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Abstract

Background: Methamphetamine use disorder (MUD) is a chronic and relapsing condition that severely impacts an

individual's physical, emotional, and social well-being. Despite numerous interventions, including pharmacological treatments

and psychological therapies, sustained abstinence remains a significant challenge. The complexity of addiction, particularly the

role of craving and impulsivity, underscores the need for innovative therapeutic strategies. Transcranial direct current

stimulation (tDCS), a non-invasive brain stimulation technique, has gained attention for its potential to modulate neural

circuits involved in craving and impulsivity, particularly within the prefrontal cortex, which is implicated in the regulation of

addictive behaviors.

Objectives: The aim of this pilot study is to evaluate the impact of tDCS on craving reduction, impulsivity, and emotional

regulation in individuals with MUD, and to assess its potential role in relapse prevention.

Methods: This study included 20 participants diagnosed with MUD, recruited during hospitalization in 2024. Participants

were randomly assigned to either the real tDCS group or the sham control group. The tDCS intervention consisted of 10 daily

sessions using 2 mA current, applied to the right and left dorsolateral prefrontal cortex (DLPFC). Assessments of craving,

impulsivity, and emotional affect were conducted at four time points: Pre-test (T0), post-session 5 (T1), post-session 10 (T2), and a

two-week follow-up (T3) using the Desire for Drug Questionnaire (DDQ), Barratt Impulsivity Scale (BIS), and positive and

negative affect schedule (PANAS).

Results: Craving scores demonstrated a marked reduction over time in both groups, with the real tDCS group exhibiting a

more substantial decrease from pre-test (33.4 ± 18.73) to follow-up (13.0 ± 16.22). Impulsivity showed minimal group differences,

with no significant time × group interactions. In terms of affect, the real tDCS group experienced a moderate increase in positive

affect (from 27.3 ± 2.24 to 32.0 ± 2.24) and a notable decrease in negative affect (from 28.6 ± 3.02 to 20.1 ± 2.24). While statistical

analysis revealed significant time effects for some measures, group effects and time × group interactions were generally non-

significant.

Conclusions: This study suggests that tDCS may have potential in reducing craving and improving emotional regulation in

individuals with MUD; however, the effects were modest and not consistently sustained over time. The findings should be

interpreted with caution due to the small sample size, short follow-up duration, and the hospital-based nature of the sample,

which may limit generalizability to broader community settings. Nevertheless, these preliminary results support the feasibility

of tDCS as an adjunctive intervention, and larger randomized trials with longer follow-up are warranted to confirm its clinical

effectiveness and long-term impact on relapse prevention.
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1. Background

Addiction is a serious disorder with significant

physical, emotional, and social consequences. It is

characterized by a loss of control, continued use despite
adverse outcomes, and the presence of withdrawal

symptoms when attempting to reduce or cease use (1).

This condition can lead to a diminished quality of life

and impair functioning across various domains of daily

living (2).

Over the past few decades, various drug interventions

have been attempted to reduce the effects of
methamphetamine abuse and promote harm

reduction. Despite some studies showing promising

results, a recent systematic review indicated that

psychostimulants do not have a significant effect on

sustained abstinence or treatment retention (3). Also,

psychological therapies, including cognitive-behavioral

therapy (CBT), motivational interviewing, and

contingency management, generally show small to

moderate short-term benefits over inactive controls,

with effects often diminishing over time or after

treatment ends (4).

Addiction often creates a self-reinforcing cycle that is

difficult to break. Research suggests that treatment-

seeking behaviors can disrupt this cycle, helping people
improve and stay drug-free over time (5). It is shown

that craving plays an important role in perpetuating
addiction by reinforcing the cycle (6). Craving is

typically defined as a persistent and intense urge to use

a substance or engage in a specific behavior, serving as a
strong motivational force that drives substance-seeking

behavior. Cravings can be triggered by a variety of cues,
including environmental stimuli, emotional states

(such as stress or boredom), and social situations (7).

Craving may manifest in both physical and
psychological forms. Physical manifestations may

include restlessness, perspiration, and elevated heart
rate, whereas psychological manifestations often

encompass intrusive thoughts, obsessive rumination,

and fantasies related to substance use or other addictive
behaviors (8). So, implementing a structured treatment

plan that integrates targeted interventions for craving
management is critical to sustaining abstinence and

mitigating the risk of relapse (6). Recent clinical

evidence also supports the effectiveness of novel
adjunctive interventions, such as caffeine-based

pharmacological strategies, in reducing craving and
preventing relapse in individuals with

methamphetamine use disorder (MUD) (9).

Previous research has demonstrated that

methamphetamine use and associated behaviors cause

disruptions in the brain’s reward circuitry (10). The

reward circuitry comprises a network of brain

structures that mediate pleasure and motivation (11).

Imaging studies have shown that engaging in

rewarding activities — such as drug use, gambling, or
consuming palatable foods — triggers dopamine release

in the brain. This dopaminergic activity produces a

temporary sense of pleasure, reinforces the behavior,

and increases the likelihood of its repetition (12).

Disruption of the reward circuitry through
methamphetamine use leads to long-term reductions in

the expression of dopaminergic D2 receptors, thereby

diminishing sensitivity to natural rewards and

heightening cravings for drug-related stimulants.

Understanding the role of dopamine in craving has

significant implications for addiction treatment. For

example, administration of high doses of dopamine

antagonists has been found to help extinguish drug-

seeking behaviors in methamphetamine users (13).

Thus, dopamine-mediated changes in the brain’s

reward circuitry, which influence craving, play a critical

role in relapse prevention strategies. Dopamine is

produced by dopaminergic neurons in the brainstem

and projects to the prefrontal cortex (PFC) (14). The PFC

is involved in higher-order cognitive processes,

particularly those modulated by dopaminergic activity.

