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ARTICLE INFO ABSTRACT

Substance abuse is among the most prevalent and costly health challenges
Article History: worldwide. Standard medical treatments are often not curative, and relapse is
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a pretest—posttest design with a follow-up. The statistical population included all
male adolescents (aged 18—21) with substance use disorder in Ardabil County, Iran.
A total of 40 male adolescents with substance use disorder were recruited from
rehabilitation centers supervised by the Welfare Organization, based on inclusion
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and exclusion criteria, and were randomly assigned to an experimental group (n =
20) and a control group (n = 20). Data were collected using the N-Back
neurocognitive task. The treatment protocol involved 15-minute sessions of anodal
stimulation over the F3 region and cathodal stimulation over the F4 region at an
intensity of 1.5 mA. Data were analyzed using repeated-measures ANOVA in

SPSS v.22. The results revealed a significant difference between groups, indicating
that anodal stimulation led to improved working memory in the experimental group
compared to the control group. These findings suggest growing evidence for the
therapeutic potential of tDCS in addiction treatment, particularly for adolescents,
and provide empirical support for the optimism surrounding this intervention.

1. INTRODUCTION

From a neurobiological perspective, addiction is considered a brain disorder, in which dysfunction in the neural
circuits associated with reward and motivation leads to maladaptive behaviors such as drug craving and relapse [1].
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The unprecedented advances in neuroscience have given rise to neuropsychological models that integrate
neurobiological evidence with findings from psychological and psychosocial neuroplasticity, thereby providing
more comprehensive explanations of addictive behaviors [2]. All existing models assume that addiction is linked to
deficits in top-down cognitive control (executive functioning), which ultimately influences the key stages of the
addiction cycle, psychosocial outcomes, and treatment effectiveness [3].

Chronic cocaine use has been associated with cognitive impairments across several domains, with strong evidence
of deficits in executive functions such as sustained attention, response inhibition, working memory, and decision-
making. Persistent impairments in executive functioning have also been documented among individuals using
opioids, methamphetamines, and alcohol [4].

Executive dysfunction during adolescence has been linked to an increased risk of engaging in addictive behaviors,
including cigarette smoking, alcohol consumption, video gaming, and binge eating [5]. Exposure to nicotine during
adolescence may exacerbate executive dysfunction by disrupting the maturation of neural connectivity between
limbic signaling pathways and inhibitory control mechanisms, thereby increasing impulsivity [6]. Although
addiction remains a major societal concern, recent advances in cognitive and affective neuroscience have deepened
our understanding of this debilitating disorder. Emerging insights across multiple disciplines conceptualize addiction
as a compulsive cycle of drug-seeking behavior driven by dysregulated neurocognitive processes [7].

The key processes implicated in addiction include attentional bias, automaticity, reward processing, emotion
regulation, stress reactivity, and inhibitory control. Studies have shown that these processes are mediated by
substantial individual differences in integrated cortico-limbic and striatal functional and anatomical networks, which
contribute to the initiation, maintenance, and reinstatement of addictive behaviors [8].

A growing body of research highlights the critical role of executive dysfunction in substance use disorders.
Among the various factors linked to addiction, neuropsychological deficits are particularly important, as substance
dependence impairs cognitive functions such as problem-solving, planning, organization, new learning, visuospatial
abilities, cognitive flexibility, and memory skills [9]. Extensive studies have confirmed the relationship between
executive dysfunction and addiction, a relationship that constitutes the core of many theoretical models of addiction
[10]. Substance dependence has been associated with both functional and structural impairments of the prefrontal
cortex, leading to reduced frontal activity [11]. Moreover, the prefrontal cortex has been implicated in craving
responses to nicotine [12], alcohol [13], opioids [14], and cocaine [15]. Drug craving has been shown to coincide
with increased prefrontal cortical activity when individuals are exposed to substance-related cues. This brain region
is closely interconnected with executive functions and the reward circuitry [16].

