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Abstract

Alcohol Use Disorder (AUD) is a global health challenge, affecting 10–15% of the population, with significant social, health, and
economic consequences. Although pharmacotherapies such as disulfiram, naltrexone, and acamprosate are available, their effectiveness
is limited and patient adherence is often poor. Repetitive transcranial magnetic stimulation (rTMS), a non-invasive neuromodulation
technique that targets neural circuits implicated in addiction. Emerging evidence suggests that rTMS may reduce alcohol craving and
consumption, although results have been mixed. This review examines the neural mechanisms by which rTMS may influence AUD,
summarizes current clinical evidence of its efficacy, and discusses future directions.
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Main Points
1. Repetitive transcranial magnetic stimulation

(rTMS) offers a promising non-invasive intervention for
Alcohol Use Disorder (AUD), with the potential to reduce
alcohol cravings and enhance executive control by targeting
key brain regions such as the dorsolateral prefrontal cortex
(DLPFC) and medial prefrontal cortex (mPFC).

2. This review highlights a critical distinction between
single-session mechanistic studies and multi-session ran-
domized controlled trials (RCTs), demonstrating that only
repeated rTMS sessions consistently lead to meaningful
clinical improvements.

3. Neuroimaging evidence reveals that rTMS modu-
lates activity and connectivity in frontal-striatal and limbic
circuits, providing mechanistic insight into its therapeutic
action in AUD.

4. Compared to previous reviews, this study empha-
sizes three under-discussed aspects: (i) the role of neu-
roimaging in understanding rTMS effects, (ii) the clinical
relevance of differentiating study types, and (iii) personal-
ized treatment strategies based on neural biomarkers.

5. Future directions include optimizing stimulation
protocols, integrating rTMS with behavioral or pharmaco-
logical treatments, and identifying predictors of treatment
response to enhance efficacy and long-term outcomes.

1. Introduction
Alcohol Use Disorder (AUD) is a significant global

health challenge, affecting an estimated 10–15% of the
global population [1]. Characterized by compulsive alco-
hol consumption, loss of control over intake, and a high
relapse rate, AUD is associated with social, occupational,
and health-related consequences. Globally, excessive alco-
hol use contributes to approximately 5% of the overall dis-
ease burden [2]. In China, the situation is particularly con-
cerning, with average annual alcohol consumption among
individuals aged 15 years and older reaching 8.1 liters—
substantially higher than the global average of 5.8 liters [3].
Epidemiological data estimate that the one-year prevalence
rate of AUD in China is 1.8%, and the lifetime prevalence is
4.4%, affecting over 20 million individuals nationwide [4].
Despite its impact, only about 25% of individuals with al-
cohol dependence seek treatment, and of those, nearly half
relapse within one year. Relapse rates rise to as high as 70%
within three years [5–7].

Existing pharmacological treatments for AUD, in-
cluding disulfiram, naltrexone, and acamprosate, aim to
curb alcohol intake and prevent relapse [2,8,9]. However,
these agents often show limited long-term efficacy, low pa-
tient adherence, and are associated with adverse effects.
This has prompted a growing interest in alternative, more
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tolerable therapeutic approaches such as repetitive transcra-
nial magnetic stimulation (rTMS). rTMS is a non-invasive
brain stimulation technique capable of modifying dysfunc-
tional brain networks implicated in AUD [10]. Capable
of modifying dysfunctional brain networks implicated in
AUD. Unlike electroconvulsive therapy (ECT) and deep
brain stimulation (DBS), both of which are invasive and re-
quire anesthesia or surgical implantation, rTMS is a well
tolerated and associated with a more favorable safety pro-
file [11,12]. By delivering repetitive magnetic pulses to tar-
geted brain regions, rTMS modulates cortical excitability,
induces neuroplastic changes, and may restore functional
balance within networks regulating craving and executive
control [13,14].

This review critically evaluates rTMS as a potential
treatment for AUD, with a focusing on its underlying neu-
ral mechanisms, clinical efficacy, and future directions for
protocol optimization. Notably, it differentiates between
single-session mechanistic studies and multi-session ran-
domized controlled trials (RCTs), thereby clarifying the
temporal andmethodological scope of rTMS research. Spe-
cial emphasis is placed on neuroimaging studies that eluci-
date circuit-level changes following stimulation. Through
this dual lens, the review aims to provide a nuanced and
translational overview of rTMS’s role in AUD treatment.