It has been suggested that one of the most important

cognitive functions related to MUD and dopamine

signaling in the reward circuitry is impulsivity (13).

Impulsivity enables individuals to suppress

inappropriate thoughts and urges, respond in a

deliberate and adaptive manner, and is regulated by the

dorsolateral prefrontal cortex (DLPFC) (15). Research

indicates that interventions targeting impulsivity can

reduce craving in individuals with addiction (16, 17).

Transcranial direct current stimulation (tDCS) is a

non-invasive technique that delivers low-level direct

electrical current to the cerebral cortex through the
scalp. By facilitating neuronal depolarization and

hyperpolarization, tDCS can modulate neural

excitability and enhance neuroplasticity. This method

holds promise for improving cognitive functions and

reducing drug cravings by altering brain activity
patterns. It has been suggested that tDCS interventions

targeting the DLPFC may specifically reduce impulsivity

(18).

Given the significant challenges associated with MUD

and the absence of a single, definitive treatment or

pharmacological interventions (19), several studies have
explored the use of tDCS on the DLPFC to reduce craving

in individuals with MUD (8, 17, 20, 21). The first study,

conducted by Rohani Anaraki et al., applied tDCS for five
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sessions on 15 individuals with MUD, assessing its effects

on craving (17). Another study by Jiang et al. employed

tDCS to reduce behavioral impulsivity by stimulating

the right DLPFC for five consecutive days in 25

individuals with MUD, using both a sham and a healthy
control group (20). Sharifat et al.'s study, on the other

hand, assessed the effects of a single tDCS session on 15

individuals with MUD, measuring craving levels before

and after stimulation (21). A subsequent study by Xu et

al. used a larger sample size (23 participants in each
group) and combined tDCS with computerized

cognitive rehabilitation (8). This study assessed

attention, impulsivity, working memory, and affect after

20 tDCS sessions (four sessions per week) with follow-up

assessments at 2 and 4 weeks.

All of these studies targeted the PFC, positioning the

anode on the right DLPFC and the cathode on the left

DLPFC, which is considered the optimal and most

frequently used electrode placement, as indicated by a

meta-analysis (22). However, previous research has

highlighted the lack of a consistent protocol and

assessment methods for evaluating the effects of tDCS.

Many studies also neglect the importance of follow-up

evaluations and relapse assessment using validated

methods. Furthermore, most studies do not fully

address cognitive functions, particularly impulsivity,

which plays a central role in craving, nor do they

adequately consider emotional and affective aspects of

substance use disorders (SUDs).

2. Objectives

The present study aims to build upon previous
protocols by specifically focusing on relapse prevention,

craving reduction, and the role of impulsivity and affect
in individuals with MUD. Additionally, we aim to assess

whether these factors are associated with relapse,

providing a more comprehensive understanding of
tDCS as a potential intervention for MUD.

3. Patientes and Methods

3.1. Participants

A total of 20 participants who used

methamphetamine and were hospitalized during 2024

were recruited for the study. The inclusion criteria were

as follows: Participants had to have recovered from the

acute phase of methamphetamine use and completed

detoxification after at least one week of hospitalization.

Participants were required to have no prior experience

with tDCS treatment. A diagnosis of MUD, based on DSM-

5 criteria. Exclusion criteria included individuals with a

history of head trauma, major neurological disorders

(e.g., epilepsy, brain surgery, tumors, intracranial metal

implants), or methamphetamine-induced disorders.

Additionally, participants who continued

methamphetamine use during the study were excluded.
All participants received standard hospital care for MUD,

including detoxification and general psychiatric

support. No concurrent pharmacological or behavioral

interventions specifically targeting craving, impulsivity,

or affect were administered during the study period.
Any influence of other treatments was thus expected to

be similar across the real and sham tDCS groups.

3.2. Sample size

Based on a recent meta-analysis by Sahaf et al. (22),

we performed a sample size calculation using G*Power

software. For the planned F-test [analysis of variance

(ANOVA): Repeated measures within-between subjects],

we applied an effect size of 0.64, an alpha level of 0.05,

and a power of 0.95, with 3 measurements and 2 groups.

The calculation indicated that a total of 20 participants

would be sufficient to detect a significant effect.

3.3. Materials

Desire for Drug Questionnaire (DDQ): This

questionnaire, designed by Franken et al. focuses on

craving as a motivational state and measures the

craving for substances in the present moment. It

consists of 14 questions, divided into three factors: The

first factor, "desire and intention," includes questions 1,

2, 12, and 14; the second factor, "negative reinforcement,"

reflects the belief that substance use helps alleviate life

problems and provides pleasure, and includes questions

5, 9, 11, 4, and 7; the third factor, "Loss of Control,"

includes questions 3, 8, 6, 10, and 13. Franken and

colleagues reported an overall reliability of 0.85 for the

questionnaire using Cronbach’s alpha, with subscale

reliabilities of 0.77, 0.80, and 0.75, respectively (23).

Internal consistency in a study by Hassani-Abharian et

al. among users of various opioids, including crack and

heroin, was 0.89, 0.79, and 0.40, while among

methamphetamine users, it was 0.78, 0.65, and 0.81 (24).

Barratt Impulsiveness Scale: The Barratt Impulsivity

Scale (BIS) consists of 30 items rated on a four-point
Likert scale, ranging from "never" = 1 to "always" = 4. The

content of this questionnaire is summarized in three

factors from the original version of the tool: Lack of

planning, motor impulsivity, and cognitive impulsivity.

Impulsivity due to lack of planning reflects a disregard
for future consequences in one's behavior and actions.

Motor impulsivity, on the other hand, involves acting

without thinking or considering the consequences.
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Cognitive impulsivity refers to the ability to tolerate

complexity and resist delays in decision-making

situations (25). The coefficient was 0.8, and the test-

retest reliability coefficient was 0.79 (26).