Consequently, interventions that activate the dorsolateral prefrontal cortex (DLPFC) may provide a novel
therapeutic approach for addiction [17]. In recent years, there has been a growing interest in non-invasive brain
stimulation techniques for the treatment of addiction [18]. One such method is transcranial direct current stimulation
(tDCS), a technique that applies low-intensity electrical currents (1-2 mA) through the scalp [19].

tDCS is capable of modulating deeper cortical regions, such as the anterior cingulate cortex (ACC), which appears
to play a role in attentional biases toward drug-related cues. Based on this evidence, it has been hypothesized that
tDCS targeting the DLPFC—a region critically involved in cognitive control—can modulate ACC activity in
individuals with substance use disorder, thereby altering the processing of drug-related cues [20]. Another study
demonstrated that stimulation of the DLPFC enhances executive functioning in individuals with substance use
disorder [21].

Given these considerations, and in light of the growing optimism regarding non-invasive brain stimulation as a
treatment for substance use disorder, the present study was designed to examine the effectiveness of tDCS in
improving working memory among adolescents with substance use disorder.

2. MATERIALS AND METHODS

This study employed a clinical trial design with a pre-test, post-test, and follow-up, including a control group.
The statistical population consisted of all adolescent substance users in Ardabil City. Participants were selected
through convenience sampling based on inclusion criteria (age range 18-21 years; diagnosis of substance use
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disorder according to DSM-5 criteria; male gender) and exclusion criteria (use of psychiatric medications due to
possible interference with the effectiveness of tDCS; diagnosis of bipolar or psychotic disorder according to DSM-
5; intracranial implants such as shunts, stimulators, or electrodes, or the presence of any other metallic objects near
the head that could not be removed, e.g., in the oral cavity; and history of epilepsy or seizures).

A total of 40 adolescent males with substance use disorder, recruited from rehabilitation camps under the
supervision of the Welfare Organization, were randomly assigned to an experimental group (n = 20) or a control
group (n = 20). Although previous research indicates that a sample size of 12—15 per group is sufficient, a larger
sample was chosen to account for possible attrition. Random assignment was carried out using a random number
table. Ultimately, due to attrition, the final analysis was conducted on 16 participants in the experimental group and
16 in the control group.

3. INSTRUMENTS

3.1. tDCS Device

The transcranial direct current stimulation device used in this study was the ActiveDose model manufactured by
ActivaTek (USA). The device is powered by a 9-volt alkaline battery, with dimensions of 15.5 x 9.8 x 4.8 cm and a
weight of 0.18 kg. It can deliver a maximum current intensity of 4 mA (DC). Constant electrical current is applied
through electrodes of opposite polarity (anode and cathode) placed on the scalp. Electrodes were carbon-based and
conductive, and physiotherapy pads (7 x 5 cm) were used. These pads were placed inside sponges soaked in 9%
sodium chloride solution to enhance electrical conductivity and prevent excessive heat generation. The device allows
adjustment of current intensity, electrode size, and stimulation duration.

3.2. N-Back Task

The N-Back task was used to assess working memory. In this test, a series of visual stimuli are sequentially
presented on a computer screen. Participants are required to respond under two different working memory load
conditions. In the low-load condition, the participant presses the target key whenever the current stimulus matches
the immediately preceding one. In the high-load condition, the participant compares the current stimulus with the
one presented two trials earlier and presses the key if they match. The main outcome variables of the task are the
number of correct and incorrect responses [22]. The N-Back task has demonstrated strong reliability and is widely
used in both clinical and experimental research. Its validity has also been confirmed through comparison with other
working memory measures [23].

4. RESULTS

Table 1. Descriptive statistics (mean and standard deviation) of study variables by group and measurement stage

Test Variable Time Control Group M (SD) tDCS Group M (SD)
N-Back Test Accuracy Pre-intervention 73.93 (14.34) 74.43 (9.52)
Post-intervention 72.31 (13.68) 86.00 (8.45)
Follow-up 71.62 (11.88) 85.68 (7.53)
Reaction Time | Pre-intervention 154.81 (30.48) 153.87 (18.43)
Post-intervention 154.43 (29.68) 128.93 (22.27)
Follow-up 154.75 (29.11) 120.68 (24.99)

