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Transcranial direct current stimulation (tDCS) is a  promising research tool to address substance abuse, including alcohol, tobacco, 
opioid, and drug use disorders. The present literature review compared previous studies conducted with various current intensities, 
application regions, durations of stimulations, and different region targets of the brain. Studies based on the analyses conducted after 
tDCS administration in substance use disorder were promising for the use of tDCS as adjunctive therapy to reduce visible psychological 
and neurological symptoms of the addiction. Therefore, we aimed to provide an insight into the current state of research on tDCS 
as a  therapeutic intervention in substance use disorders, identify gaps in the literature, and emphasize future investigation areas. 
Ultimately, the review sought to contribute to the understanding of the role of tDCS in addressing the complex challenges posed by 
substance use disorder, and its potential as a complementary or adjunctive treatment modality in addiction care. The present study 
identified that the left dlPFC and brain regions were effective targets for 1 mA and 2 mA tDCS current density in tobacco/nicotine use 
disorder. Also, the left dlPFC and 2 mA current density were identified as effective targets for tDCS in alcohol use disorder. Furthermore, 
left dlPFC and 2 mA current density were identified as effective targets for tDCS in opioid use disorder. Additionally, the right/left dlPFC, 
orbital frontal cortex, thalamus, and 2 mA current density were identified as effective targets for tDCS in other drug or substance use 
disorders. Animal studies demonstrated that tDCS was promising in reducing neuropathic pain, modulating neuropeptide Y activity, 
and reducing the redevelopment of ethanol consumption in animal models. However, further research is required to fully understand 
the optimal tDCS application parameters.
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INTRODUCTION

Substance use disorder (SUD) is a mental health con‑
dition characterized by a  pattern of problematic sub‑
stance use that negatively affects an individual’s life 
(National Institute of Mental Health, 2021). About 20.3 
million people were diagnosed with a  substance use 
disorder in 2018 according to the 2018 National Survey 
on Drug Use and Health (Substance Abuse and Mental 
Health Services Administration, 2019). By 2018, there 
were 14.8 million alcohol use disorder and 8.1  million 
individuals with SUD. In certain countries, opioid 

abuse affected an estimated 10.3 million individuals in 
2018 (Substance Abuse and Mental Health Services Ad‑
ministration, 2019). Opioids are the main contributor 
to drug overdose deaths (46,800 nationwide deaths in 
2018) (Scholl et al., 2018; Substance Abuse and Mental 
Health Services Administration, 2019; Mahoney et al., 
2020). SUD depends on various complex factors, includ‑
ing brain chemistry. The disease prognosis is intricate 
and involves multiple factors.

Intense craving, increased tolerance, and withdraw‑
al symptoms are common symptoms in substance use 
disorders (Institute of Medicine (US) Committee on Op‑
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portunities in Drug Abuse Research, 1996). Substances 
are types of drugs with possible withdrawal symptoms 
such as alcohol, caffeine, tobacco, nicotine like ciga‑
rette smoking, opioids, inhalants, and hallucinogens. 
The severity of SUD varies between mild to severe 
(Sayre et al., 2020). The American Psychiatric Associ‑
ation (DSM‑V) provided clear and concise criteria for 
the diagnosis of substance use disorders (Pickering et 
al., 2011). Diagnosis is based on the presence of at least 
two specified symptoms within a  year, accompanied 
with a decrease in functions (Hasin et al., 2013). Certain 
substance use disorder criteria, include excessive or 
prolonged consumption, unsuccessful attempts to quit 
or control, and dedication of substantial time to the ac‑
quisition, use, or disposal of the substance. Substance 
use disorder symptoms could include strong urge or 
craving to use the substance, which interferes with dai‑
ly responsibilities and activities. Despite the negative 
consequences, the individual could continue to seek 
out and use the substance, even when it poses health or 
safety risks. Tolerance to the substance could develop, 
leading to withdrawal symptoms when discontinued. 
Cravings and tolerance are common diagnostic criteria 
in addiction (Hasin et al., 2013). Relapse is a  common 
problem in addiction treatment. Quitting substances 
could lead to symptoms such as cognitive dysfunction, 
dysphoria, and anxiety, resulting in relapse (Bruijnzeel, 
2016). To understand the causes of repetitive relapse 
behavior, the effects of substance use on the brain 
should be investigated (Wilcox et al., 2017).

Transcranial direct current stimulation (tDCS) is 
an effective and safe neuromodulation technique com‑
monly used in the treatment of neurological disorders 
(Stagg et al., 2011). tDCS delivers a  low electrical cur‑
rent through the scalp that selectively and precisely 
stimulates cortical areas of the brain (Nitsche et al., 
2008). It was suggested that anodal stimulation pro‑
motes depolarization of neurons and cathodal hyper‑
polarization that suppresses the former (Yamada et al., 
2021). Over the years, the clinical interest in tDCS has 
increased in the treatment of addiction due to its po‑
tential to modulate neural activities that affect addic‑
tive behavior (Chen et al., 2020).

In the current paper, we aimed to review tDCS ap‑
plications in the treatment of alcohol, tobacco, opioid 
and drug use based on human and animal studies. tDCS 
is a  promising non‑invasive neuromodulation tech‑
nique that entails the delivery of low electrical current 
to specific brain regions. Substance use disorders pose 
significant public health challenges globally, and there 
is a  growing interest in the exploration of innovative 
treatment modalities such as tDCS.

Our review aimed to synthesize the current litera‑
ture on current intensity, various brain region appli‑

cations, duration of stimulation, various brain region 
targets, and clinical outcomes associated with tDCS 
interventions in substance use disorder. It could be 
suggested that the review of the clinical studies would 
elucidate the potential benefits of tDCS in the reduc‑
tion of craving, cognitive function improvement, and 
addiction recovery (Guleken et al., 2020). Furthermore, 
we explored the underlying mechanisms in the effects 
of tDCS on neural circuits implicated in addiction.

METHODS

Literature review

The present systematic review was planned based on 
the Preferred Reporting Items for Systematic Reviews 
and Meta‑Analysis (Liberati et al., 2009). A preliminary 
search was conducted in January 2022 to examine all 
keywords in electronic databases. The literature, title/
summary/keyword search were conducted on PubMed, 
Scopus, Embade Registers and the Web of Science elec‑
tronic databases with the terms “transcranial direct 
current stimulation” or “tDCS”, “smoking addiction” or 
“nicotine addiction” or tobacco smokers” or “smoking 
behavior” or nicotine consumption” or “nicotine use 
disorder” or “cigarette craving” or “smoking cue”, “de‑
pendence neurobiology”, “tDCS opioid” or “tDCS opioid 
addiction”, “tDCS alcohol” or “tDCS alcohol addiction” 
or “alcohol dependence” or “drinkers” or “alcohol con‑
sumption”, tDCS substance” or “tDCS substance use ad‑
diction” or “opioid dependence” or “cannabis users” or 
“drug and opioid” or “methamphetamine craving and 
users” or “cocaine use disorder” or “craving for heroin” 
or “craving in drug addiction” or “morphine induced 
response” or “cocaine dependence” to determine the 
previous studies in the literature. The study is limited 
to the selected publications between 2012 and 2023.