Positive and negative affect schedule (PANAS): This

scale was developed in 1988 by Watson et al. to measure

two dimensions: Negative affect and positive affect. It

consists of 20 items, with a 5-point Likert scale for each

item, ranging from "very little" (score 1) to "very much"

(score 5), and is rated by the participant. The internal

consistency for the positive affect subscale is 0.88, and

for the negative affect subscale, it is 0.87. Test-retest

reliability was reported as 0.68 for the positive affect

subscale and 0.71 for the negative affect subscale (27, 28).

3.4. Procedure

In this study, 20 patients with MUD, having

completed the acute phase of their illness and spent at

least one week in a psychiatric hospital, were recruited

through convenience sampling and referred to the

Research Center for Psychiatry and Behavioral Sciences.

Following confirmation of the diagnosis by a specialized

psychiatrist and obtaining informed consent, eligible

individuals were enrolled in the study. The tDCS

intervention commenced during their hospitalization.

Participants were randomly assigned to either the

intervention group (real tDCS) or the control group

(sham tDCS) using a block randomization method with

a 1:1 allocation ratio. A total of 20 random allocation

codes were generated using Microsoft Excel and placed

in sequentially numbered, sealed, opaque envelopes to

ensure allocation concealment. Upon enrollment, each

participant was assigned to a group by opening the next

envelope in sequence. Group allocation was performed

by a researcher who was not involved in the assessment

or intervention procedures.

The intervention consisted of 10 consecutive days of

tDCS, using a 2 mA current delivered through 5 × 5 cm

electrodes. Following the EEG 10 - 20 system, the anodal

electrode was placed over F4 (right DLPFC) and the

cathodal electrode over F3 (left DLPFC). In the

intervention group, the current was gradually ramped

up over 30 seconds, maintained at 2 mA for 20 minutes,

and then ramped down over 30 seconds. In the sham

group, a brief 30-second current was applied and then

discontinued without participant awareness.

Assessments were conducted at four time points: Pre-

test (T0), after the fifth session (T1), after the tenth

session (T2), and at a two-week follow-up (T3). At each

time point, the DDQ , BIS, and PANAS scales were

administered. Psychiatric interviews were conducted

throughout the study to monitor relapse.

3.5. Statistical Analysis

Data were analyzed using SPSS software (version 26).

The independent t-test was used to compare continuous

demographic variables between groups, while the chi-

square test was applied for categorical variables. To

evaluate changes in craving, impulsivity, and affect over

time and between groups, repeated-measures ANOVA

was conducted with time (T0, T1, T2, T3) as the within-

subject factor and group (real tDCS vs. sham) as the

between-subject factor. The interaction effect of time ×

group was examined to assess differential treatment

effects. A p-value of less than 0.05 was considered

statistically significant.

4. Results

Demographic data are presented in Table 1. No

statistically significant differences were observed

between the groups in demographic parameters.

Table 2 presents the repeated measures of craving,

impulsivity, and affect in participants with MUD across

four time points. Craving scores decreased over time in

both the real and sham tDCS groups, with the real tDCS

group showing a larger reduction from pre-test (33.4 ±

18.73) to follow-up (13.0 ± 16.22). Impulsivity, assessed

across non-planning, motor, attentional, and total score

subscales, showed minimal differences between groups,

with no significant time × group interactions observed.

Positive affect increased slightly in the real tDCS group

from 27.3 ± 2.24 at pre-test to 32.0 ± 2.24 at follow-up,

while negative affect decreased modestly from 28.6 ±

3.02 to 20.1 ± 2.24. Statistical analysis indicated

significant effects of time for some measures, whereas

group effects and time × group interactions were

generally non-significant (Figure 1).

5. Discussion

The results of the present study indicated a

significant reduction in craving scores over time;

however, no significant difference was observed

between the groups. This suggests that the reduction in

craving occurred similarly across both the intervention

and control groups. While the real tDCS group showed a

more pronounced reduction in craving, the difference

between groups did not reach statistical significance.

Regarding impulsivity and its subscales, the results

revealed significant differences between the groups at

T2 and T3, but these differences were not maintained at

follow-up. In terms of positive affect, a significant

https://brieflands.com/journals/ijhrba/articles/166947


Kamrani M et al. Brieflands

Int J High Risk Behav Addict. 2026; 15(1): e166947 5

Table 1. Demographic Characteristics of the Study Participants (N = 10)

Character Real tDCS Sham tDCS P-Value

Age 38.4 (11.46) 38.1 (6.22) 0.94 a

Marriage 0.068 b

Married 4 8

Single 6 2

Education 0.082 b

No formal education 0 1

Elementary 5 2

High school 0 4

Diploma 3 3

Bachelor’s degree 2 0

Job 0.65 b

Employed 5 4

Unemployed 5 6

Abbreviation: tDCS, transcranial direct current stimulation.

at-test.

b Chi square test.

difference between groups emerged at T0 and persisted

through the follow-up phase, reaching statistical

significance by the end of the study. On the other hand,

although both groups showed a reduction in negative

affect, no significant difference was observed between

them.

As mentioned earlier, the results of previous studies

on the effects of tDCS are highly inconsistent. Some

studies suggest that tDCS can reduce craving (29), while

others do not (30, 31). For instance, one study (30)

reported that tDCS with a cathodal protocol on the right

DLPFC and anodal stimulation on the left DLPFC did not

significantly reduce substance craving in individuals

with MUD. Additionally, a brain imaging study found no

significant impact of active tDCS on craving reported by

methamphetamine users compared to sham

stimulation. Although brain activation in specific

regions increased following active stimulation, there

was no corresponding reduction in self-reported

craving (31). It is important to consider that craving is a

complex, multifactorial phenomenon influenced by

psychological, environmental, and biological factors. As

in a study (32), real tDCS significantly reduced craving in

individuals with nicotine use disorder, but this

reduction did not lead to a significant change in

smoking behavior. In our study, due to the hospital

treatment setting and reliance on self-reported

assessments through questionnaires, the placebo effect

was likely high, which may have contributed to the

reduction in craving scores even in the sham group.

