The mean number of attempts was
5.35, and the median was 29. This increase of the mean com-
pared to the median suggests a positively skewed distribution
with heterogeneous recovery trajectories. The variability in
achievable recovery outcomes highlights a need for more ef-
fective, accessible, and personalized interventions that may
improve long-term recovery outcomes for individuals with
SUDs. Moreover, widely implemented approaches such as Al-
coholics Anonymous, talk therapy, and related interventions
provide support but demonstrated inconsistent long-term re-
ductions in substance use or relapse outcomes.

In recent decades, emerging work in neuroscience has be-
gun to address unique psychobiological factors associated
with addiction. Such modalities have included pharmacologi-
cal treatments, neuromodulation techniques such as deep brain

stimulation (DBS) and transcranial direct current stimulation
(tDCS), and neurocognitive interventions like mindfulness-
based relapse prevention10.

Transcranial magnetic stimulation (TMS) is a non-invasive
neuromodulatory technique that has been increasingly investi-
gated as a potential approach for targeting neural mechanisms
affected in SUDs by utilizing magnetic pulses to modulate
neural activity in targeted brain regions. The rationale for
TMS in addiction treatment stems from the fact that chronic
substance use disrupts neural circuits involved in reward, de-
cision making, and impulse control. Dysfunction in the pre-
frontal cortex (PFC) and its connections to limbic regions
have been associated with disrupted control, contributing to
increased craving and vulnerability to relapse. By targeting
the dorsolateral prefrontal cortex (DLPFC), TMS may mod-
ulate neural activity within these pathways, thus potentially
strengthening regulation11. The U.S. Food and Drug Admin-
istration (FDA) has approved TMS for the treatment of de-
pression, OCD, migraines, and smoking cessation in patients
who have not benefited from other interventions. When ad-
ministered through the delivery of repeating magnetic pulses,
this procedure is referred to as repetitive TMS (rTMS). TMS
uses an electromagnetic coil placed against the scalp, gener-
ating a magnetic field which induces neural cell membranes
to undergo depolarization in cortical tissue under the coil12.
Due to the crucial role depolarization plays in neuronal firing,
this method affects the related nerve loop activity. TMS may
also promote neuroplasticity, supporting long-term changes
in brain regions involved in self-control and reward process-
ing13.

This literature review examines the potential of transcranial
magnetic stimulation (TMS) as an emerging intervention for
SUDs, with a particular focus on clinical outcomes includ-
ing craving, abstinence, and relapse-related measures pub-
lished within the past 20 years. The neurobiological mech-
anisms through which TMS may promote neuroplasticity and
strengthen executive control, its integration with existing treat-
ment approaches, and current challenges are also examined.

Methods

This literature review was conducted by searching key terms
including “TMS,” “addiction,” “relapse,” “substance use dis-
order (SUD),” “efficacy,” “DLPFC,” and “treatment.” Sources
were identified through academic databases such as PubMed
and ScienceDirect, and Google Scholar was utilized as a re-
search tool to identify relevant studies. Search terms in-
cluded combinations of (“transcranial magnetic stimulation”
OR “TMS” OR “rTMS”) AND (“substance use disorder” OR
“addiction”) AND (“relapse” OR “craving” OR “abstinence”).
Searches were done primarily between July 2025 and Febru-
ary 2026.
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To ensure relevance, this review focused on studies pub-
lished in English within the past 20 years, and excluded stud-
ies limited to unrelated neurological conditions. Studies were
included if they examined TMS or repetitive TMS (rTMS) as
an intervention for SUDs in human participants and reported
at least one clinically relevant outcome, such as craving, absti-
nence, substance use frequency, or relapse-related outcomes.
Eligible studies included randomized controlled trials (RCTs),
systematic reviews, and pilot studies. They were excluded if
they focused primarily on neurological disorders unrelated to
SUDs, such as stroke rehabilitation, Parkinson’s disease, or
motor disorders. Non-peer reviewed sources were also ex-
cluded.

The initial search identified approximately 60 studies, and
after removal of irrelevant studies, 11 were ultimately in-
cluded in this review. Data extracted from each selected
study included author names, publication year, research de-
sign, sample size, TMS protocol parameters, and primary out-
comes. Quantitative data, such as relapse and abstinence rates,
craving measures, and treatment outcomes, were incorporated
to highlight efficacy and trends across studies. Qualitative
findings were also utilized to discuss clinical findings and
the potential role TMS has on relapse prevention. In this re-
view, the terms “substance use disorder (SUD),” “addiction,”
and “relapse prevention” are used when describing individuals
with SUDs.

This review was conducted as a literature review rather than
a meta-analysis, and no formal quality scoring tool or meta-
analytic synthesis was applied, though a PRISMA-like search
strategy guided study selection.