2. Neural Mechanisms of rTMS in Alcohol
Use Disorder

The pathophysiology of AUD is closely linked to dys-
functions within specific neural circuits, particularly those
involving the prefrontal cortex and striatum. These circuits
play key roles in regulating cognitive control, decision-
making, and reward processing—domains that are notably
impaired in individuals with AUD. Of particular interest are
the medial prefrontal cortex (mPFC) and dorsolateral pre-
frontal cortex (DLPFC), which have been consistently im-
plicated in the regulation of alcohol consumption and crav-
ings [15–18]. Structural and functional abnormalities in
these regions, along with disruptions in the ventral and dor-
sal striatum, are thought to underlie the compulsive nature
of alcohol use and the difficulty AUD patients experience
in resisting alcohol-related cues [15–18].

The mPFC is involved in reward processing and crav-
ing regulation, whereas the DLPFC is pivotal for executive
function, including inhibitory control and decision-making
[19–22]. In those with AUD, dysregulationwithin these cir-
cuits manifests as impaired cognitive control and an over-
active reward system, leading to a heightened sensitivity
to alcohol-related cues and an inability to suppress drink-
ing behaviors [23]. Chronic alcohol use further exacer-
bates these dysfunctions, creating a pathological imbalance
between cognitive control and reward systems within the
fronto-striatal circuitry [24].

rTMS is thought to exerts its therapeutic effects by
modulating cortical excitability and promoting neuroplas-

ticity in these affected brain regions. Mechanistically,
rTMS is known to induce long-term potentiation (LTP) and
long-term depression (LTD) at synaptic connections, facili-
tating adaptive changes in neuronal activity and connectiv-
ity [25,26]. Stimulation of the DLPFC, for example, may
enhance executive control by improving inhibitory function
and decision-making processes [27]. Additionally, rTMS
targeting the mPFC has been shown to attenuate the hyper-
activity of the mPFC-ventral striatum (VS) circuit—a key
neural substrate for craving regulation—thereby potentially
decreasing alcohol cravings and enhancing relapse resis-
tance [28].

Moreover, rTMS has been found to influence key neu-
rotransmitter systems, including dopamine and glutamate,
which play central roles in reward processing and cognitive
control [29,30]. Dysregulation of dopaminergic pathways,
particularly within the mesolimbic system, is a hallmark
feature of AUD, reinforcing addictive behaviors and perpet-
uating alcohol misuse [31]. By modulating dopaminergic
Signaling within the striatum, rTMS may help attenuate re-
ward sensitivity to alcohol. Additionally, it may bolster glu-
tamatergic transmission in the prefrontal cortex, support-
ing executive function and behavioral control in individuals
with AUD [32,33].

3. rTMS and Alcohol Craving
Craving represents a central feature of AUD and

serves as a robust predictor of relapse. The intensity of crav-
ing frequently correlates with both the likelihood and rapid-
ity of relapse, underscoring its importance as a therapeutic
target in AUD management [34–36]. Cravings are often
provoked by exposure to alcohol-related cues, which acti-
vate brain regions associated with reward and affective pro-
cessing, notably the ventral striatum (VS) and medial and
mPFC [20]. Previous neuroimaging study has consistently
demonstrated heightened activation in these areas in indi-
viduals with AUD, contributing to compulsive alcohol con-
sumption and difficulty maintaining long-term abstinence
[37].

The efficacy of rTMS to alleviating alcohol cravings
has been explored through both single-session mechanis-
tic studies and multi-session randomized controlled trials
(RCTs), which differ markedly in aims and clinical rele-
vance. Single-session studies assess short-term neuralmod-
ulation, whereas multi-session RCTs evaluate cumulative
therapeutic outcomes. Several multi-session RCTs have re-
ported promising effects. For instance, Mishra et al. [10]
applied 10 sessions of high-frequency (10 Hz) rTMS over
the right DLPFC (1000 pulses/session) in a sample of 30 ac-
tive and 15 sham patients, observing significant reductions
in craving scores compared to sham—a clear therapeutic
signal [10]. In contrast, Höppner et al. [38], in a trial using
20 Hz stimulation over the left DLPFC (10 sessions, 1000
pulses/session), observed no significant craving reduction,
suggesting laterality and stimulation site may affect effi-
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cacy. Other short-duration or low-intensity multi-session
trials have also reported null results. For example, Herre-
mans et al. [39,40] applied just one or two sessions of 20
Hz rTMS over the right DLPFC (1560 pulses/session) and
found no differences in craving compared to sham, under-
scoring the possible inadequacy of abbreviated protocols.