However, a notable observation is the sustained

reduction in craving scores within the real tDCS group

during the follow-up phase (T4). This trend was

contrasted with the sham group, where a relative

increase in craving was observed at the same stage.

Although this difference did not reach statistical

significance, it holds clinical relevance, suggesting that

tDCS may be effective in preventing relapse. While

craving scores in the real tDCS group continued to

decrease during follow-up, the sham group experienced

a sudden increase, which could be attributed to the

potential role of tDCS in relapse prevention.

In terms of impulsivity, the results indicated

significant differences between groups across all

subscales and the total score. Further analysis revealed

that while the total impulsivity score significantly

decreased in the real tDCS group, the difference between

groups diminished at T3, and the effect was no longer

significant at follow-up. These findings suggest that

while real tDCS can rapidly reduce impulsivity,

maintaining this effect over time presents a challenge.

Participants in the real tDCS group generally

experienced lower levels of impulsivity, highlighting the

importance of continued interventions, such as tDCS, to

consolidate treatment outcomes. The reduction in

impulsivity, particularly in the attentional and planning

subscales, may reflect notable improvements in

executive functions. This is consistent with prior

research indicating that tDCS, by stimulating prefrontal

regions — particularly the DLPFC — can enhance

behavioral inhibition and reduce impulsive behaviors

(33). Given that impulsivity is a critical factor in relapse
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Table 2. Repeated Measures of Craving, Impulsivity, and Affect in Methamphetamine Use Disorder a

Scales and
Stimulations

Pre-test 5th Session Post-test Follow-up Time Group Time ×
Group

Effect Size

(η²p)

Craving 0.00 0.66 0.59 0.45

Real 33.4 ± 18.7 (20.0 - 46.8) 18.0 ± 12.3 (9.2 - 26.8) 13.7 ± 14.0 (3.7 - 23.7) 13.0 ± 16.2 (1.4 - 24.6)

Sham 31.4 ± 21.5 (16.0 - 46.8) 20.3 ± 19.7 (6.2 - 34.4) 16.2 ± 17.6 (3.6 - 28.8) 21.4 ± 18.9 (7.9 - 34.9)

Impulsivity

Non-planning 0.17 0.01 0.97 0.004

Real 22.40 ± 2.27 (20.77 -
24.02)

20.50 ± 4.17 (17.51 -
23.48)

22.00 ± 2.79 (20.00 -
23.99)

21.30 ± 1.77 (20.03 -
22.56)

Sham 20.90 ± 2.92 (18.8 -
22.99)

18.10 ± 4.70 (14.73-
21.46)

19.80 ± 3.52 (17.29 -
22.31)

18.90 ± 4.56 (18.90 -
15.64)

Motor 0.17 0.06 0.13 0.097

Real 32.40 ± 4.65 (32.40 -
35.72)

31.00 ± 3.30 (28.63 -
33.36)

32.40 ± 4.48 (29.19 -
35.60)

30.50 ± 6.67 (25.78 -
34.41)

Sham 31.00 ± 6.51 (26.33 -
35.66)

25.50 ± 6.74 (20.68 -
30.31)

26.60 (4.81 (23.15 -
30.04)

30.10 ± 6.03 (25.72 -
35.27)

Attentional 0.93 0.00 0.73 0.023

Real
10.40 ± 2.63 (8.51 -

12.28) 11.40 ± 3.47 (8.91 - 13.88)
10.00 ± 1.33 (9.04 -

10.95)
10.40 ± 2.80 (8.39 -

12.40)

Sham 8.10 ± 2.38 (6.39 - 9.80)
8.00 ± 3.40 (5.56 -

10.43)
8.40 ± 2.41 (6.67 - 10.12)

8.60 ± 2.76 (6.62 -
10.57)

Totla 0.57 0.01 0.74 0.04

Real
65.20 ± 2.66 (59.16 -

71.23)
62.90 ± 1.22 (60.13 -

65.66)
64.40 ± 2.11 (59.60 -

69.19)
61.80 ± 2.72 (55.63 -

67.96)

Sham
60.00 ± 2.53 (54.26 -

65.73)
51.60 ± 4.15 (42.20 -

60.99)
54.80 ± 2.84 (48.35 -

61.24)
58.00 ± 4.23 (48.42 -

67.57)

Affect

Positive 0.84 0.06 0.26 0.07

Real
27.3 ± 2.24 (22.21 -

32.38)
29.6 ± 2.53 (23.87 -

35.32)
29.6 ± 1.62 (25.93 -

33.26)
32.0 ± 2.24 (26.47 -

37.52)

Sham
26.6 ± 2.29 (21.40 -

31.79)
24.7 ± 2.89 (18.16 - 31.23) 23.4 ± 2.56 (17.59 - 29.20

24.2 ± 2.25 (19.08 -
29.30)

Negative 0.06 0.84 0.21 0.07

Real 28.6 ± 3.02 (21.75 -
35.44)

22.0 ± 2.12 (17.19 -
26.80)

21.3 ± 2.99 (14.52 - 28.07 20.1 ± 2.24 (15.01 - 25.18)

Sham 23.3 ± 2.73 (17.11 - 29.48) 21.4 ± 2.40 (15.94 -
26.85)

22.6 ± 3.14 (15.49 - 29.70 22.3 ± 2.56 (16.48 - 28.11)

a Values are expressed as mean ± SD (95% CI).

to substance use, its reduction could be pivotal in

preventing relapse (29). However, similar studies in

other disorders have shown that the effects of tDCS on

impulsivity may not persist over time, emphasizing the

need for additional interventions to achieve sustained

results (34).