As shown in Table 1, descriptive statistics (mean and standard deviation) of the study variables are presented
separately for each group across the three measurement stages (pre-intervention, post-intervention, and follow-up).
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Table 2. Results of repeated measures ANOVA for working memory scores in the experimental and control groups

Test Variable Source df F P n? Pairwise Comparisons
N-Back Test Accuracy Time 1.61 9.34 0.001 0.237 | tDCS > Control (p <0.016)
Group 1 6.54 0.016 = 0.179
Time*Group 1.61 18.61 0.001 0.383
Reaction Time Time 2.00 @ 28.99 @ 0.001 0.492 | tDCS > Control (p <0.030)
Group 1 5.15 0.030  0.140

Time*Group 2.00 2843 @ 0.001 = 0.492

As shown in Table 2, the repeated measures ANOVA indicated that the within-group factor (time) was significant
for both components of working memory. In addition, both the between-group effect (group) and the interaction
effect (time x group) were statistically significant. Pairwise comparisons further revealed that the tDCS treatment
group showed significantly greater improvement in working memory compared to the control group.

5. DISCUSSION AND CONCLUSION

The present study aimed to examine the effects of anodal transcranial direct current stimulation (tDCS) over the
left dorsolateral prefrontal cortex (DLPFC) on working memory in adolescents with substance use disorder. The
results revealed a significant improvement in working memory in the experimental group compared to the control
group. These findings are consistent with previous research in this area [24, 25]. In support of the effectiveness of
tDCS on working memory, earlier studies have reported enhancement of cognitive performance, including working
memory [26]. Similarly, other research has demonstrated that direct brain stimulation significantly improves
visuospatial, verbal, and auditory working memory [27].

The effectiveness of tDCS can be explained by the role of the left DLPFC in mediating executive functions, which
are considered higher-order cognitive processes that control and regulate more basic or automatic functions. This
region has been linked to complex cognitive processes such as decision-making, selective attention, working
memory, strategic memory, conceptual reasoning, goal selection, planning, sequencing, monitoring, and the use of
feedback in task performance [28]. Substance use appears to be associated with deficits in executive functioning,
cognitive flexibility, general intellectual ability, learning, processing speed, and working memory, as well as with
overall brain atrophy and structural and biochemical abnormalities in prefrontal regions [29]. Application of tDCS
over the left DLPFC has been shown to increase parasympathetic activity while reducing sympathetic activity. Thus,
enhanced activation of this region may contribute to reduced craving in individuals with substance use disorder [30].

Another explanation concerns the role of dopamine in working memory. Studies suggest that dopamine release
in prefrontal regions increases during working memory tasks [31]. Enhanced cortical excitability in the prefrontal
cortex promotes dopamine release, which in turn improves working memory performance. Moreover, anodal tDCS
is likely to increase the level of glutamate—an amino acid associated with working memory, memory recognition,
and stimulus—response learning [32].

Overall, the findings of this study demonstrate that tDCS significantly improves working memory in adolescents
with substance use disorder. Recently, anodal stimulation of the left DLPFC has been increasingly recognized as a
promising intervention for the treatment of substance use disorders. Current evidence supports both the safety and
therapeutic potential of this method in children and adolescents. As the first study to investigate this approach in
adolescents with substance use disorder, our findings further support its clinical applicability. It is therefore
recommended that tDCS be incorporated as an intervention in addiction rehabilitation centers and clinical treatment
programs. Future research should also examine the combined use of tDCS with other psychological interventions to
maximize its therapeutic effects. Furthermore, while the follow-up in the present study lasted three weeks, longer
follow-up periods are suggested to assess the durability of treatment outcomes.

Acknowledgments

209



J. Alizadeh Gouradel et al./ Transactions on Data Analysis in Social Science 5(4) (2023) 206-212

The authors gratefully acknowledge the Welfare Organization of Ardabil Province for providing access to
participants, and the Cognitive Neuroscience of Behavior Research Center for supplying the neuroscientific tools
used in this study.

Declaration

We acknowledge that we used ChatGPT to enhance the academic writing of our manuscript while ensuring the
originality and integrity of our work.