In another study, Ceccanti et al. [41], employed a 10-
session protocol (20 Hz, 1000 pulses/session) targeting the
bilateral medial prefrontal cortex (BL mPFC) resulted in
significant reductions in both alcohol craving and consump-
tion. Similarly, Rapinesi et al. [42] used 20 sessions of 18
Hz rTMS (1980 pulses/session) over bilateral DLPFC and
found improvements in craving and depressive symptoms.

These discrepancies underscore the influence of fac-
tors such as stimulation site, laterality, frequency, and cu-
mulative dose on therapeutic outcomes. Negative findings
are frequently associated with insufficient session num-
bers or stimulation of brain regions less clearly impli-
cated in craving modulation [39,43]. Moreover, inter-
individual differences in neurobiological functioning, in-
cluding fronto-striatal dysregulation or co-occurring affec-
tive symptoms, may further mediate treatment responsive-
ness.

In contrast, several single-session studies have fo-
cused instead on exploring neurobiological mechanisms
rather than sustained clinical outcomes. For example, Han-
lon et al. [44] and Kearney-Ramos et al. [45] applied
continuous theta burst stimulation (cTBS) to the ventro-
medial prefrontal cortex (vmPFC) in single session (3600
pulses) and observed no significant reductions in craving.
Although these single-session interventions do not yield
meaningful clinical effects, they are valuable for delineat-
ing the neural circuitry involved and informing the devel-
opment of more targeted protocols.

In conclusion, multi-session RCTs—particularly
those delivering more than ten sessions, using high-
frequency stimulation, and targeting right or bilateral
DLPFC/mPFC—offer the most compelling evidence for
the efficacy of rTMS in reducing alcohol craving [10,41].
Conversely, single-session studies, though useful for
neurobiological insight, generally lack the intensity and
duration needed for clinical benefit. Future research should
prioritize the optimization of stimulation parameters,
refinement of individualized targeting strategies, and
incorporation of biomarkers to better predict and monitor
treatment response.

4. rTMS in the Treatment of Alcohol Use
Disorder: Targeting the DLPFC

Among the most extensively investigated cortical tar-
gets for rTMS in AUD is the DLPFC. This region is pivotal
for higher-order executive functions, including inhibitory
control, working memory, decision-making, and emotion
regulation, all of which are commonly impaired in AUD pa-
tients [46,47]. DLPFC dysfunction contributes to deficits in

cognitive control, leading to difficulties in resisting alcohol
cravings and controlling alcohol consumption, especially in
response to cues or stressful situations [23].

The therapeutic potential of DLPFC-targeted rTMS
has been evaluated in both single-session and multi-session
study designs. For instance, Mishra et al. [10]. con-
ducted a multi-session randomized controlled trial (RCT)
where high-frequency rTMS (10 Hz) was applied to the
right DLPFC over 10 sessions. The study found a sig-
nificant reduction in alcohol cravings in the active rTMS
group compared to the sham group, suggesting the efficacy
of multi-session rTMS protocols. Similarly, other multi-
session trials have reported that high-frequency rTMS ap-
plied to the DLPFC can not only reduced alcohol cravings
but also improved executive function, suggesting that bilat-
eral stimulation may produce more pronounced therapeutic
effects [48,49].

Subsequent research has supported the efficacy of
rTMS in modulating activity in the DLPFC to reduce al-
cohol cravings and improve cognitive control in AUD pa-
tients. For instance, previous studies demonstrating that
high-frequency rTMS applied to the DLPFC not only re-
duced alcohol cravings but also improved executive func-
tioning, suggesting that bilateral stimulation may produce
more pronounced therapeutic effects [48,49]. These re-
sults highlight the potential for rTMS to restore cognitive
control and diminish the compulsive behaviors associated
with alcohol dependence by normalizing activity within the
frontal-striatal circuits involved in addiction.