Results

Across multiple studies, TMS was associated with reductions
in craving intensity and substance use frequency particularly
in alcohol and nicotine use disorders, with some studies ad-
ditionally reporting improvements in abstinence or relapse re-
lated outcomes. Substances such as alcohol and nicotine ac-
count for a substantial proportion of global addiction cases,
with around 400 million people worldwide estimated to have
AUDs and 1.3 billion tobacco users, making these findings
significant for public health14,15. While research in opioid
and other stimulant use disorders remains comparatively lim-
ited, current evidence suggests potential benefits that require
further exploration for a variety of addictive substances.

Combination with other therapies

Others suggest that non-specific factors, including the struc-
tured protocol, support, and increased clinical contact in TMS
treatment may contribute to motivational or placebo related

reductions in craving. However, compared to control condi-
tions, TMS groups still show greater reductions in craving and
substance use measures, with some studies also reporting ab-
stinence and relapse related outcomes, although outcome def-
initions and assessments varied across studies. These effects
are attributed to direct modulation of neural circuits involved
in craving, impulse control, and reward processing, which are
thought to underlie relapse vulnerability16. In comparison to
psychotherapy or pharmacotherapy, which primarily rely on
gradual behavioral changes or pharmacological effects, rTMS
may promote neurobiological changes17. For instance, rTMS
causes acute and lasting neuroplastic changes that can yield
measurable improvements in brain function, particularly in
dopamine and glutamate activity18. Although TMS as a stan-
dalone intervention is promising, studies demonstrate its com-
bination with other approaches, such as cognitive-behavior
therapy (CBT), psychotherapy, and Alcoholics Anonymous
(AA), can further potentiate treatment outcomes. For in-
stance, a 2022 study discovered the strongest effect in pre-
venting alcohol relapse at 24 weeks resulted from combining
left DLPFC rTMS with a full CBT plan19. For a detailed com-
parison of TMS treatment studies, see Table 1.

Short-term and Long-term Effects

In addiction treatment, TMS can produce both immediate
and sustained effects, with outcomes varying according to the
stimulation protocol used. Short-term effects consist of im-
mediate reductions in cravings, along with improvements in
mood and impulse control. Temporary side effects, such as
mild headaches, dizziness, or facial muscle twitching, typ-
ically resolve within a day. Long term outcomes often in-
volve sustained reductions in addiction severity, marked by
reduced cravings and lower substance use. Clinical trials sug-
gest that these benefits may persist for weeks to months fol-
lowing treatment, though efficacy varies depending on the pro-
tocol used23.

Discussion

Follow up periods varied across trials, which limit standard-
ized conclusions and direct comparisons regarding sustained
effects. According to the studies, effects were most consistent
in alcohol and nicotine use disorders. Specifically, nicotine
trials reported higher abstinence rates in active rTMS groups
compared to sham conditions, while alcohol trials reported re-
duced relapse rates in active groups. In contrast, the study
regarding cocaine use disorders demonstrated mixed results,
with significant differences in days of use but not in craving
or abstinence rates between active and sham conditions.

The variability in findings may reflect the differences in
methodology across studies, which includes variances in stim-
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Table 1 Selected Clinical Trials of TMS in SUDs

Study
(Author,
Year)

Substance
Type

TMS protocol
(site, frequency,
pulses/session, inten-
sity)

Treatment dura-
tion (sessions/week x
weeks; total sessions)

Sample size (n) Paired with other
therapy

Primary outcome
(method)

Primary Findings Follow up

Study
(Author,
Year)

Substance
Type

TMS protocol
(site, frequency,
pulses/session, inten-
sity)

Treatment dura-
tion (sessions/week x
weeks; total sessions)

Sample size (n) Paired with other
therapy

Primary outcome
(method)

Primary Findings Follow up

Zangen
et al.,
202120

Tobacco/
Nicotine

Site: Lateral prefrontal
cortex and insular cor-
tex.
Frequency: 10 Hz high-
frequency rTMS.
Pulses/session: 1,800
pulses per session (60
trains of 30 pulses).
Intensity: 120% of the
individual’s minimal
motor threshold.

Schedule: 5 ses-
sions/week for the first
3 weeks (daily on week-
days), followed by 1
session/week for an ad-
ditional 3 weeks.
Total Sessions: 18 ses-
sions.

Total Enrolled: 262
participants.
Randomization
Allocation: Active:
123 / Sham: 139.
Intent-to-Treat
(ITT) Set: 234 to-
tal.
Completer Analysis
Set: 169 total.

Symptom Provoca-
tion: 5-minute cue-
induced craving provo-
cation procedure.
Behavioral Support:
∼2 minute post-session
motivational talk using
the National Cancer
Institute’s “Clearing the
Air” protocol booklet.

4-week continuous quit
rate (CQR) verified by
urine cotinine. Tracked
via daily smoking di-
aries and biological
testing (urine cotinine
levels <200 ng/ml).