Transparency Statement

The data supporting this study are available upon reasonable request to the corresponding author, subject to ethical
and confidentiality considerations.

Acknowledgments

We would like to express our gratitude to all individuals who contributed to this project.

Declaration of Interest

The authors declare that they have no competing interests.

Funding

This research received no specific grant from any funding agency, commercial, or not-for-profit sectors.
REFERENCES

[1] Kuhn, J., Méller, M., Lenartz, D., Biihrle, C. P., & Visser-Vandewalle, V. (2015). Neuromodulation for
addiction. In Textbook of neuromodulation (pp. 247-255). Springer. https://doi.org/10.1007/978-1-4939-
1408-1 17

[2] Volkow, N. D., Koob, G. F., & McLellan, A. T. (2016). Neurobiologic advances from the brain disease model
of addiction. New England Journal of Medicine, 374(4), 363-371. https://doi.org/10.1056/NEJMral511480

[3] Dominguez-Salas, S., Diaz-Batanero, C., Lozano-Rojas, O. M., & Verdejo-Garcia, A. (2016). Impact of
general cognition and executive function deficits on addiction treatment outcomes: Systematic review and
discussion of neurocognitive pathways. Neuroscience & Biobehavioral Reviews, 71, 772-801.
https://doi.org/10.1016/j.neubiorev.2016.09.030

[4] Stavro, K., Pelletier, J., & Potvin, S. (2013). Widespread and sustained cognitive deficits in alcoholism: A
meta-analysis. Addiction Biology, 18(2), 203—213. https://doi.org/10.1111/j.1369-1600.2011.00418.x

[5] Riggs, N.R., Spruijt-Metz, D., Chou, C. P., & Pentz, M. A. (2012). Relationships between executive cognitive
function and lifetime substance use and obesity-related behaviors in fourth grade youth. Child
Neuropsychology, 18(1), 1-11. https://doi.org/10.1080/09297049.2011.555759

[6] Kandel, E.R., & Kandel, D. B. (2014). A molecular basis for nicotine as a gateway drug. New England Journal
of Medicine, 371(10), 932-943. https://doi.org/10.1056/NEJMsa1405092

[7] Garland, E. L., Boettiger, C. A., Gaylord, S., Chanon, V. W., & Howard, M. O. (2012). Mindfulness is
inversely associated with alcohol attentional bias among recovering alcohol-dependent adults. Cognitive
Therapy and Research, 36(5), 441-450. https://doi.org/10.1007/s10608-011-9378-7

[8] George, O., & Koob, G. F. (2010). Individual differences in prefrontal cortex function and the transition from
210


https://doi.org/10.1007/978-1-4939-1408-1_17
https://doi.org/10.1007/978-1-4939-1408-1_17
https://doi.org/10.1056/NEJMra1511480
https://doi.org/10.1016/j.neubiorev.2016.09.030
https://doi.org/10.1111/j.1369-1600.2011.00418.x
https://doi.org/10.1080/09297049.2011.555759
https://doi.org/10.1056/NEJMsa1405092
https://doi.org/10.1007/s10608-011-9378-7

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[22]

J. Alizadeh Gouradel et al./ Transactions on Data Analysis in Social Science 5(4) (2023) 206-212

drug use to drug dependence. Neuroscience & Biobehavioral Reviews, 35(2), 232-247.
https://doi.org/10.1016/j.neubiorev.2010.05.002

Amini, F., Alizadeh, H., & Rezaei, A. (2010). Comparison of executive-neurocognitive functions in adults
addicted to opiates and normal individuals. Addiction Research, 4(13), 25-38.