However, findings across studies remain mixed. For
example, Herremans et al. [39]. reported that short-term
rTMS treatment failed to produce significant reductions
in alcohol cravings, suggesting that the duration and fre-
quency of treatment sessions may play a critical role in de-
termining efficacy. Similarly, Höppner et al. [38] found
no significant changes in craving or alcohol use behavior
following high-frequency rTMS applied to the left DLPFC,
raising questions about whether unilateral or bilateral stim-
ulation, as well as the specific stimulation parameters, may
influence the outcomes of rTMS treatment for AUD. These
discrepancies underscore the importance of further research
to refine rTMS protocols, optimize stimulation parameters,
and identify patient characteristics that may predict treat-
ment response.

The role of placebo response must also be consid-
ered. Double-blind, sham-controlled trials indicate that
participants often improve regardless of active stimulation,
highlighting the need for rigorous placebo control [50]. A
sham-controlled study in AUD reported no significant ad-
vantages of active high-frequency rTMS over sham for re-
ducing drinking or craving outcomes [50]. For example,
a multi-center double-blind trial in substance dependence
found that both real and sham rTMS produced compara-
ble reductions in drug craving and use, with no main effect
of treatment observed [51]. Therefore, future studies must
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prioritise stringent sham control and blinding to ensure the
observed effects can be confidently attributed to neuromod-
ulation.

Stimulation laterality is another factor potentially
moderating outcomes. While the right DLPFC has been fre-
quently targeted with promising results [10], some studies
have explored the efficacy of left-sided or bilateral stimula-
tion [41,52]. Bilateral DLPFC stimulation may yield more
pronounced effects by engaging broader networks involved
in executive function and craving regulation [42]. Nonethe-
less, results remain inconsistent, and further investigation is
required to delineate the optimal stimulation configuration.

In summary, high-frequency rTMS targeting the
DLPFC has shown considerable promise in mitigating alco-
hol craving and consumption inAUD, particularly when ad-
ministered via extended, multi-session protocols [10]. Yet,
inconsistencies across studies [10,39,49,53]—attributable
to variations in stimulation parameters, treatment duration,
and sample size—highlight the need for larger, standard-
ized trials. Crucially, long-term durability of rTMS effects
remains poorly understood. Continued research is essen-
tial to refine DLPFC-targeted protocols and establish their
efficacy as a standard intervention for AUD.

5. rTMS Targeting the mPFC in AUD
Treatment

Beyond the DLPFC, the mPFC has also emerged as a
critical target for rTMS in the treatment of AUD. ThemPFC
is a central hub for reward processing, decision-making,
and emotional regulation, and it plays a pivotal role in mod-
ulating the craving and reward circuits that underlie addic-
tive behaviors [37]. Dysregulation of the mPFC, particu-
larly in its connectivity with the ventral striatum (VS), has
been implicated in the cravings and relapse that characterize
AUD [54]. Study indicates that the mPFC is hyperactive in
response to alcohol-related cues in AUD patients, leading
to increased craving and relapse susceptibility [55].

Initial investigations into rTMS targeting the mPFC
focused primarily on single-session or exploratory pilot
study. For example, De Ridder et al. [28] conducted a
single-session trial using low-frequency (1 Hz) rTMS over
the mPFC in a small sample of AUD patients. The study
reported a significant short-term reduction in self-reported
cravings. While encouraging, the study’s limited scope and
absence of long-term follow-up limit its clinical applicabil-
ity.

Subsequent research has increasingly turned to multi-
session RCTs. A notable example is the study by Cec-
canti et al. [41], which utilized deep rTMS targeting the
dorsal mPFC. Participants underwent ten sessions of high-
frequency (20 Hz) stimulation across two weeks. The
active rTMS group experienced significant reductions in
both craving and alcohol intake, with effects sustained
at a one-month follow-up, unlike the sham-treated group.
These results suggest that repeated stimulation of the mPFC

may yield sustained clinical benefits through modulation of
craving-related circuitry.