Regarding positive affect, the results indicated a

significant difference between the two groups, with

participants in the intervention group demonstrating

higher positive affect scores compared to the control

group. However, this difference was not sustained over

time, and the interaction effect of time × group did not

reach statistical significance. These findings suggest

that tDCS may improve positive mood and enhance

emotional regulation by increasing activity in

prefrontal regions. However, our results also showed

that the effect of real tDCS on positive affect became

significant only at the follow-up stage, indicating that

the impact of tDCS on emotion is not immediate (in

contrast to its effect on impulsivity) and requires time

to manifest. This effect was not observed in the sham

group, further supporting the gradual and sustained

nature of tDCS's influence on emotional regulation (35).

Increased positive affect may serve as a protective factor

against cravings, enhancing motivation for continued

abstinence, which aligns with previous research

showing that brain stimulation can facilitate the

experience of positive emotions (36). In contrast, when

examining negative affect, although the between-group

difference was not statistically significant, both groups

showed a significant reduction in negative affect scores

over time. Notably, a more pronounced decrease in

https://brieflands.com/journals/ijhrba/articles/166947


Kamrani M et al. Brieflands

Int J High Risk Behav Addict. 2026; 15(1): e166947 7

Figure 1. Within- and between-group differences across time points for the Real and Sham groups. * P < 0.05, ** P < 0.01. Brackets indicate statistacally significant comparison.

negative affect was observed in the intervention group,

whereas the control group showed a trend toward an

increase from baseline, although this difference was not

significant in the between-group analysis. These results

suggest that brain stimulation may have played a

supplementary role in further reducing negative affect

(37).

This study has several limitations. First, the sample

size was relatively small, and future research should

include larger samples to assess the significance of the

effects more robustly. Additionally, tDCS was

administered immediately following one week of

hospitalization. While this approach is novel and, to the

best of our knowledge, the first study to explore tDCS in

this context, it is important to consider the potential

impact of the medications used by participants and the

gap between the cessation of medication use and the

initiation of tDCS. Future studies should examine the

psychological factors influencing the outcomes and

place greater emphasis on extended follow-up periods

to evaluate the long-term effects of tDCS.

5.1. Conclusions

This hospital-based sham-controlled study suggests

that tDCS may have potential as an adjunctive

intervention for reducing craving and improving

emotional regulation in individuals with MUD. The

effects on impulsivity were more pronounced

immediately post-intervention but were not

consistently sustained over time. While the sample size

was small and the follow-up period short, the findings

highlight the feasibility and potential clinical relevance

of tDCS in relapse prevention. Future studies with larger

samples, extended follow-up, and standardized
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protocols are warranted to confirm the long-term

efficacy and generalizability of tDCS in this population.

Acknowledgements

We gratefully acknowledge Ibn-Sina Hospital and the

Psychiatry and Behavioral Science Research Center for

their support in conducting this study. We also thank

the medical and research staff for their contributions, as

well as the participants for their cooperation.

Footnotes

AI Use Disclosure: The authors declare that no

generative AI tools were used in the creation of this

article.

Authors' Contribution: Study concept and design: M.

K., F. M., and Z. D.; Acquisition of data: A. Kh. and Z. D.;

Analysis and interpretation of data: S. M. S. S.; Drafting of

the manuscript: S. M. S. S.; Critical revision of the

manuscript for important intellectual content: M. K. and

F. M.; Statistical analysis: S. M. S. S.; Administrative,

technical, and material support: Z. D.; Study supervision:

M. K. and F. M.

Clinical Trial Registration Code:

IRCT20221001056065N3

Conflict of Interests Statement: The authors declare

no conflict of interest.

Data Availability: The dataset presented in the study

is available on request from the corresponding author

during submission or after publication.

Ethical Approval: This study was approved by the

Ethics Committee of Mashhad University of Medical

Sciences on June 23, 2024 (IR.MUMS.REC.1403.218 )

Funding/Support: The present study received no

funding/support.

Informed Consent: Written informed consent was

obtained from the participants.

References

1. Szpak V, Suzuki J, Wiers RW, Freichel R. A network perspective on

heroin use: associations between craving, withdrawal symptoms,

dependence, loss of control, and psychosocial consequences. Addict

Behav. 2025;169:108400. [PubMed ID: 40505157].

https://doi.org/10.1016/j.addbeh.2025.108400.

2. Kenyhercz V, Mervo B, Lehel N, Demetrovics Z, Kun B. Work addiction

and social functioning: A systematic review and five meta-analyses.

PLoS One. 2024;19(6). e0303563. [PubMed ID: 38833505]. [PubMed

Central ID: PMC11149883].

https://doi.org/10.1371/journal.pone.0303563.

3. Bhatt M, Zielinski L, Baker-Beal L, Bhatnagar N, Mouravska N,

Laplante P, et al. Efficacy and safety of psychostimulants for

amphetamine and methamphetamine use disorders: a systematic

review and meta-analysis. Syst Rev. 2016;5(1):189. [PubMed ID:

27842569]. [PubMed Central ID: PMC5109734].

https://doi.org/10.1186/s13643-016-0370-x.

4. Dellazizzo L, Potvin S, Giguere S, Landry C, Leveille N, Dumais A. Meta-

review on the efficacy of psychological therapies for the treatment of

substance use disorders. Psychiatry Res. 2023;326:115318. [PubMed ID:

37356250]. https://doi.org/10.1016/j.psychres.2023.115318.