Meil, W., LaPorte, D., & Stewart, P. (2012). Substance dependence as a neurological disorder. In Advanced
topics in neurological disorders. IntechOpen. https://doi.org/10.5772/31601

Conti, C. L., & Nakamura-Palacios, E. M. (2014). Bilateral transcranial direct current stimulation over
dorsolateral prefrontal cortex changes the drug-cued reactivity in the anterior cingulate cortex of crack-cocaine
addicts. Brain Stimulation, 7(1), 130-132. https://doi.org/10.1016/j.brs.2013.09.007

McBride, D., Barrett, S. P., Kelly, J. T., Aw, A., & Dagher, A. (2006). Effects of expectancy and abstinence
on the neural response to smoking cues in cigarette smokers: An fMRI study. Neuropsychopharmacology,
31(12), 2728-2738. https://doi.org/10.1038/sj.npp.1301075

Tapert, S. F., Cheung, E. H., Brown, G. G., Frank, L. R., & Paulus, M. P. (2003). Neural response to alcohol
stimuli in adolescents with alcohol use disorder. Archives of General Psychiatry, 60(7), 727-735.
https://doi.org/10.1001/archpsyc.60.7.727

Rosen, L. G., Sun, N., Rushlow, W., & Laviolette, S. R. (2015). Molecular and neuronal plasticity mechanisms
in the amygdala-prefrontal cortical circuit: Implications for opiate addiction memory formation. Frontiers in
Neuroscience, 9, 399. https://doi.org/10.3389/fnins.2015.00399

Chen, B. T., Yau, H. J., Hatch, C., Kusumoto-Yoshida, I., Cho, S. L., Hopf, F. W., & Bonci, A. (2013).
Rescuing cocaine-induced prefrontal cortex hypoactivity prevents compulsive cocaine seeking. Nature,
496(7445), 359-362. https://doi.org/10.1038/nature12024

Hyman, S. E., Malenka, R. C., & Nestler, E. J. (2006). Neural mechanisms of addiction: The role of reward-
related  learning and memory. Annual Review of  Neuroscience, 29, 565-598.
https://doi.org/10.1146/annurev.neuro.29.051605.113009

McClernon, F. J., Addicott, M. A., & Sweitzer, M. M. (2015). Smoking abstinence and neurocognition:
Implications for cessation and relapse. In A. R. Thomas & G. F. Koob (Eds.), The neurobiology and genetics
of nicotine and tobacco (pp. 193-227). Springer. https://doi.org/10.1007/978-3-319-13665-3 8

Coles, A. S., Kozak, K., & George, T. P. (2018). A review of brain stimulation methods to treat substance use
disorders. The American Journal on Addictions, 27(2), 71-91. https://doi.org/10.1111/ajad.12674

Yang, L. Z., Shi, B., Li, H., Zhang, W., Liu, Y., Wang, H., ... & Hudak, J. (2017). Electrical stimulation reduces
smokers’ craving by modulating the coupling between dorsolateral prefrontal cortex and parahippocampal
gyrus. Social Cognitive and Affective Neuroscience, 12(8), 1296—1302. https://doi.org/10.1093/scan/nsx055

Shenhav, A., Botvinick, M., & Cohen, J. (2013). The Expected Value of Control: An Integrative Theory of
Anterior Cingulate Cortex Function. Neuron, 79, 217-240. https://doi.org/10.1016/j.neuron.2013.07.007

Goldstein, R. Z., & Volkow, N. D. (2011). Dysfunction of the prefrontal cortex in addiction: Neuroimaging
findings and clinical implications. = Nature = Reviews Neuroscience, 12(11), 652-669.

https://doi.org/10.1038/nrn3119

Matthies, S., Philipsen, A., & Svaldi, J. (2012). Risky decision making in adults with ADHD. Journal of
Behavior Therapy and Experimental Psychiatry, 43(3), 938—946. https://doi.org/10.1016/j.jbtep.2012.02.002

211


https://doi.org/10.1016/j.neubiorev.2010.05.002
https://doi.org/10.5772/31601
https://doi.org/10.1016/j.brs.2013.09.007
https://doi.org/10.1038/sj.npp.1301075
https://doi.org/10.1001/archpsyc.60.7.727
https://doi.org/10.3389/fnins.2015.00399
https://doi.org/10.1038/nature12024
https://doi.org/10.1146/annurev.neuro.29.051605.113009
https://doi.org/10.1007/978-3-319-13665-3_8
https://doi.org/10.1111/ajad.12674
https://doi.org/10.1093/scan/nsx055
https://doi.org/10.1016/j.neuron.2013.07.007
https://doi.org/10.1038/nrn3119
https://doi.org/10.1016/j.jbtep.2012.02.002