Selection of the studies for systematic review

The primary aim of this review was to investigate 
the effects of tDCS on brain structures in the studies 
conducted on alcohol/substance use disorder. Studies 
on the application of tDCS with different protocols in 
substance use disorders were included in the review. 
All human and animal studies published from 2012 on 
the effects of tDCS on substance use disorder were in‑
cluded. Initially, the replicate studies were removed. 
Then, the article titles and abstracts were revised, and 
non‑English articles, studies without empirical data 
(reviews) and incompatible content were removed 
from the study data.
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Inclusion criteria

Inclusion criteria are presented in the PRISMA flow‑
chart in Fig. 1. The initial literature review included 586 
papers. Then, replicate and literature reviews were re‑

moved. The papers published in peer‑reviewed journals, 
employed tDCS, and conducted with individuals with 
substance use disorders were included in the study.

113Acta Neurobiol Exp 2024, 84: 111–127

Fig 1. PRISMA diagram. 
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Data collection

Study design and outcome measurements of human 
and animal studies were identified and entered into an 
Excel spreadsheet. Experimental details included the 
number of participants, anode and cathode placement, 
tDCS, current density (mA), duration of stimulation per 
session (minutes), simultaneous tasks during stimula‑
tion, and main findings.

Data re‑coding

The variables that varied across the studies such as 
the number of participants, the intensity and duration 
of the current, and the location of the tDCS application 
are presented in tables.

RESULTS

Human studies: tDCS in tobacco/nicotine 
use disorder

Neuroplasticity refers to the remarkable brain’s 
ability of reorganization, the development of new neu‑
ral networks that adopt nerve cells to new situations 
(Mohammadi, 2016). Anodal transcranial direct current 
stimulation (tDCS) significantly improves neuronal ex‑
citability by depolarizing resting membrane potential, 
leading to a  substantial increase in spontaneous cell 
firing. Conversely, cathodal tDCS reduces excitability 
by hyperpolarizing the resting membrane potential 
(Nitsche et al., 2000). Several studies investigated the 
changes in neuroplasticity with tDCS application in in‑
dividuals with smoking disorder. Grundey et al. (2012) 
conducted a study with tDCS and PAS and reported that 
nicotine increased cognitive functions via neuroplas‑
ticity. A study was conducted with 24 individuals who 
received 1 mA tDCS. In the study, 13 minutes of anod‑
al tDCS and 9  minutes of cathodal tDCS were applied 
to the participants. The MC representation area of the 
right abductor digiti minimi muscle and above the right 
orbit were stimulated. True tDCS was administered to 
both groups with and without nicotine disorder. It was 
determined that nicotine decreased out‑of‑focus plas‑
ticity and increased facilitating plasticity (Grundey et 
al., 2018). Grundey et al. (2018) aimed to investigate the 
effect of nicotine and calcium receptors stimulated by 
tDCS on focusing by changing neuroplasticity. Primary 
MC electrode right abductor digiti minimi muscle and 
contralateral supraorbital region were stimulated by 
1  mA for 13  minutes. The findings demonstrated that 
nicotine could alter the arousal induced by anodal tDCS 

(Grundey et al., 2018). In another study, the effect of 
activation of the α4 β2 nicotinic receptor on impaired 
plasticity was investigated during nicotine withdraw‑
al in smoking participants with tDCS (Batsikadze et 
al., 2017). 1 mA anodal tDCS for 13 minutes or cathodal 
tDCS was applied for 9 minutes to the primary MC. The 
findings demonstrated that was facilitating neuroplas‑
ticity increased (Batsikadze et al., 2017). Thus, it could 
be suggested that tDCS positively affects neuroplastici‑
ty in smokers.

Similar to all addictions, craving is an important 
research topic in cigarette addiction. Several research 
studied craving for smoking with tDCS and reported 
conflicting findings. Certain studies employed 2  mA 
(Xu et al., 2013; Kroczek et al., 2016; Mondino et al., 
2018; Verveer et al., 2020; Müller et al., 2021; Perri & 
Perrotta, 2021) and 1  mA (Pripfl & Lamm, 2015) cur‑
rents. Considering the application sites, tDCS were ap‑
plied to ALdlPFC (Xu et al., 2013; Pripfl & Lamm, 2015; 
Kroczek et al., 2016; Müller et al., 2021) and anodal right 
(AR) dlPFC (Pripfl & Lamm, 2015; Mondino et al., 2018; 
Verveer et al., 2020; Perri & Perrotta, 2021). The find‑
ings revealed that active tDCS application did not lead 
to differences in certain studies when compared to the 
sham tDCS application (Xu et al., 2013; Pripfl & Lamm, 
2015; Kroczek et al., 2016; Verveer et al., 2020; Müller 
et al., 2021). Others reported that tDCS could lead to 
positive outcomes in cigarette craving (Mondino et al., 
2018; Perri & Perrotta, 2021). Studies on the effects of 
tDCS on cigarette craving demonstrated that further 
research should be conducted on craving.

Several tDCS studies were conducted on quitting 
smoking and reducing cigarette consumption. In 
certain studies, tDCS was applied to the right dlPFC 
(Fecteau et al., 2014; Mondino et al., 2018; Algham‑
di et al., 2019; Verveer et al., 2020; Perri & Perrotta, 
2021), while in others, it was applied to the left dlPFC 
(Falcone et al., 2016; Brangioni et al., 2018; Müller et 
al., 2021). In addition to these regions, it was applied 
to bilateral cathodal over both sides of frontal‑pa‑
rietal‑temporal (FPT) and cathodal over right FPT 
regions (Meng et al., 2014). These studies employed 
1 mA (Meng et al., 2014; Falcone et al., 2016; Brangioni 
et al., 2018), 2  mA (Mondino et al., 2018; Falcone et 
al., 2019; Verveer et al., 2020; Müller et al., 2021; Perri 
& Perrotta, 2021), and 1.5 mA (Alghamdi et al., 2019) 
currents. The findings indicated that tDCS could re‑
duce cigarette consumption behavior (Fecteau et al., 
2014; Meng et al., 2014; Alghamdi et al., 2019). How‑
ever, other studies reported that tDCS had no effect 
on reducing cigarette consumption (Brangioni et al., 
2018; Falcone et al., 2019; Mondino et al., 2018; Fal‑
cone et al., 2019; Verveer et al., 2020; Müller et al., 
2021; Perri & Perrotta, 2021).
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Lin et al. (2021) conducted a  study on individuals 
with heroin addiction and smoking with the tDCS ap‑
plication. They recruited 30 participants who met the 
DSM‑IV‑TR criteria for opioid dependence and regu‑
larly smoked cigarettes. These subjects were random‑
ly assigned to the active tDCS group where a constant 
current of 2 mA was applied for 20 minutes to the dlPFC 
(anode: F3, cathode: F4) or the left orbitofrontal cortex 
(OFC, anode: Fp1, cathode: Fp2A) or the sham control 
group, where the sham stimulation targeted the same 
areas. The preliminary analysis of the active dlPFC and 
OFC stimulation yielded no significant findings. Subse‑
quent analysis pooled data from both groups. Expired 
carbon monoxide (CO) concentration and self‑reported 
daily number of cigarettes smoked per day were deter‑
mined, and craving was analyzed based on a visual an‑
alogue scale. Significant reductions were observed in 
expired CO concentration during and after tDCS treat‑
ment when compared to baseline, and no such effect 
was observed in sham controls. Inter‑group differences 
were significant in various  days of treatment, where 
the active group consistently exhibited higher reduc‑
tions in CO concentration when compared to sham 
group. However, no significant inter‑group differences 
were determined in the daily number of cigarettes or 
reduction in craving (Lin et al., 2021).