5. Fooladi N, Jirdehi R, Mohtasham-Amiri Z. Comparison of Depression,

Anxiety, Stress and Quality of Life in Drug Abusers with Normal

Subjects. Procedia Soc Behav Sci. 2014;159:712-7.

https://doi.org/10.1016/j.sbspro.2014.12.459.

6. Chen J, Qin J, He Q, Zou Z. A Meta-Analysis of Transcranial Direct

Current Stimulation on Substance and Food Craving: What Effect Do

Modulators Have? Front Psychiatry. 2020;11:598. [PubMed ID:

32670118]. [PubMed Central ID: PMC7332543].

https://doi.org/10.3389/fpsyt.2020.00598.

7. Ekendahl M, Karlsson P. A matter of craving-An archeology of relapse

prevention in Swedish addiction treatment. Int J Drug Policy.

2022;101:103575. [PubMed ID: 34990982].

https://doi.org/10.1016/j.drugpo.2021.103575.

8. Xu X, Ding X, Chen L, Chen T, Su H, Li X, et al. The transcranial direct

current stimulation over prefrontal cortex combined with the

cognitive training reduced the cue-induced craving in female

individuals with methamphetamine use disorder: A randomized

controlled trial. J Psychiatr Res. 2021;134:102-10. [PubMed ID:

33383492]. https://doi.org/10.1016/j.jpsychires.2020.12.056.

9. Sahraei H, Shams J, Eftekharzadeh R, Hosseinzadeh Oskouei A,

Foroutan SM, Zahiroddin A. The Effectiveness of Caffeine (Rescuecaf)

in Craving Reduction and Relapse Prevention in Methamphetamine

Use Disorder: A Randomized Double-Blind, Placebo-Controlled

Clinical Trial. Iran J Psychiatry Behav Sci. 2023;17(3).

https://doi.org/10.5812/ijpbs-124075.

10. Wise RA, Robble MA. Dopamine and Addiction. Annu Rev Psychol.

2020;71:79-106. [PubMed ID: 31905114].

https://doi.org/10.1146/annurev-psych-010418-103337.

11. Cooper S, Robison AJ, Mazei-Robison MS. Reward Circuitry in

Addiction. Neurotherapeutics. 2017;14(3):687-97. [PubMed ID:

28324454]. [PubMed Central ID: PMC5509624].

https://doi.org/10.1007/s13311-017-0525-z.

12. Calabro FJ, Montez DF, Larsen B, Laymon CM, Foran W, Hallquist MN,

et al. Striatal dopamine supports reward expectation and learning: A

simultaneous PET/fMRI study. Neuroimage. 2023;267:119831. [PubMed

ID: 36586541]. [PubMed Central ID: PMC9983071].

https://doi.org/10.1016/j.neuroimage.2022.119831.

13. Schrantee A, Vaclavu L, Heijtel DF, Caan MW, Gsell W, Lucassen PJ, et

al. Dopaminergic system dysfunction in recreational

dexamphetamine users. Neuropsychopharmacology. 2015;40(5):1172-

80. [PubMed ID: 25394786]. [PubMed Central ID: PMC4367461].

https://doi.org/10.1038/npp.2014.301.

14. Quessy F, Bittar T, Blanchette LJ, Levesque M, Labonte B. Stress-

induced alterations of mesocortical and mesolimbic dopaminergic

pathways. Sci Rep. 2021;11(1):11000. [PubMed ID: 34040100]. [PubMed

Central ID: PMC8154906]. https://doi.org/10.1038/s41598-021-90521-y.

15. Oldrati V, Patricelli J, Colombo B, Antonietti A. The role of

dorsolateral prefrontal cortex in inhibition mechanism: A study on

cognitive reflection test and similar tasks through

neuromodulation. Neuropsychologia. 2016;91:499-508. [PubMed ID:

27647553]. https://doi.org/10.1016/j.neuropsychologia.2016.09.010.

https://brieflands.com/journals/ijhrba/articles/166947
https://irct.behdasht.gov.ir/trial/77353
https://ethics.research.ac.ir/ProposalCertificateEn.php?id=493400
http://www.ncbi.nlm.nih.gov/pubmed/40505157
https://doi.org/10.1016/j.addbeh.2025.108400
http://www.ncbi.nlm.nih.gov/pubmed/38833505
https://www.ncbi.nlm.nih.gov/pmc/PMC11149883
https://doi.org/10.1371/journal.pone.0303563
http://www.ncbi.nlm.nih.gov/pubmed/38833505
https://www.ncbi.nlm.nih.gov/pmc/PMC11149883
https://doi.org/10.1371/journal.pone.0303563
http://www.ncbi.nlm.nih.gov/pubmed/27842569
https://www.ncbi.nlm.nih.gov/pmc/PMC5109734
https://doi.org/10.1186/s13643-016-0370-x
http://www.ncbi.nlm.nih.gov/pubmed/37356250
https://doi.org/10.1016/j.psychres.2023.115318
https://doi.org/10.1016/j.sbspro.2014.12.459
http://www.ncbi.nlm.nih.gov/pubmed/32670118
https://www.ncbi.nlm.nih.gov/pmc/PMC7332543
https://doi.org/10.3389/fpsyt.2020.00598
http://www.ncbi.nlm.nih.gov/pubmed/34990982
https://doi.org/10.1016/j.drugpo.2021.103575
http://www.ncbi.nlm.nih.gov/pubmed/33383492
https://doi.org/10.1016/j.jpsychires.2020.12.056
https://doi.org/10.5812/ijpbs-124075
http://www.ncbi.nlm.nih.gov/pubmed/31905114
https://doi.org/10.1146/annurev-psych-010418-103337
http://www.ncbi.nlm.nih.gov/pubmed/28324454
https://www.ncbi.nlm.nih.gov/pmc/PMC5509624
https://doi.org/10.1007/s13311-017-0525-z
http://www.ncbi.nlm.nih.gov/pubmed/36586541
https://www.ncbi.nlm.nih.gov/pmc/PMC9983071
https://doi.org/10.1016/j.neuroimage.2022.119831
http://www.ncbi.nlm.nih.gov/pubmed/25394786
https://www.ncbi.nlm.nih.gov/pmc/PMC4367461
https://doi.org/10.1038/npp.2014.301
http://www.ncbi.nlm.nih.gov/pubmed/34040100
https://www.ncbi.nlm.nih.gov/pmc/PMC8154906
https://doi.org/10.1038/s41598-021-90521-y
http://www.ncbi.nlm.nih.gov/pubmed/27647553
https://doi.org/10.1016/j.neuropsychologia.2016.09.010