[23]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

J. Alizadeh Gouradel et al./ Transactions on Data Analysis in Social Science 5(4) (2023) 206-212

Kane, M. J., Conway, A. R., Miura, T. K., & Colflesh, G. J. (2007). Working memory, attention control, and
the N-back task: A question of construct validity. Journal of Experimental Psychology: Learning, Memory,
and Cognition, 33(3), 615—622. https://doi.org/10.1037/0278-7393.33.3.615

Trumbo, M. C., Matzen, L. E., Coffman, B. A., Hunter, M. A., Jones, A. P., Robinson, C. S., & Clark, V. P.
(2016). Enhanced working memory performance via transcranial direct current stimulation: The possibility of
near and far transfer. Neuropsychologia, 93, 85-96. https://doi.org/10.1016/j.neuropsychologia.2016.10.011

Wang, J., Tian, J., Hao, R., Tian, L., & Liu, Q. (2018). Transcranial direct current stimulation over the right
DLPFC  selectively modulates subprocesses in  working memory. Peer], 6, ¢4900.
https://doi.org/10.7717/peerj.4906

Brunoni, A. R., Ferrucci, R., Bortolomasi, M., Vergari, M., Tadini, L., Boggio, P. S., ... & Priori, A. (2011).
Transcranial direct current stimulation (tDCS) in unipolar vs. bipolar depressive disorder. Progress in Neuro-
Psychopharmacology & Biological Psychiatry, 35(1), 96—101. https://doi.org/10.1016/j.pnpbp.2010.09.010

daSilva Filho, E. M., Andrade de Albuquerque, J., Mescouto, K. A., & de Abreu Freitas, R. P. (2017). Effects
of transcranial direct current stimulation on the working memory of post-stroke people: An integrative review.
Manual Therapy, Posturology & Rehabilitation Journal, 15, 1-7.

Lovstad, M. (2012). Executive functions after focal lesions to the lateral, orbital and medial subdivisions of
the prefrontal cortex: Neuropsychological, behavioral and electrophysiological findings. [Doctoral
dissertation, University of Oslo].

Durazzo, T. C., Meyerhoff, D. J., & Nixon, S. J. (2010). Chronic cigarette smoking: Implications for
neurocognition and brain neurobiology. International Journal of Environmental Research and Public Health,
7(10), 3760-3791. https://doi.org/10.3390/ijerph7103760

Fecteau, S., Agosta, S., Hone-Blanchet, A., Fregni, F., Boggio, P., Ciraulo, D., & Pascual-Leone, A. (2014).
Modulation of smoking and decision-making behaviors with transcranial direct current stimulation in tobacco
smokers: A preliminary  study. Drug and  Alcohol  Dependence, 140, 78-84.
https://doi.org/10.1016/j.drugalcdep.2014.03.036

Boggio, P. S., Ferrucci, R., Rigonatti, S. P., Covre, P., Nitsche, M., Pascual-Leone, A., & Fregni, F. (2006).
Effects of transcranial direct current stimulation on working memory in patients with Parkinson’s disease.
Journal of the Neurological Sciences, 249(1), 31-38. https://doi.org/10.1016/.jns.2006.05.062

Oliveira, J. F., Zando, T. A., Valiengo, L., Lotufo, P. A., Bensefior, I. M., Fregni, F., & Brunoni, A. R. (2013).

Acute working memory improvement after tDCS in antidepressant-free patients with major depressive
disorder. Neuroscience Letters, 537, 60—64. https://doi.org/10.1016/j.neulet.2013.01.023

212


https://doi.org/10.1037/0278-7393.33.3.615
https://doi.org/10.1016/j.neuropsychologia.2016.10.011
https://doi.org/10.7717/peerj.4906
https://doi.org/10.1016/j.pnpbp.2010.09.010
https://doi.org/10.3390/ijerph7103760
https://doi.org/10.1016/j.drugalcdep.2014.03.036
https://doi.org/10.1016/j.jns.2006.05.062
https://doi.org/10.1016/j.neulet.2013.01.023