The analysis of the effects of tDCS on motivation and 
desire to quit smoking revealed promising findings (Br‑
angioni et al., 2018; Hajloo et al., 2019). 1 mA (Brangioni 
et al., 2018) and 2 mA (Hajloo et al., 2019) anodal tDCS 
current was applied to the left dlPFC for 20 minutes. 

Significant number of the studies focused on the im‑
pact of tDCS on charges in cognitive skills in smokers. 
It was reported that tDCS application reduced smoking 
cues associated with attention in smokers (Meng et al., 
2014). Xu et al. (2013) conducted a study with 24 smok‑
ers, where they received both real and sham tDCS ap‑
plications after overnight abstinence from smoking in 
two days. Anodal stimulation was applied to the dlPFC 
where the cathode was placed on the right supra‑orbit‑
al area (20 minutes; 2 mA). The negative effects and cig‑
arette craving were determined with self‑report ques‑
tionnaires, including the profile of mood states (POMS) 
and the urge to smoke (UTS) scale, respectively. Fur‑
thermore, a  computerized visual target identification 
task was employed to evaluate attention before and af‑
ter each tDCS sessions. POMS and UTS scores were com‑
pared between real and sham tDCS  sessions. Correla‑
tions between changes in negative effects and nicotine 
dependence levels were analyzed with the Fagerström 
scale. Real tDCS significantly reduced the total mood 
disturbance POMS score and tension‑anxiety, depres‑
sion‑dejection, and confusion‑bewilderment subscale 
scores, which were positively correlated with nico‑

tine dependence based on the Fagerström scale scores. 
These findings demonstrated that tDCS improved mood 
and reduced the negative affection, particularly in in‑
dividuals with more severe nicotine dependence. Al‑
though there were no craving differences between real 
and sham tDCS groups, the findings suggested that the 
impact of the real tDCS was significant on the reduc‑
tion of negative affection. The study demonstrated that 
tDCS was safe and effective in the improvement of neg‑
ative affection in smokers who quit smoking for one 
night. However, it was noticed that there could be at‑
tentive improvements 3 months after tDCS application 
(Verveer et al., 2020). The application areas in these 
studies included left dlPFC (Xu et al., 2013), right dlPFC 
(Verveer et al., 2020), bilateral cathodal over both sides 
of the FPT, and cathodal over right of the FPT (Meng et 
al., 2014). Furthermore, positive findings were reported 
in the regulation of negative affection (Pripfl & Lamm, 
2015), decision making (Fecteau et al., 2014), and cog‑
nitive regulation (Aronson et al., 2020). However, tDCS 
had no significant impact on executive functions (Ar‑
onson et al., 2020). The summary of these findings is 
presented in Table 1.

Human studies: tDCS in alcohol use disorder

tDCS device was employed in various addiction 
studies. Each study employed different methods to un‑
derstand the efficacy of the device. These differences 
included changes in variables such as duration of the 
stimulation, applied region, and current.

Relapse is common in alcohol use disorder. Sever‑
al tDCS studies were conducted on relapse prevention. 
2 mA current was employed in all studies (Klauss et al., 
2014; 2018; Nakamura‑Palacios et al., 2016; Witkiewitz 
et al., 2019; Holla et al., 2020; Dubuson et al., 2021; Jiten‑
driya et al., 2022). For relapse prevention, tDCS was ap‑
plied to the left dlPFC (Nakamura‑Palacios et al., 2016; 
den Uyl et al., 2018) and right dlPFC (Klauss et al., 2014; 
Witkiewitz et al., 2019; Holla et al., 2020; Dubuson et 
al., 2021; Jitendriya et al., 2022). The findings suggest‑
ed that tDCS reduced relapse in most studies (Klauss et 
al., 2014; Nakamura‑Palacios et al., 2016; den Uyl et al., 
2018; Holla et al., 2020; Dubuson et al., 2021; Jitendriya 
et al., 2022). However, Witkiewitz et al. (2019) reported 
that active tDCS was not more effective than sham tDCS 
in preventing relapse based on mindfulness.

Brain regions targeted by tDCS in alcohol use disorder

Several studies were conducted on the prevention 
of craving in individuals with alcohol use disorder with 
tDCS. In studies that aimed to prevent craving, transcra‑

115Acta Neurobiol Exp 2024, 84: 111–127



Çabuk and Guleken116 Acta Neurobiol Exp 2024, 84: 111–127

Table 1. Human studies with tDCS in smoking disorder.

 Participants Duration Current 
Density Anode Cathode Assembly Layout Adverse Effects

Grundey  
et al. (2012) n=24 13 min / 

9 min 1.0 mA   AtDC / CtDCS  MC area of the right ADM 
/ above the right orbit NS

Reichenbach 
et al. (2014) n=32            

Xu et al. 
(2013) n=24 20 min 2.0 mA F3 SOA AL dlPFC / CRsupra‑orbital 

area
Tingling, sleepiness  
& scalp burn

Fecteau  
et al. (2014) n=12 30 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC

Trouble concentrating, 
headache, neck pain, 
sleepiness, tingling 

Meng  
et al. (2014) n=30 20 min 1.0 mA T3, F3, C3, F7 T3, F3, C3, F7

1) ALFPT / CRFPT area 

Itching, tingling, mildpain, 
dizzines

2) Two cathodal 
electrodes were placed 
on each side of FPT 
area, while two anodal 
electrodes were placed 
at the occipitallobe on 
respective side

Pripfl & 
Lamm (2015) n=17 15 min 1.0 mA F1, F3, AF1/

F2, F4, AF2 F3, F4/F3,F4

ALdlPFC / contralateral 
positions F3 & F4 / AR 
dlPFC / contralateral 
positions F3 & F4

Sleepiness, tingling, and 
itching

Falcone  
et al. (2016) n=25 20 min 1.0 mA F3 right SOA ALdlPFC / CRsupra‑orbital 

region

Itching, burning sensation, 
fatigue, nervousness, 
difficulty concentrating, 
mood change, pain, 
headache

Kroczek  
et al. (2016) n=29 15 min 2.0 mA F3 Fp2 Anodal dlPFC /  

Cathodal OFC NS

Batsikadze  
et al. (2017) n=26

13 min 
(AtDCS) or 
9 min (CtDCS)

1.0 mA    

Primary MC electrode 
right ADM / return 
electrode contralateral 
supraorbital region

 

Yang et al. 
(2017) n=32 30 min 1.0 mA F3 F4 ALdlPFC / CRdlPFC No significant main effect

Alghamdi  
et al. (2019) n=22 20 min 1.5 mA F3 F4 Anodal on left dlPFC /  

CR dlPFC 

Mild headache, tingling, 
itching, burningsen‑sation 
& skin redness under the 
area of electrodes