ITT: 19.4% continuous quit rate
(Active) vs. 8.7% (Sham); p =
0.017.
Completers: 28.0% active vs.
11.7% sham; p = 0.007.
Craving/Consumption: Active
rTMS showed greater reduction in
cigarette consumption and physio-
logical cravings as early as 2 weeks
into treatment.

6-week
acute phase
+ 12-week
extension
(monitored
to Week 18)

Hu et al.,
202219

Alcohol Site: Left DLPFC (F3)
or Right DLPFC (F4).
Frequency: High-
frequency 10 Hz.
Pulses/session: 1,500
pulses (30 trains × 5-
second duration).
Intensity: 110% of in-
dividual resting motor
threshold.

Schedule: 5 consecutive
days/week for 2 weeks.
Total Sessions: 10 ses-
sions.

Total Enrolled: 263
participants.

Paired Therapy: In-
dividual Cognitive
Behavioral Therapy
(CBT).
Group C1: Fixed 8-
week structured plan
(60 mins/session).
Group C0: Unstruc-
tured basic plan (10-
minute standardized
interview).

Relapse rates tracked
via alcohol consump-
tion diaries, telephone
checks, and outpatient
follow-ups.

Sham rTMS + C0 vs. Right rTMS
+ C1: 45.0% vs. 14.3%; P = 0.006.
Sham rTMS + C0 vs. Left rTMS
+ C0: 45.0% vs. 21.9%; P = 0.031.
Sham rTMS + C0 vs. Left rTMS
+ C1: 45.0% vs. 22.2%; P = 0.043.
Right rTMS + C0 vs. Right rTMS
+ C1: 37.1% vs. 14.3%; P = 0.046.

24 weeks

Dinur-
Klein
et al.,
201421

Nicotine
(cigarette
tobacco
smoking)

Site: Lateral prefrontal
cortex and insula bilater-
ally.
Frequency: High-
frequency 20 Hz or low-
frequency 1 Hz.
Pulses/session: Not
specified.
Intensity: 120% resting
motor threshold.

13 daily sessions over
course of treatment.

Total Enrolled: 115
participants.

Paired with or without
brief smoking provoca-
tion before stimulation.

Objective measurement
of nicotine consump-
tion through urine co-
tinine levels combined
with subjective patient
self-reports.

High-frequency deep TMS reduced
substance consumption and nicotine
dependence; combination with cue
exposure enhanced effect. Absti-
nence was 44% at end of treatment
and 33% at 6-month follow-up.

6 months

Martinotti
et al.,
202222

Cocaine Site: Left dorsolateral
prefrontal cortex.
Frequency: 10 Hz.
Pulses/session: 4,000
pulses.
Intensity: Target 120%
resting motor threshold.

Schedule: 2 visits/week
(2 sessions/visit) × 5
weeks.
Total Sessions: 20 ses-
sions.

Intent-to-Treat: N
= 72 (37 Active, 35
Sham).
Completers: N =
51.

3-session Motivational
Enhancement Therapy
(MET).

Change in spontaneous
craving between pre-
and post-treatment via
the Marijuana Craving
Questionnaire Short-
Form (MCQ-SF).

Craving: No significant differences;
active group decreased from 45.8±
18.5 to 27.7± 15.1 vs. sham group
from 45.2± 16.3 to 22.6± 11.1;
p = 0.33.
Days of Use: sustained lower usage
days in active group; p = 0.02.
Abstinence: 15.5% vs. 9.3%; p =
0.14.

14 weeks

ulation frequency, number of pulses per session, treatment du-
ration, follow-up periods, sample size, coil type, and the inte-
gration of therapies such as CBT, motivational enhancement
therapy, or cue exposure therapy. Additionally, differences in
the mechanisms of specific substances may contribute to the
variability in treatment responses. Thus, current evidence sug-
gests that TMS demonstrates potential across multiple SUDs,
but treatment efficacy may depend on methodological and sub-
stance specific factors.