Kamrani M et al. Brieflands

Int J High Risk Behav Addict. 2026; 15(1): e166947 9

16. Beerten-Duijkers J, Vissers C, Rinck M, Egger JIM. Inhibitory Control

and Craving in Dual Disorders and Recurrent Substance Use.

Preliminary Findings. Front Psychiatry. 2021;12:569817. [PubMed ID:

33613336]. [PubMed Central ID: PMC7886692].

https://doi.org/10.3389/fpsyt.2021.569817.

17. Rohani Anaraki M, Dolatshahi B, Nosratabadi M, Nouri

Yalghouzaghaji M, Rezaei Mashhadi S. Repeated Transcranial Direct

Current Stimulation (tDCS) on Methamphetamine Craving: A

Randomized, Sham-controlled Study. Iran Rehabili J. 2019:385-94.

https://doi.org/10.32598/irj.17.4.385.

18. Angius L, Santarnecchi E, Pascual-Leone A, Marcora SM. Transcranial

Direct Current Stimulation over the Left Dorsolateral Prefrontal

Cortex Improves Inhibitory Control and Endurance Performance in

Healthy Individuals. Neuroscience. 2019;419:34-45. [PubMed ID:

31493549]. https://doi.org/10.1016/j.neuroscience.2019.08.052.

19. Soltaninejad Z, Nejati V, Ekhtiari H. Effect of Anodal and Cathodal

Transcranial Direct Current Stimulation on DLPFC on Modulation of

Inhibitory Control in ADHD. J Atten Disord. 2019;23(4):325-32. [PubMed

ID: 26689935]. https://doi.org/10.1177/1087054715618792.

20. Jiang X, Tian Y, Zhang Z, Zhou C, Yuan J. The Counterproductive Effect

of Right Anodal/Left Cathodal Transcranial Direct Current

Stimulation Over the Dorsolateral Prefrontal Cortex on Impulsivity

in Methamphetamine Addicts. Front Psychiatry. 2022;13:915440.

[PubMed ID: 35815052]. [PubMed Central ID: PMC9257135].

https://doi.org/10.3389/fpsyt.2022.915440.

21. Sharifat N, Fakhri A, Norouzi S, Hagh Doust M. [Evaluation of the

effectiveness of transcranial direct current stimulation of

dorsolateral zone of prefrontal cortex on methamphetamine

craving]. Jundishapur Sci Med J. 2021;19(6):535-44. FA.

https://doi.org/10.22118/jsmj.2020.226294.2047.

22. Sahaf SMS, Heydari Yazdi AS, Ramezani F, Kamrani M. Effectiveness of

Transcranial-Direct Current Stimulation in Individuals with

Methamphetamine Use Disorder: A Systematic Review and Meta-

Analysis. Int J High Risk Behav Addict. 2024;13(3).

https://doi.org/10.5812/ijhrba-146021.

23. Franken IH, Hendriksa VM, van den Brink W. Initial validation of two

opiate craving questionnaires the obsessive compulsive drug use

scale and the desires for drug questionnaire. Addict Behav.

2002;27(5):675-85. [PubMed ID: 12201376].

https://doi.org/10.1016/s0306-4603(01)00201-5.

24. Hassani-Abharian P, Mokri A, Ganjgahi H, Oghabian M, Ekhtiari H.

Validation for Persian versions of “desire for drug questionnaire”

and “obsessive compulsive drug use scale” in heroin dependents.

Arch Iran Med. 2016;19(9):0.

25. Spreen O, Strauss E. A Compendium of Neuropsychological Tests:

Administration, Norms, and Commentary. New York, U.S: Oxford

University Press; 1998.

26. Javid M, Mohammadi N, Rahimi CH. [Psychometric properties of an

Iranian version of the Barratt Impulsiveness Scale-11 (BIS-11)]. J Psychol

Models Methods. 2012;2(8):21-32. FA.

27. Bakhshipour R, Dezhkam M. [A confirmatory factor analysis of the

positive affect and negative affect scales (PANAS)]. J Psychol.

2006;9(4):351-65. FA.

28. Watson D, Clark LA, Tellegen A. Development and validation of brief

measures of positive and negative affect: the PANAS scales. J Pers Soc

Psychol. 1988;54(6):1063-70. [PubMed ID: 3397865].

https://doi.org/10.1037//0022-3514.54.6.1063.

29. Alizadehgoradel J, Imani S, Nejati V, Vanderhasselt MA, Molaei B,

Salehinejad MA, et al. Improved Executive Functions and Reduced

Craving in Youths with Methamphetamine Addiction: Evidence from

Combined Transcranial Direct Current Stimulation with

Mindfulness Treatment. Clin Psychopharmacol Neurosci.

2021;19(4):653-68. [PubMed ID: 34690120]. [PubMed Central ID:

PMC8553531]. https://doi.org/10.9758/cpn.2021.19.4.653.