Brangioni  
et al. (2018) n=36 20 min 1.0 mA F3

right 
contralateral 
SOA

ALdlPFC /  
CRcontralateral SOA

No side effects were 
observed during or after 
the applications

Mondino  
et al. (2018) n=34 20 min 2.0 mA F4‑Fp2 left occipital 

regions
AR dlPFC /  
CL occipital region

No adverse events  
were reported

Grundey  
et al. (2018) n=12 13 min 1.0 mA ADM

contralateral 
supraorbital 
region

Primary MC electrode 
right (ADM) / return 
electrode contralateral 
supraorbital region

Itching & a slight redness 
underneath the patch

Falcone  
et al. (2019) n=106 20 min 1.0 /2.0 mA F3

right 
supraorbital 
region

ALdlPFC /  
CRsupraorbital region

Discontinued tDCS during 
session 1 due to side 
effects (n=1)

Ghorbani 
Behnam  
et al. (2019)

n=170 20 min 2.0 mA F3 F4 ALdlPFC / CRdlPFC Mild headache

Hajloo et al. 
(2019) n=40 20 min 2.0 mA F3 F4 ALdlPFC / CRdlPFC NS

Verveer et al. 
(2020a) n=62 13 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC Itching

Müller et al. 
(2021) n=44 20 min 2.0 mA F3 F4 ALdlPFC / CRdlPFC NS

Lin et al. 
(2021) 
(cigarette)

n=30 20 min 2.0 mA F3 F4 1) ALdlPFC / CRdlPFC NS

        Fp1 Fp2A 2) ALOFC / CROFC  

Perri & 
Perrotta 
(2021)

n=20 20 min 2.0 mA F4 F3 AR dlFPC / CL dlPFC Non significant  
adverse effect

Verveer et al. 
(2020b) n=69 13 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC Itching
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nial direct current stimulation (tDCS) was applied to 
various brain areas, including to the left dlPFC (Nakamu‑
ra‑Palacios et al., 2012; da Silva et al., 2013; den Uyl et al., 
2015; 2016; Klauss et al., 2018), the right dlPFC (Nakamu‑
ra‑Palacios et al., 2016; Trojak et al., 2016; Wietschorke 
et al., 2016; Klauss et al., 2018; Almeida‑Antunes et al., 
2022), dorsolateral or inferior frontal regions (Claus et 
al., 2019), right inferior frontal gyrus (den Uyl et al., 
2015), and right inferior frontal gyrus (Brown et al., 
2020).

Applied tDCS currents in alcohol use disorder

Certain studies employed 1 mA (Nakamura‑Palacios 
et al., 2012; den Uyl et al., 2015; 2016; Wietschorke et 
al., 2016) and others employed 2  mA (da Silva et al., 
2013; Nakamura‑Palacios et al., 2016; Trojak et al., 2016; 
Klauss et al., 2018; Claus et al., 2019; Brown et al., 2020; 
Almeida‑Antunes et al., 2022) tDCS currents. The study 
findings demonstrated that tDCS reduced craving (da 
Silva et al., 2013; den Uyl et al., 2015; 2016; Trojak et 
al., 2016; Wietschorke et al., 2016; Nakamura‑Palacios 
et al., 2016; Trojak et al., 2016; Klauss et al., 2018; Claus 
et al., 2019; Brown et al., 2020; Almeida‑Antunes et 
al., 2022). However, in some studies reported that ac‑
tive tDCS in craving did not produce different results 
from sham tDCS (den Uyl et al., 2015; Claus et al., 2019; 
Brown et al., 2020).

Various studies demonstrated that cognitive func‑
tions could be regulated by tDCS in individuals with al‑
cohol use disorder. Executive function (Nakamura‑Pala‑
cios et al., 2012; da Silva et al., 2013), cognitive bias (den 
Uyl et al., 2015; 2017), quality of life perception (Klauss 
et al., 2014), attention bias (den Uyl et al., 2018), decision 
making (Trojak et al., 2016), negative processing of alco‑
hol‑related cues (Schwippel et al., 2022), suppression of 
memories (Almeida‑Antunes et al., 2022), and implicit 
relationship regulation (Schwippel et al., 2022), specific 
tDCS studies have been conducted. Nakamuro‑Palacios 
et al. (2012) have found that application of anodal tDCS 
to the dlPFC of the individuals with alcohol use disorder 
improved executive function performance and increas‑
ing neural processing in frontal areas. In another study 
on executive functions, the findings indicated that re‑
petitive anodal tDCS application to the left dlPFC re‑
duced craving and depressive symptoms and improved 
executive functions (da Silva et al., 2013).

Klauss et al. (2014) reported that tDCS application 
increased quality of life perceptions. In studies on cog‑
nitive bias, the findings demonstrated that tDCS re‑
duced alcohol cue‑induced craving; however, no differ‑
ence was observed between active and sham tDCS appli‑
cations in cognitive bias modification training (den Uyl 
et al., 2016). den Uyl et al. (2017) supported the findings 

of another study. They reported that active tDCS and 
sham tDCS did not have different effects on cognitive 
bias. tDCS had no positive effect on attentional bias in 
alcohol users, while it improved decision‑making (Tro‑
jak et al., 2016; den Uyl et al., 2018). Wietschorke et al. 
(2016), have found that participants processed alco‑
hol‑related cues more negatively after tDCS. It was also 
reported that repression of memories associated with 
alcohol could be altered in individuals with alcohol use 
disorder (Almeida‑Antunes et al., 2022). Another study 
demonstrated that tDCS was not effective on regulating 
alcohol‑related implicit relationships (Schwippel et al., 
2022).

Dormal et al. (2020) tested the hypothesis that at‑
tention and inhibition abilities of the individuals with 
excessive alcohol use could be improved with tDCS. 
1.5 mA anodal tDCS was applied to the left dlPFC region 
of 40 participants for 20 min. The analysis of the find‑
ings revealed no difference between behavioral out‑
comes in active and sham tDCS. However, it was found 
that tDCS could alter cognitive processes (Dormal et al., 
2020).

Studies were conducted on the amount of alcohol use 
and impulse control in individuals with alcohol use dis‑
order (Vanderhasselt et al., 2020) determined that sham 
application led to a  change in reward‑triggered behav‑
ioral bias and alcohol use; however, real tDCS applica‑
tion did not led to the same change. Almeida‑Altunes et 
al. (2022) found that tDCS application led to a decrease 
in alcohol use. In another study, it was determined that 
tDCS improved impulse control by regulating cognitive 
control (Weidler et al., 2022).

Boroda et al. (2020) studied the hypothesis that tDCS 
application with cognitive training could have a signifi‑
cant effect on the increase of neuroplasticity in a study 
conducted with children with fetal alcohol syndrome. 
In the study, 2 mA of anodal tDCS was applied to the left 
dlPFC region of 38 children for 13 minutes. The findings 
revealed that the active tDCS group exhibited improve‑
ments in attention task in the performance test when 
compared to the sham tDCS group. However, active tDCS 
application did not have a  different effect on working 
memory.

Chhabra et al. (2020) analyzed the data collected 
from 13 participants with alcohol use disorder in the 
study conducted with tDCS and individuals with sev‑
eral psychiatric disorders. The aim of the study was to 
investigate the side effects of tDCS in individuals with 
alcohol use disorder. 2 mA of anodal tDCS was applied 
to the right dlPFC region of the 13 participants for 
20  minutes. The findings revealed no significant side 
effects except for mild itching, burning sensation and 
tingling (Chhabra et al., 2020). The summary of the 
study findings is presented in Table 2.
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Table 2. Human studies with tDCS in alcohol use disorder.