However, not all findings have been consistent. Han-
lon et al. [44] and Kearney-Ramos et al. [45] employed
continuous theta burst stimulation (cTBS), a patterned low-
frequency rTMS protocol targeting the mPFC, in a single-
session trial to investigate its effect on craving in AUD pa-
tients. Their study found no significant reduction in crav-
ing after a single cTBS session. The authors emphasized
that single-session interventions may be insufficient to in-
duce clinically meaningful changes and that longer proto-
cols may be required to observe therapeutic effects.

Variability in outcomes across mPFC-focused stud-
ies may be due to multiple factors, including stimulation
parameters (e.g., frequency, intensity, and number of ses-
sions), anatomical subregion targeted (e.g., dorsal versus
ventral mPFC), and individual patient characteristics (e.g.,
baseline craving severity, co-occurring psychiatric condi-
tions). The type of rTMS protocol also plays a role: tradi-
tional high-frequency stimulation and theta burst stimula-
tion (TBS) may exert differing effects on cortical excitabil-
ity.

A recent study has explored TBS, a condensed and ef-
ficient form of rTMS, as a means of targeting the mPFC.
TBS includes intermittent TBS (iTBS), which mimics high-
frequency stimulation and is generally excitatory, and con-
tinuous TBS (cTBS), which is inhibitory. Hanlon et al.’s
work [44] on cTBS showed that while a single session had
minimal behavioral effect, repeated application might pro-
duce cumulative changes in craving-related circuits.

In summary, rTMS targeting the mPFC demonstrates
potential for reducing alcohol craving in AUD, supported
by both mechanistic insights and emerging clinical evi-
dence. Single-session studies suggest transient modulation
of craving-related circuits, while multi-session protocols—
especially those using deep or bilateral stimulation—have
yielded more consistent reductions in craving and drinking
behavior [28,41]. Further research is needed to determine
the optimal stimulation parameters, target locations within
themPFC, andwhether specific subpopulations of AUDpa-
tients (e.g., those with high cue-reactivity or emotion dys-
regulation) benefit more frommPFC-focused interventions.

6. Neuroimaging Studies on rTMS in AUD
Treatment: Uncovering Deep Neural
Mechanisms

The application of neuroimaging techniques has
greatly advanced our understanding of the neural mecha-
nisms underlying rTMS treatment in AUD. facilitates the
characterization of structural and functional brain abnor-
malities in individuals with AUD but also provides insights
into how rTMS modulates these circuits to exert its thera-
peutic effects. Several neuroimaging modalities, including
functional magnetic resonance imaging (fMRI), and Single
Photon Emission Computed Tomography (SPECT) [56],

4

https://www.imrpress.com


have been employed to assess the effects of rTMS on brain
activity and connectivity in AUD patients.

One prominent finding is that rTMS targeting the
DLPFC acutely alters activity in subcortical regions such
as the striatum [57] and thalamus, which are critical for
reward-driven behavior and habit formation [58]. These re-
sults support the hypothesis that rTMS may restore the bal-
ance of activity between the cognitive control and reward
circuits in AUD, thereby reducing cravings and improving
self-regulation over alcohol consumption. However, it is
important to note that these conclusions are primarily de-
rived from short-term, single-session neuroimaging studies,
with a paucity of longitudinal clinical imaging data.

A notable exception is the study by Jansen et al.
[53] who used fMRI to assess changes in brain connec-
tivity following 10 sessions of high-frequency rTMS ap-
plied to the right DLPFC in patients with AUD. The results
demonstrated enhanced resting-state functional connectiv-
ity within the frontoparietal network—a circuit associated
with executive control—a post-intervention. These find-
ings suggest that repeated rTMS sessions may strengthen
the functional integration of cognitive control networks, po-
tentially improving craving regulation and reducing relapse
risk.

In a SPECT imaging study, Addolorato et al. [56] ex-
plored the effects of multi-session deep rTMS on dopamine
transporter (DAT) availability in the striatum. They re-
ported that deep rTMS significantly reduced DAT binding,
interpreted as a sign of increased dopaminergic tone. Given
the central role of dopamine in reinforcement and addiction,
such changesmay underlie some of the behavioral improve-
ments observed in rTMS-treated AUD patients.