30. Rezvanian S, Saraei M, Mohajeri H, Hassani-Abharian P. The Effect of

Different Transcranial Direct Current Stimulation (tDCS) Protocols

on Drug Craving and Cognitive Functions in Methamphetamine

Addicts. Basic Clin Neurosci J. 2022;13(3):349-56.

https://doi.org/10.32598/bcn.2021.1929.1.

31. Ekhtiari H, Soleimani G, Kuplicki R, Yeh HW, Cha YH, Paulus M.

Transcranial direct current stimulation to modulate fMRI drug cue

reactivity in methamphetamine users: A randomized clinical trial.

Hum Brain Mapp. 2022;43(17):5340-57. [PubMed ID: 35915567].

[PubMed Central ID: PMC9812244].

https://doi.org/10.1002/hbm.26007.

32. Mondino M, Luck D, Grot S, Januel D, Suaud-Chagny MF, Poulet E, et

al. Effects of repeated transcranial direct current stimulation on

smoking, craving and brain reactivity to smoking cues. Sci Rep.

2018;8(1):8724. [PubMed ID: 29880873]. [PubMed Central ID:

PMC5992174]. https://doi.org/10.1038/s41598-018-27057-1.

33. Mendes AJ, Galdo-Alvarez S, Lema A, Carvalho S, Leite J. Transcranial

Direct Current Stimulation Decreases P3 Amplitude and Inherent

Delta Activity during a Waiting Impulsivity Paradigm: Crossover

Study. Brain Sci. 2024;14(2). [PubMed ID: 38391742]. [PubMed Central

ID: PMC10887229]. https://doi.org/10.3390/brainsci14020168.

34. Allenby C, Falcone M, Bernardo L, Wileyto EP, Rostain A, Ramsay JR, et

al. Transcranial direct current brain stimulation decreases

impulsivity in ADHD. Brain Stimul. 2018;11(5):974-81. [PubMed ID:

29885858]. [PubMed Central ID: PMC6109423].

https://doi.org/10.1016/j.brs.2018.04.016.

35. Zemestani M, Hoseinpanahi O, Salehinejad MA, Nitsche MA. The

impact of prefrontal transcranial direct current stimulation (tDCS)

on theory of mind, emotion regulation and emotional-behavioral

functions in children with autism disorder: A randomized, sham-

controlled, and parallel-group study. Autism Res. 2022;15(10):1985-

2003. [PubMed ID: 36069668]. https://doi.org/10.1002/aur.2803.

36. Wiegand A, Sommer A, Nieratschker V, Plewnia C. Improvement of

cognitive control and stabilization of affect by prefrontal

transcranial direct current stimulation (tDCS). Sci Rep. 2019;9(1):6797.

[PubMed ID: 31043662]. [PubMed Central ID: PMC6494905].

https://doi.org/10.1038/s41598-019-43234-2.

37. Xu J, Fregni F, Brody AL, Rahman AS. Transcranial direct current

stimulation reduces negative affect but not cigarette craving in

overnight abstinent smokers. Front Psychiatry. 2013;4:112. [PubMed ID:

24065930]. [PubMed Central ID: PMC3778370].

https://doi.org/10.3389/fpsyt.2013.00112.

https://brieflands.com/journals/ijhrba/articles/166947
http://www.ncbi.nlm.nih.gov/pubmed/33613336
https://www.ncbi.nlm.nih.gov/pmc/PMC7886692
https://doi.org/10.3389/fpsyt.2021.569817
https://doi.org/10.32598/irj.17.4.385
http://www.ncbi.nlm.nih.gov/pubmed/31493549
https://doi.org/10.1016/j.neuroscience.2019.08.052
http://www.ncbi.nlm.nih.gov/pubmed/26689935
https://doi.org/10.1177/1087054715618792
http://www.ncbi.nlm.nih.gov/pubmed/35815052
https://www.ncbi.nlm.nih.gov/pmc/PMC9257135
https://doi.org/10.3389/fpsyt.2022.915440
https://doi.org/10.22118/jsmj.2020.226294.2047
https://doi.org/10.5812/ijhrba-146021
http://www.ncbi.nlm.nih.gov/pubmed/12201376
https://doi.org/10.1016/s0306-4603(01)00201-5
http://www.ncbi.nlm.nih.gov/pubmed/3397865
https://doi.org/10.1037//0022-3514.54.6.1063
http://www.ncbi.nlm.nih.gov/pubmed/34690120
https://www.ncbi.nlm.nih.gov/pmc/PMC8553531
https://doi.org/10.9758/cpn.2021.19.4.653
https://doi.org/10.32598/bcn.2021.1929.1
http://www.ncbi.nlm.nih.gov/pubmed/35915567
https://www.ncbi.nlm.nih.gov/pmc/PMC9812244
https://doi.org/10.1002/hbm.26007
http://www.ncbi.nlm.nih.gov/pubmed/29880873
https://www.ncbi.nlm.nih.gov/pmc/PMC5992174
https://doi.org/10.1038/s41598-018-27057-1
http://www.ncbi.nlm.nih.gov/pubmed/38391742
https://www.ncbi.nlm.nih.gov/pmc/PMC10887229
https://doi.org/10.3390/brainsci14020168
http://www.ncbi.nlm.nih.gov/pubmed/29885858
https://www.ncbi.nlm.nih.gov/pmc/PMC6109423
https://doi.org/10.1016/j.brs.2018.04.016
http://www.ncbi.nlm.nih.gov/pubmed/36069668
https://doi.org/10.1002/aur.2803
http://www.ncbi.nlm.nih.gov/pubmed/31043662
https://www.ncbi.nlm.nih.gov/pmc/PMC6494905
https://doi.org/10.1038/s41598-019-43234-2
http://www.ncbi.nlm.nih.gov/pubmed/24065930
https://www.ncbi.nlm.nih.gov/pmc/PMC3778370
https://doi.org/10.3389/fpsyt.2013.00112