Reference Participants Duration Current 
Density Anode Cathode Assembly Layout Adverse Effects

Nakamura‑ 
‑Palacios et al. 
(2012)

n=49 10 min 1.0 mA F3
contralateral 
supradeltoid 
region

ALdlPFC / Cathodal 
contralateral 
supradeltoid region

Itching

da Silva et al. 
(2013) n=13 20 min 2.0 mA F3

contralateral 
supradeltoid 
area

ALdlPFC / CRcontralateral 
supradeltoid area Itching

Klauss et al. 
(2014) n=33 13 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC

Itching, mild redness of 
the scalp (beneath the 
electrodesin patients 
with very white skin)

den Uyl et al. 
(2015) n=48 10 min 1.0 mA F3

contralateral 
supraorbital 
region

ALdlPFC / Cathodal 
contralateral supraorbital 
region

NS

den Uyl et al. 
(2016) n=78 15 min 1.0 mA F3

contralateral 
supraorbital 
region

ALdlPFC / Cathodal 
contralateral supraorbital 
region

Itching, less fatigue, less 
nausea

Nakamura‑ 
‑Palacios et al. 
(2016) (alcohol 
& substance)

n=22 13 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC Itching

Trojak et al. 
(2016) n=340 13 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC NS

Wietschorke  
et al. (2016) n=30 20 min 1.0 mA F4 F3 AR dlPFC / CL dlPFC NS

den Uyl et al. 
(2017) n=91 15 min 2.0 mA F3 F4 ALdlPFC / CRdlPFC Itching, burning, 

sleepiness

den Uyl et al. 
(2018) n=83 20 min 2.0 mA F3 F4 ALdlPFC / CRdlPFC No adverse events were 

reported

Klauss et al. 
(2018) n=45 20 min 2.0 mA F4 F3 AR DLPFC / CL dlPFC Tingling 

Claus et al. 
(2019) n=79 20 min 2.0 mA F10 contralateral 

upper arm

Dorsolateral or inferior 
frontal regions / Cathodal 
con‑tralateral upper arm

Itch, pain, heat, 
discomfort

Witkiewitz  
et al. (2019) n=84 30 min 2.0 mA F10 left upper 

arm
AR inferior frontal gyrus / 
CL upper arm

No adverse events were 
reported

Boroda et al. 
(2020) n=38 13 min 2.0 mA F3 Fp2 ALdlPFC / Cathodal 

supraorbital bone 
No adverse events were 
reported

Brown et al. 
(2020) n=68 30 min 2.0 mA F10 left upper 

arm
AR right inferior frontal 
gyrus / CL upper arm 

No adverse events were 
reported

Chhabra  
et al. (2020) n=13 20 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC

Burning, itching & skin 
rednes, scalp pain, 
skin redness, itching 
& tingling 

Dormal et al. 
(2020) n=40 20 min 1.5 mA F3 Fp2 ALdlPFC / CRsupraorbital 

region NS

Holla et al. 
(2020) n=21 20 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC No adverse events were 

reported.

Sergiou et al. 
(2020) n=50 20 min 2.0 mA Fpz F3, Fz, AF4, 

F3, F4 Anodal vmPFC / CL SOA NS

Vanderhasselt 
et al. (2020) n=45 20 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC NS

Dubuson  
et al. (2021) n=125 20 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC NS

Almeida‑ 
‑Altunes  
et al. (2022)

n=90 20 min 2.0 mA F4
contralateral 
supraorbital 
region

AR dlPFC / Cathodal 
contralateral supraorbital 
region

NS

Aman & 
Sharma (2022) n=46 20 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC NS

Jitendriya  
et al. (2022) n=22 20 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC NS

Schwippel  
et al. (2022) n=27 30 min 1.0 mA

contralateral 
deltoid 
muscle

F3 Anodal contralateral 
deltoid muscle / CL dlPFC

Only mild side effects 
were present after sham 
& after cathodal SIM

Weidler  
et al. (2022) n=51 20 min 1.5 mA F4

contralateral 
supraorbital 
region

AR dlPFC / Cathodal 
contralateral supraorbital 
region

NS

https://pubmed.ncbi.nlm.nih.gov/?term=Nakamura-Palacios+EM&cauthor_id=21781352
https://pubmed.ncbi.nlm.nih.gov/?term=Nakamura-Palacios+EM&cauthor_id=21781352
https://pubmed.ncbi.nlm.nih.gov/?term=Nakamura-Palacios+EM&cauthor_id=21781352
https://pubmed.ncbi.nlm.nih.gov/?term=Witkiewitz%20K%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Witkiewitz%20K%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Jitendriya%20B%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Jitendriya%20B%5BAuthor%5D
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Human studies: tDCS in opioid use disorder

Opioid studies with tDCS included individuals who 
used opioids for pain relief and those with opioid use 
disorder. In all studies, 2 mA of anodal tDCS was applied 
to various brain regions, including the knee represen‑
tation of the motor strip (Borckardt et al., 2013, 2017), 
left dlPFC (Borckardt et al., 2017; Hamed et al., 2022), 
left temporal‑occipital junction (Borckardt et al., 2017) 
and motor area M1 of the lower limb cortex (Hamed 
et al., 2022) of the participants with pain complaints 
(Borckardt et al., 2013, 2017; Hamed et al., 2022). Hamed 
et al. (2022) aimed to compare the effectiveness anodal 
tDCS application over primary M1 or left dlPFC when 
compared with sham, and reported that it significantly 
reduced pain and overall opioid consumption in spinal 
surgery patients. Overall morphine intake was recorded 
during the three postoperative  days. Groups received 
tDCS treatment for 3 consecutive postoperative  days 
(2  mA; 20  minutes) and assesed the pain levels. The 
findings suggested that that three active tDCS sessions 
significantly reduced postoperative morphine intake 
and pain level (Hamed et al., 2022).

It was determined that knee representation of the 
motor strip and tDCS application to the left dlPFC ef‑
fectively reduced the need for opioids (Borckardt et 
al., 2013, 2017; Hamed et al., 2022). However, another 
study reported that anodal tDCS application to the 
knee representation of the motor region did not lead 
to a difference in opioid requirement (Borckardt et al., 
2013).

tDCS is used to prevent craving in individuals with 
opioid use disorder. Similar to the studies conducted 
with other types of addiction, different currents such 
as 0.5  mA (Eskandari et al., 2019), 1  mA (Meng et al., 
2022), 1.5 mA (Wang et al., 2016) and 2 mA (Kooteh et 
al., 2020; Eskandari et al., 2021; Lin et al., 2021; Meng et 
al., 2022) were applied in these studies. Furthermore, 
tDCS was applied to various brain areas such as fron‑
tal‑parietal‑temporal regions (Wang et al., 2016; Lin et 
al., 2021), left dlPFC (Eskandari et al., 2019, 2021; Lin et 
al., 2021), right dlPFC (Kooteh et al., 2020; Eskandari et 
al., 2021), and left OFC (Lin et al., 2021). The findings 
demonstrated that tDCS reduced craving in individuals 
with opioid use disorder (Wang et al., 2016; Eskandari 
et al., 2019, 2021; Kooteh et al., 2020; Meng et al., 2022). 
However, Lin et al. (2021) reported that the impact of 
active and sham tDCS was not different in the reduction 
of craving in opioid use disorder.