Mechanisms

Most broadly, TMS promotes neuroplasticity through a range
of underlying physiological mechanisms. Neuroplasticity
refers to the brain’s ability to reorganize itself through creating
new neural connections, modifying its structure and function,
and adapting to experiences24. This is crucial in addiction
recovery due to its capability to repair damaged neural path-
ways and form newer and healthier behaviors25. The emerg-
ing evidence for TMS in SUDs is centered around its capacity
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to modulate neural circuits involved in executive control, re-
ward processing, and impulse regulation, whose dysfunction
in SUDs is thought to be linked to craving and relapse vul-
nerability. rTMS stimulates the dorsolateral prefrontal cor-
tex (DLPFC), a brain area associated with executive functions
such as working memory, planning, decision making, inhibi-
tion, and cognitive flexibility26. This stimulation has been
associated with increased cortical excitability in the DLPFC,
which refers to the reactivity of cortical neurons to stimulation
in a specific region of the brain27. Additionally, TMS stimu-
lation involving the left DLPFC modulates excitability in the
anterior cingulate cortex (ACC), a region linked with execu-
tive processing and emotional regulation28. Chronic drug use
is linked to abnormal patterns of cortical excitability, caus-
ing impairments in regulatory control over drug-seeking be-
haviors, which contributes to ongoing use and increased re-
lapse risks29. Forms of synaptic plasticity, such as long term
potentiation (LTP), which refers to the persistent strengthen-
ing of synapses, and long-term depression (LTD) (persistent
weakening) are among the neuroplastic mechanisms through
which TMS influences addiction30,31. TMS has been shown
to induce LTP and LTD-like effects, resulting in neuroplas-
tic changes tied to reductions in craving but their efficacy in
maintaining long term abstinence and relapse prevention re-
mains unclear32. Figure 2 highlights brain regions targeted in
SUDs, including the DLPFC, ventromedial prefrontal cortex
(vmPFC), and anterior cingulate cortex (ACC). These regions
are involved in reward processing, executive control, and crav-
ing. Dysfunction within these areas is associated with weak-
ened control over drug seeking behaviors, craving, and im-
pulse regulation, which may contribute to relapse vulnerabil-
ity. Through providing modulation within these regions, TMS
may strengthen control over such behaviors and reduce relapse
vulnerability. Furthermore, these effects may be attributed to
increased dopamine activity in the nucleus accumbens (NAc),
a process regulated by glutamate. Consistent drug exposure
results in alterations in the ventral tegmental area (VTA) and
NAc that further escalate drug seeking behaviors33. Higher
dopaminergic activity and modulation of glutamate transmis-
sions within executive control regions, including the DLPFC
and anterior cingulate cortex, may contribute to strengthening
inhibitory control and decision making, thus reducing impul-
sivity and compulsive drug seeking behaviors34.

Limitations

The current literature on TMS for SUDs has several limita-
tions despite promising findings. Many studies feature rela-
tively small sample sizes, which may reduce statistical power
and limit the extent to which the findings can be applied to
broader populations. Furthermore, there is variation in stimu-
lation protocols including differences in frequency, intensity,

Fig. 2 Brain regions targeted by TMS, tDCS, and DBS treatments.
TMS targeted regions are shown in brown, where it is applied
non-invasively using magnetic coils. Reprinted from “Invasive and
Non-Invasive Neuromodulation for the Treatment of Substance Use
Disorders: A Review of Reviews,” by T. S. Oesterle et al., 2025,
Brain Sciences, 15(7), Article 723. Copyright 2025 by the authors
and licensed under CC BY 4.035.

session duration, follow-up periods, and total number of treat-
ments. This variability complicates direct comparisons across
studies and complicates efforts to establish standardized pro-
tocols for optimal treatment outcomes. Sham TMS conditions
present methodological challenges because active stimulation
can produce noticeable scalp sensations and muscle contrac-
tions. If sham conditions fail to mimic such physical sensa-
tions, it may affect the blinding aspect for participants. Ad-
ditionally, expectancy effects and placebo responses may ac-
count for the improvements noted in sham groups, ultimately
hindering the assessment of the efficacy of the treatment. Ad-
dressing these inconsistencies in future research may help es-
tablish more standardized guidelines and improve understand-
ing of the potential role of TMS in SUD treatment.

Additional limitations involve the broader clinical imple-
mentation of TMS for SUDs. The cost of treatment is con-
siderable, with access influenced by insurance policies, clinic
availability, and evolving research standards. Although insur-
ance often provides coverage for FDA-approved indications
such as depression, reimbursement for addiction treatment re-
mains uncertain. Due to the ongoing development of TMS
research, availability for addiction treatment is limited and is
not FDA-approved as a first-line treatment. Variability in pa-
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tient characteristics, comorbid conditions, substance type, and
stimulation parameters further complicates the development
of standardized treatment protocols. Additionally, due to this
review following a non-systematic rather than a systematic ap-
proach and not including formal quality assessment, potential
selection bias and variability in study quality should also be
considered when interpreting the findings.

Conclusion

Addiction remains a serious and increasingly prevalent is-
sue that requires effective and innovative treatments. TMS
presents potential as a non-invasive intervention that targets
the neurobiological pathways involved in SUDs. Although re-
search indicates it may improve craving, abstinence and some
relapse related outcomes as a standalone therapy, improved
outcomes were observed by some studies through the integra-
tion with other modalities, such as CBT or pharmacological
treatment. To thoroughly gain insight regarding its clinical
potential, future studies should focus on establishing standard-
ized protocols and identifying the most effective ways to inte-
grate TMS within comprehensive treatment plans.
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