Collectively, these studies illustrate two primary roles
of neuroimaging in rTMS research on AUD. First, single-
session experiments are instrumental in revealing short-
term neural mechanisms—such as changes in connectiv-
ity or neurotransmitter dynamics—that may precede behav-
ioral change. Second, multi-session imaging studies begin
to shed light on more durable network reorganization and
neuromodulatory adaptations following repeated rTMS in-
terventions.

Despite these advances, the neuroimaging literature
remains limited by small sample sizes, variability in study
protocols, and a lack of extended follow-up. Furthermore,
most existing research focuses on resting-state imaging;
comparatively few studies utilize task-based fMRI or inte-
grate multimodal approaches such as magnetic resonance
spectroscopy (MRS) or diffusion tensor imaging (DTI) to
capture the broader impact of rTMS on brain structure and
function.

In summary, neuroimaging has significantly enhanced
our understanding of how rTMS modulates the neural cir-
cuitry implicated in AUD. Nevertheless, there is a clear
need for larger, longitudinal, and multimodal neuroimaging
investigations. Future work should aim to identify neuro-

biological predictors of clinical response, characterize how
these neural changes unfold over time, and evaluate the po-
tential for neuroimaging to inform the development of indi-
vidualized rTMS treatment protocols in AUD.

7. Future Directions in rTMS Research for
AUD Treatment

Despite the growing body of evidence supporting the
therapeutic potential of rTMS in AUD, several critical chal-
lenges remain unresolved. key issue is the lack of con-
sensus regarding optimal stimulation parameters. While
both high- and low-frequency rTMS protocols have demon-
strated efficacy, the most effective combination of stimula-
tion frequency, intensity, and session duration for produc-
ing robust and sustained clinical outcomes remains unclear
[43,59]. Furthermore, inter-individual variability in neuro-
biological and psychological profiles may substantially re-
sponsiveness to treatment responsiveness, highlighting the
need for personalized rTMS protocols.

Personalization strategies may involve the use of neu-
roimaging modalities such as fMRI or SPECT to identify
dysregulated neural circuits in AUD patients and guide
stimulation accordingly. For instance, individuals exhibit-
ing hyperactivity in the ventral striatum (VS) and mPFC
may benefit from rTMS targeting these areas to attenuate
craving-related neural activity [54,55]. Conversely, pa-
tients with impaired cognitive control resulting from hy-
poactivity in the DLPFC may derive greater benefit from
stimulation of this region to enhance executive function and
reduce susceptibility to alcohol-related cues [23].

To address variability and enhance reproducibility, fu-
ture research should adopt standardized rTMS protocols
(e.g., consistent target site, frequency, and number of ses-
sions), and investigate maintenance strategies to sustain ef-
fects. Long-term follow-ups are needed to assess treatment
durability. Additionally, studies should explore personal-
ized approaches, such as using neuroimaging to tailor stim-
ulation targets to individual brain circuitry. These strategies
align with recent recommendations to optimize neuromod-
ulation interventions and would improve understanding of
rTMS mechanisms and outcomes by accounting for indi-
vidual variability.

In addition to protocol refinement, integrating rTMS
with other therapeutic modalities offers a promising strat-
egy for enhancing treatment efficacy. Pharmacological
agents such as naltrexone or acamprosate may comple-
ment the neuromodulatory effects of rTMS by targeting
distinct biochemical pathways. Likewise, behavioral in-
terventions such as cognitive-behavioral therapy (CBT) or
mindfulness-based therapies may synergistically reinforce
cognitive control and reduce relapse risk [21,22]. An inte-
grated treatment framework could yield more comprehen-
sive and durable benefits for individuals with AUD.

An additional promising direction involves the explo-
ration of advanced stimulation paradigms, particularly theta
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burst stimulation (TBS). TBS protocols, which include in-
termittent TBS (iTBS) and continuous TBS (cTBS), have
shown potential to induce neuroplastic effects equivalent to
or greater than conventional rTMS, while significantly re-
ducing treatment time [30]. Preliminary studies suggest that
TBS may offer comparable anti-craving and cognitive ben-
efits in AUD and other substance use disorders. However,
findings have been inconsistent, and further investigation
is warranted to determine whether TBS provides superior
clinical outcomes and greater efficiency relative to standard
protocols.