The effects of tDCS on depression, anxiety and 
stress (Eskandari et al., 2019; Sadeghi Bimorgh et al., 
2020), thoughts and fantasies of drug use (Kooteh et 
al., 2020) in individuals with opioid use disorder were 
investigated with 2 mA current (Eskandari et al., 2019; 

Kooteh et al., 2020; Sadeghi Bimorgh et al., 2020). The 
treated areas were selected as the right dlPFC (Eskan‑
dari et al., 2019; Kooteh et al., 2020; Sadeghi Bimorgh 
et al., 2020) and the left dlPFC (Eskandari et al., 2019). 
The findings showed that tDCS application is effective 
in reducing depression, anxiety, stress, as well as fanta‑
sy and thoughts of drug use with combined emotional 
therapies (Eskandari et al., 2019; Kooteh et al., 2020; Sa‑
deghi Bimorgh et al., 2020).

Mostafavi et al. (2021) investigated the impact of 
bilateral tDCS application on the cognitive skills of 
individuals with opioid use disorder. In the study con‑
ducted with 31 participants, 2  mA of anodal tDCS was 
applied to the right/left dlPFC for 10‑20 minutes. The 
findings demonstrated that skills such as planning, de‑
cision making, memory, inhibition control and cogni‑
tive flexibility skills improved after tDCS sessions. The 
study revealed that sham application did not lead to 
any changes in cognitive skills (Mostafavi et al., 2021).

Eskandari et al. (2021) investigated the effects of 
bilateral tDCS application on impulsive behavior in pa‑
tients with opioid use disorder. 2  mA of anodal tDCS 
was applied to the dlPFC for 20  minutes. The findings 
demonstrated that real tDCS reduced impulsive behav‑
iors (Eskandari et al., 2021).

DosSantos et al. (2014) observed that both real and 
sham tDCS applications led to different activation lev‑
els in m‑opioid receptor neurotransmission in thala‑
mus and prefrontal cortex (PFC). The involvement of 
the endogenous m‑opioid system in in vivo global tDCS 
analgesia was investigated in this pilot study. The cen‑
tral MOR activity during tDCS in vivo (non‑displaceable 
binding potential, BPND) was measured using [11C] 
carfentanil, a selective m‑opioid receptor (MOR) radio‑
tracer, through positron emission tomography (PET) 
scans ‑ one of the main analgesic mechanisms in the 
brain. tDCS was administered (M1/2  mA; 20  minutes) 
during the PET scan. Placebo‑tDCS decreased MOR 
BPND in the PAG, precuneus, and thalamus, indicating 
activation of endogenous m‑opioid neurotransmission 
even before active tDCS. The subsequent active tDCS in‑
duced MOR activation in the PAG and precuneus, which 
positively correlated with the changes observed with 
placebo tDCS. Furthermore, active tDCS also induced 
MOR activation in the left prefrontal cortex. Both pla‑
cebo and active tDCS led to significant changes in MOR 
BPND; however, only active tDCS had significant anal‑
gesic effects. The study provided preliminary evidence 
that the reported analgesic effects of M1 tDCS were 
partially associated with the recruitment of the same 
endogenous MOR, similar to the placebo (DosSantos et 
al., 2014).

Mostafavi et al. (2022) investigated the effects of bi‑
lateral tDCS application in individuals with opioid use 
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disorder with EEG. In the study, 2  mA of anodal tDCS 
was applied to the right/left dlPFC regions for 20 min‑
utes. The findings revealed that the amplitude of slow 

brain waves decreased in the prefrontal, frontal, occip‑
ital, and parietal regions (Mostafavi et al., 2022). The 
summary of these findings is presented in Table 3.
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Table 3. Human studies with tDCS in opioid use disorder.

Reference Participants Duration Current 
Density Anode Cathode Assembly Layout Adverse Effects

Borckardt  
et al. (2013) n=40 20 min 2.0 mA C1 or C2 F4

Anodal knee 
representation of the 
motor strip / CRdlPFC 

NS

DosSantos 
et al. (2014) n=9 20 min 2.0 mA M1 or C4

contralateral 
supraorbital 
region

Anodal superficial 
region right M1 or C4 / 
Cathodal contralateral 
supraorbital region

No major adverse 
events related to tDCS 
was reported

Wang et al. 
(2016) n=20 20 min 1.5 mA occipital 

lobe FPT Anodal occipital lobe / 
CR& left FPT

No side effects of tDCS 
were reported

Borckardt  
et al. (2017) n=58 20 min 2.0 mA C1 or C2 F4

1) Anodal knee 
representation of the 
motor / CRdlPFC

No tDCS sessions were 
stopped by participants 
or researchers due to 
reported intolerable 
discomfort, adverse 
events or tDCS related 
side effects

F3 Fpz
2) ALdlPFC / Cathodal 
knee representation of 
the sensory cortex

        P3 FCz

3) ALtemporal‑occipital 
junction / Cathodal- 
-medial-anterior- 
-premotor-region

 

Eskandari  
et al. (2019) n=30 10‑20 min 0.5–2 mA F4 F3 1) AR dlPFC / CL dlPFC NS

        F3 F4 2) ALdlPFC / CRdlPFC  

Kooteh  
et al. (2020) n=54 45 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC NS

Sadeghi 
Bimorgh  
et al. (2020)

n=27 20 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC 
No side effects except 
for the redness of the 
SIM site

Eskandari  
et al. (2021) n=31 20 min 2.0 mA F3 F4 1) ALdlPFC / CRdlPFC NS

        F4 F3 2) AR dlPFC / CL dlPFC  

Mostafavi  
et al. (2021) n=31 10‑20 min 2.0 mA

F3 F4 1) ALdlPFC / CRdlPFC NS

F4 F3 2) AR dlPFC / CL dlPFC  

Meng  
et al. (2022) 
(cigarette)

n=22 20 min 1.0 mA occipital 
region FPT

Anodal occipital region/ 
Cathodal-bilateral- 
-frontal-parietal- 
-temporal

NS

Mostafavi  
et al. (2022) n=30 20 min 2.0 mA F3 F4 1) ALdlPFC / CRdlPFC NS

        F4 F3 2) AR dlPFC / CL dlPFC  

Hamed  
et al. (2022) n=60 20 min 2.0 mA M1 contralateral 

arm

1) Anodal M1 of the 
lower limbs cortex / 
Cathodal contralateral 
arm

NS

        F3 contralateral 
arm

2) ALdlPFC / Cathodal 
contralateral arm  

Taremian  
et al. (2019) n=60 20 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC NS
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Human studies: tDCS in other drug or substance 
use disorders

Apart from opioids, tDCS studies were conducted 
with various addictive substances such as methamphet‑
amine, crack cocaine, and cannabis. Several studies were 
conducted to investigate the impact of tDCS on craving 
in individuals with substance use disorders. In these 
studies, 2 mA (Shahbabaie et al., 2014; Batista et al., 2015; 
Verveer et al., 2020; Alizadehgoradel et al., 2020; Ekh‑
tiari et al., 2022; Patel et al., 2022) tDCS was applied to 
left dlPFC (Alizadehgoradel et al., 2020) and right dlPFC 
(Shahbabaie et al., 2014; Batista et al., 2015; Verveer et 
al., 2020; Ekhtiari et al., 2022; Patel et al., 2022). Although 
certain studies reported that tDCS reduced craving 
(Shahbabaie et al., 2014; Batista et al., 2015; Alizadehgo‑
radel et al., 2020), others claimed the opposite (Verveer 
et al., 2020; Ekhtiari et al., 2022; Patel et al., 2022).

Several studies were conducted on the impact of 
tDCS on response bias, number of days substance use, 
and risk‑taking behaviors in individuals with substance 
use disorders. tDCS application was conducted with 
2 mA current in these studies (Patel et al., 2022; Shah‑
babaie et al., 2018; Verveer et al., 2020). Shahbabaie et 
al. (2018) applied tDCS to the right and left dlPFC in 
4 combinations, and reported that tDCS application 
to the left dlPFC/right shoulder and left dlPFC/right 
dlPFC prevented response bias against drug cues. In 
a  study that investigated the number of  days of sub‑
stance use, the findings revealed that tDCS did not 
change the number of  days of substance use (Verveer 
et al., 2020). The findings suggested that tDCS did not 
lead to significant differences in risk‑taking behavior 
in substance use (Patel et al., 2022). The summary of 
the study findings is presented in Table 4. 
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Table 4. Human studies with tDCS in substance use disorder.

Reference Participants Duration Current 
Density Anode Cathode Assembly Layout Adverse Effects

Batista et al. 
(2015) n=36 20 min 2.0 mA F4 F3 CL dlPFC (F3) / AR 

dlPFC (F4)

Tingling sensation, 
burning sensation, 
tinnitus sensation, 
headache

Shahbabaie  
et al. (2014) n=30 20 min 2.0 mA F4

contralateral 
supraorbital 
region

AR dlPFC (F4) 
/ Cathodal 
contralateral 
supraorbital region

Headache, vertigo, 
tingling, itching, dizziness, 
drowsiness& nausea. As 
for sham session, side 
effectswere headache, 
vertigo, tingling, itching, 
dizziness&drowsiness

Shahbabaie  
et al. (2018) n=90 13 min 2.0 mA F3 right shoulder 1) ALdlPFC (F3) / 

CRshoulder 

Headache, vertigo, 
tingling, ıtching, dizziness, 
drowsiness, nausea

F4 right shoulder 2) AR dlPFC (F4) /  
CL shoulder

F3
right 
supraorbital 
projection

3) ALdlPFC (F3) / 
CRsupraorbital 
ridge

F4 left supraorbital 
projection

4) AR dlPFC (F4) / 
Katodal left 
supraorbital ridge

        F3 F4
5) ALdlPFC (F3) / 
Katodal right dlPFC 
(F4)

 

Alizadehgoradel 
et al. (2020) n=39 20 min 2.0 mA F3 F4 ALdlPFC / CRdlPFC

No adverse effects were 
reported during & after 
SIM

Verveer et al. 
(2020c) n=59 13 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC

There were no differences 
between the groups 
(active tDCS vs. sham) 
regarding adverse effects

Ekhtiari et al. 
(2022) n=60 20 min 2.0 mA F4 Fp1 AR dlPFC / Cathodal 

Fp1

Headache, neck pain, 
scalp pain, tingling, 
ıtching, burning sensation, 
skin redness, sleepiness, 
trouble concentrating, 
acute mood change

Patel et al. 
(2022) n=27 15 min 2.0 mA F4 F3 AR dlPFC / CL dlPFC NS
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Animal studies: tDCS in alcohol/substance 
use disorder

Animal studies were also conducted with tDCS in 
alcohol use disorder. Santos et al. (2020) investigated 
whether tDCS would reduce neuropathic pain in al‑
cohol withdrawal rat model. In the study conducted 
with 36 rats, 0.5 mA tDCS was applied for 20 minutes. 
The findings demonstrated that tDCS‑induced analge‑
sia delayed alcohol withdrawal (Santos et al., 2020). 
Santos et al. (2021) investigated the impact of tDCS on 
brain structure in alcohol dependence. They reported 
that tDCS modulated neuropeptide Y activity (Santos 
et al., 2020). Pedron et al. (2022) investigated which al‑
cohol‑related behavior was better modulated by tDCS 
administration in female mice. In the study conducted 
with 54 mice, 0.2  mA of tDCS was applied for 20  min. 
The findings evidenced that tDCS did not modulate 
ethanol‑induced hedonic effects and behavioral sensi‑
tivity. However, tDCS reduced re‑emergence of ethanol 
consumption by half (Pedron et al., 2022).

Anvari et al. (2019) investigated the impact of tDCS 
on pain response induced by different morphine in‑
take rates. In the study conducted with 96 rats, left 
prefrontal 0.2 mA anodal tDCS was applied for 20 min‑
utes. They observed that tDCS did not affect pain per‑
ception induced by various morphine doses (Anvari et 
al., 2019).

tDCS studies were also conducted with animals on 
smoking disorders. Pedron et al. (2013) investigated 
whether tDCS prevented nicotine addiction in mice. In 
the study conducted with 36 mice, 0.2 mA anodal tDCS 
was applied to the cranium region for 20 minutes. The 
findings revealed that the tDCS application performed 
in the animal model facilitated smoking cessation and 
let to a  decrease in cigarette craving (Pedron et al., 
2013).

It has been investigated what kind of changes tDCS 
can cause in executive and cognitive functions in indi‑
viduals with substance use disorders. The studies were 
conducted with 2  mA of tDCS application to the left 
(Alizadehgoradel et al., 2020) and right dlPFC (Verveer 
et al., 2020). Alizadehgoradel et al. (2020) reported im‑
provements in executive functions. Verveer et al. (2020) 
reported that tDCS had no impact on the development 
of cognitive functions in substance users.

In summary, the studies reviewed in the present pa‑
per recommended non‑invasive brain stimulation tech‑
niques to investigate the effects of substances such as 
nicotine, opioids, and alcohol on the brain. The sum‑
mary of the study findings is presented in Table 5.

DISCUSSION

Substance use disorder is a complex field of research 
due to the impact of several social, biological, and psy‑
chological factors that contribute to frequent relapses. 
Furthermore, the repetitive nature of substance use is 
also a negative factor in research. The cost of addiction 
treatment varies based on detoxification requirements, 
availability of inpatient or outpatient programs, dura‑
tion of the treatment, and medication requirements, 
where the costs range between $1,000 and $60,000. 
Thus, further treatment methods have been explored 
to supplement pharmacological treatment and psy‑
chotherapy. Addiction studies conducted with tDCS are 
valuable due to the hope that tDCS could serve as an 
adjunct therapy.

The therapeutic effects of tDCS are believed to 
be induced by anodal tDCS, considered to promote 
long‑term potentiation and depression‑like plasticity 
(Monte‑Silva et al., 2013). The glutamatergic system, 
which relies on NMDA receptors, is crucial for the in‑
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Table 5. Animal studies with tDCS in alcohol/substance use disorder.