Finally, long-term effectiveness remains a key con-
cern. While short-term studies indicate that rTMS can re-
duce alcohol craving and enhance executive function, it re-
mains unclear whether these effects are sustained over ex-
tended periods. Well-designed longitudinal trials are essen-
tial to determine whether rTMS produces lasting neural and
behavioral changes that contribute to relapse prevention and
support long-term recovery in patients with AUD.

8. Applications of rTMS in Other Substance
and Behavioral Addictions

Beyond AUD, rTMS has been applied to other sub-
stance use disorders (SUDs)—including nicotine, cocaine,
and cannabis—as well as behavioral addictions like gam-
bling and internet gaming. These conditions share underly-
ing neurocircuitry disruptions, particularly in fronto-striatal
pathways governing reward and self-control [60].

Nicotine addiction: In tobacco use disorder, high-
frequency rTMS targeting the left DLPFC can acutely de-
crease cigarette craving, and several sham-controlled tri-
als have demonstrated reductions in smoking consumption
[61]. For example, five daily sessions of left DLPFC rTMS
significantly dampened nicotine craving while increasing
activity in frontal cognitive-control regions and striatum,
and strengthening connectivity between these executive and
reward networks [24]. These neural changes suggest that
rTMS helps restore top-down inhibitory control over drug-
seeking [24].

Stimulant and other SUDs: In cocaine and other
stimulant addictions, repeated high-frequency rTMS over
the DLPFC has been shown to reliably reduce drug craving,
and one study has further reported a decrease in substance
use following treatment [62]. Both standard 15 Hz proto-
cols and accelerated theta-burst rTMS have yielded compa-
rable anti-craving effects in cocaine use disorder, indicating
flexibility in neuromodulation approaches [63]. Prelimi-
nary trials in cannabis use disorder similarly suggest that
rTMS can decrease cannabis intake [64], though this work
remains in early stages.

Behavioral addictions: Although research is nascent,
rTMS has shown promising results in behavioral addic-
tions. Gambling disorder—which involves fronto-striatal
dysregulation similar to SUDs [62]—appears responsive to
prefrontal neuromodulation. In a recent trial, two weeks

of high-frequency left DLPFC rTMS induced a robust de-
crease in gambling craving that persisted up to 24 weeks,
whereas the sham-treated group’s cravings returned to base-
line by 12 weeks [65]. Likewise, case reports in internet
gaming disorder and compulsive online pornography use
noted reduced addictive behaviors and improved executive
control following DLPFC-rTMS [60].

These findings support the broader application of
rTMS beyond AUD. However, more research is needed
to determine optimal protocols, target sites, and individual
predictors of response. Future directions include integrat-
ing rTMS with behavioral therapies, using neuroimaging to
guide treatment personalization, and conducting large-scale
trials in underexplored addiction subtypes.

9. Conclusion
rTMS represents a promising therapeutic approach for

the treatment of AUD, offering a non-invasive method for
modulating the neural circuits involved in craving regula-
tion and cognitive control. By targeting key cortical regions
such as the DLPFC and mPFC, rTMS has been shown to at-
tenuate alcohol cravings, enhance executive function, and
induce long-term neuroplastic changes in the brain. Neu-
roimaging studies have provided valuable insights into the
mechanisms by which rTMS exerts its therapeutic effects,
particularly its ability to modulate activity in frontal-striatal
circuits and dopaminergic pathways.

Despite these advances, several critical challenges
persist. Further research is needed to refine stimulation pro-
tocols, including the optimal frequency, intensity, and ses-
sion duration for diverse patient populations. Personalized
approaches based on individual neurobiological profiles—
potentially guided by neuroimaging biomarkers—may en-
hance therapeutic efficacy and minimize inter-individual
variability in treatment response. In addition, the long-term
durability of rTMS effects on relapse prevention remains
inadequately understood and warrants longitudinal inves-
tigation. With continued methodological refinement and
empirical validation, rTMS has the potential to become an
integral component of evidence-based treatment strategies
for alcohol dependence, addressing a critical gap in current
clinical practice.
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