Reference Participants Duration Current 
Density Anode Cathode Assembly Layout Substance Adverse 

Effects

Pedron 
et al. (2013) n=36 20 min 0.2 mA cranium ventral 

thorax
ALfrontal cortex / Cathodal 
ventral thorax Nicotine NS

Anvari et al. 
(2019) n=96 20 min 0.2 mA left 

prefrontal
ventral 
thorax

ALprefrontal / Cathodal 
ventral thorax Opioid NS

Santos et al. 
(2020) n=38 20 min 0.5 mA parietal 

cortexs SOA

Anodal the anterior & 
posterior regions in the 
mid‑line between the 
two hemispheres of the 
parietal cortexs / Cathodal 
midpoint between the 
lateral angles of both eyes

Alcohol NS

Santos et al. 
(2021) n=36 20 min 0.5 mA PFC, amigdala ve striatum Alcohol NS

Pedron  
et al. (2022) n=54 20 min 0.2 mA Frontal 

Cortex
ventral 
thorax

Anodal Frontal Cortex / 
Cathodal ventral thorax Alcohol NS
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duction and maintenance of neuroplastic changes in‑
duced by tDCS (Paulus, 2004). Studies demonstrated 
that the long‑term effects of tDCS on motor evoked 
potentials could be blocked by NMDA antagonists (Li‑
ebetanz et al., 2002). Furthermore, it was evidenced 
that d‑cycloserine, a partial NMDA agonist, potentiates 
tDCS‑induced excitability enhancements, providing 
strong evidence for the involvement of NMDA recep‑
tors in mediating tDCS effects (Nitsche et al., 2004). 
Also, tDCS, a non‑invasive brain stimulation technique, 
has been demonstrated to modulate inhibitory GAB‑
Aergic systems, critical in neuroplasticity regulation 
(Stagg et al., 2009). It was demonstrated that anodal 
tDCS decreases GABA concentration, indicating its in‑
volvement in neuroplastic changes, as demonstrated 
in magnetic resonance spectroscopy studies. Further‑
more, when combined with repetitive low‑frequency 
synaptic stimulation, anodal tDCS increases the secre‑
tion of brain‑derived neurotrophic factor (BDNF), and 
activates tropomyosin receptor kinase B, suggesting 
that BDNF could mediate tDCS‑induced effects (Fritsch 
et al., 2010). Also, tDCS significantly improves Zif268 
and c‑Fos expressions, two crucial proteins involved in 
synaptic plasticity, via certain mechanisms closely as‑
sociated with long‑term potentiation.

Primarily, significant results were reported by tDCS 
studies based on stimulation of the dlPFC. It could be 
argued that most problems associated with addiction 
are dlPFC‑centered issues. This could be due to the fact 
that dlPFC is responsible for decision‑making, atten‑
tion, memory, impulse control, behavior and thought 
regulation. Thus, it could be suggested that addictive 
substances lead to psychological and behavioral abnor‑
malities by affecting the dlPFC. The human and animal 
studies on alcohol/substance use disorder conducted 
with tDCS are presented in the tables. They demon‑
strated that the brain region where the current was 
applied was mainly the dlPFC. The same was true for 
animal experiments. Animal experiments conducted 
in alcohol/substance use disorder demonstrated that 
the activation of the frontal cortex was attempted to 
changed. The rationale behind the employment of var‑
ious stimulating electrode polarities such as anodal 
tDCS or cathodal tDCS was to investigate the responses 
of various brain regions to stimulation, and whether 
they exhibit behavioral changes due to activation or 
inhibition after substance use.

Thus, experimental setups were designed with var‑
ious electrode polarities in most studies. Furthermore, 
the impact of tDCS was investigated with several cur‑
rents and durations of the stimulation. tDCS applica‑
tions aimed to neurobiologically regulate the brain 
regions associated with alcohol/substance use disor‑
der. To develop treatments for addiction and related 

disorders, it should be well known how neurobiological 
functioning occurs in brain regions. Behind the addic‑
tive property of alcohol, drugs and tobacco lies their 
relationship with the central nervous system. They af‑
fect several systems, including the cholinergic, dopa‑
minergic, serotonergic, and GABAergic, leading to sev‑
eral functional differences. Substance use disorder, in‑
cluding alcohol, drug, and cigarette addiction, impacts 
the cholinergic system by altering acetylcholine levels, 
a  neurotransmitter associated with learning, memo‑
ry, and reward processing. Chronic substance abuse 
could dysregulate the cholinergic system, leading to 
cognitive impairments, disruption of synaptic plastici‑
ty, and heightened susceptibility to addiction‑related 
behaviors (Gonzales et al., 2015). Also, substance abuse 
significantly affects the dopaminergic system, which 
plays a  crucial role in reward processing, motivation, 
and learning reinforcement. Drugs, alcohol, and nic‑
otine increase dopamine levels in the brain’s reward 
pathway, particularly in the nucleus accumbens and 
the ventral tegmental area. This dopamine surge rein‑
forces substance‑seeking behavior, contributing to the 
development and sustenance of the addiction (Koob et 
al., 2016). The serotonergic system is also important 
and involves the neurotransmitter serotonin, which 
regulates mood, controls impulse and emotional states. 
Chronic substance use alters serotonin transmission, 
leading to mood disturbances, impulsivity, and dysreg‑
ulated emotional responses. Serotonergic system dys‑
functions contribute to the development of substance 
use disorders and could exacerbate comorbid mental 
health conditions such as depression and anxiety (Kir‑
by et al., 2011). Furthermore, the gamma‑aminobutyr‑
ic acid (GABA) system, known for its inhibitory role in 
the brain, is affected by substance abuse, leading to al‑
terations in neural excitability and synaptic transmis‑
sion. Chronic alcohol, drug, and nicotine consumption 
disrupt GABAergic neurotransmission, contributing to 
withdrawal symptoms, tolerance, and dependence. The 
interplay between brain regions and neurotransmitters 
is crucial for the orchestration of reward‑related cir‑
cuitry in alcohol and other substance use (Guleken et 
al, 2022). Dysregulation of the GABAergic system could 
enhance the reinforcing effects of substances and exac‑
erbate addictive behavior (Kalivas et al., 2009).

Furthermore, these systems could lead to addic‑
tion problem by affecting the dlPFC and other brain 
structures. Especially due to its capacity to affect re‑
ward mechanisms in the brain, dopamine is a  crucial 
neurotransmitter in addiction research. The intake of 
the addictive substance increases dopamine activation, 
leading to an increase in the feelings of pleasure, mo‑
tivation and reward. tDCS inhibits dopamine activa‑
tion, attempting to reduce the feeling of pleasure, and 
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leading to the reduction of tolerance and withdrawal 
symptoms. Individuals could not enjoy the substance 
anymore; and thus, recurrence is prevented. It was 
suggested that tDCS could be an adjunct treatment for 
alcohol/substance use disorders. Addiction is still an 
open research field due to its complex nature. Future 
addiction studies that would be conducted with tDCS 
could focus on different brain regions to discover new 
regions associated with addiction. The investigation of 
the impact of tDCS on the brain structures of individu‑
als with alcohol/substance use disorder is essential to 
understand addiction, and for the development of new 
treatment options.
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