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Abstract

Objectives:
Transcranial direct current stimulation (tDCS) and mindfulness practices have been proposed as
a potential approach to improve executive functions (EFs) and reduce craving in persons with
substance use disorders. Based on the neural mechanisms of action of each of these interventions,
the combination of both non-pharmacological interventions might have additive effects. In the
current study, the effects of tDCS combined with mindfulness-based substance abuse treatment
(MBSAT) to improve Efs and reduce craving were investigated in early abstinent
methamphetamine abuse.
Method:
Eighty (youths aged between 18 and 21) early-abstinent methamphetamine users were randomly
assigned to the research groups (tDCS group (n=20), mindfulness group (n=20), combined
mindfulness-tDCS group (n=20), and sham group (n=20)). Active tDCS (1.5 mA,20 min, 12
sessions) or sham tDCS was appliedover the left dorsolateral prefrontal cortex (DLPFC) and the
MBSAT protocol was used over twelve 50-min sessions.
Results:
Both in the post-test phase (immediately after the intervention) and follow-up phase (one month
after the intervention), performance in most EFs tasks significantly improved in the combination
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group which received real tDCS+MBSAT, as compared to baseline values and sham stimulation
group. Similarly, a significant reduction in craving was observed after intervention inall
treatment groups, but not the sham stimulation group. Interestingly, the increase in EFs and the
reduction in craving post versus pre tDCS+MBSAT intervention were correlated.
Conclusions:
Findings from the current study provide initial support for the clinical effectiveness of
combination tDCS + MBSAT, possibly influencing cognitive/affective processes.
Keywords: Executive Functions; tDCS;Mindfulness; Substance Abuse; Youths
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Introduction
Drug abuse is one of the most widespread and costly health problems in modern societies and
customary medical treatments are often ineffective and relapse is prevalent [1]. Biological
findings of Johnston et al (2014) have indicated that the prevalence of substance abuse increases
with age during adolescence and increases in early adulthood [2]. The unprecedented progress of
neuroscientifi cprocedures has resulted in imperative neuropsychological models, for which the
combination of neurobiological outcomes and psychological processes provide a better
understanding of the onset, maintenance and relapse of substance use disorders [3].
Studies conducted in the past decade and meta-analyses have determined arelationship
between substance use and cognitive deficits [4]. It has been established that, in adolescents,
problems in executive functions (EFs) increase the risk of substance use and other potentially
addictive behaviors such as overeating andcomputer game addiction [5,6]. Misuse of nicotine
during adolescence can increase EFs problems by mediating with the growthof neural
connectivity to prevent impulsive limbic signals [7,8]. Reciprocally, training adolescents in EFs
skills early onproduce long-term effects on preventing cigarette and alcohol use and reduce
impulsive behavior as an intermediate factor of risky health behaviours [9]. In recent years, some
studies in this area have examined the relationship between the executive functions and the
consequences of treatment[10].
Neurobiological studies of addiction have established a relationshipbetween the rewarding
and boosting effects of drugs and the activation of several areas in the mesocorticolimbic
network including the nucleus accumbens (NAc) and the ventral tegmentalarea (VTA) with the
dopaminergic transmission in the orbitofrontal cortex, dorsolateral prefrontal cortex (DLPFC),
and anterior cingulate cortex (ACC) [11]. New neurological studies such as Hartwell et al (2011)
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which adopt a brain imaging approach,show that the DLPFC is a core component of the neural
substrate in different drug cravings [12]. The DLPFC is most closely related to Efs [13].
One of the main techniques of non-invasive brain stimulation to modulate brain activity and
cortical excitability is transcranial direct current stimulation (tDCS) which involves the use of a
low-intensity electrical current over the scalp [14,15]. Recently, researchers have applied tDCS
in children and adolescents with various neuropsychiatric disorders[16,17,18]. This nascent
literature addressesboth safety and potential therapeutic efficiency in children and
adolescents[19,20]. Recently, the interest in non-invasive methods of stimulating brain activity in
the treatment of addiction has increased [21-23]. tDCS has been used in numerous studies for
exploring cognitive functions[24,25], including executive functions in healthy persons [26,27]
and clinical populations with executive dysfunctions[28,29].
Studies using tDCS over the left DLPFC have demonstrated significant improvement in
executive functions in people with substance use disorder [30-33]. In addition, anodal tDCS
applied over the DLPFC has been widely used in the treatment of SUD including
methamphetamine dependency [34,35]. As described above, this area is involved in spontaneous
and cue-elicited craving and EFs related to addictive behaviors (i.e., decision making, response
inhibition, risk-taking, attentional bias) [36]. Although tDCS can be effectively used as an
alternative therapy, new studies have proposed it as an “augmentative treatment”to promote the
effects of other psychotherapy treatments [37,38]. Studies have also reported a significant
increase in the effectiveness of tDCS when combined with other psychological interventions [39].
Nejati et al (2017) proposed a novel treatment strategy called PsychologicalIntervention
Combined with Direct Electrical Stimulation (PIN-CODES) to investigate the efficacy of tDCS
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combined with psychotherapy for MD treatment [40]. This approach can be used for other
psychological interventions combined with neuromodulatory interventions.
Today, mindfulness training is considered a promising treatment for substance abuse [41].
The mindfulness efficacy studies in adolescence and youths are growing rapidly. Mindfulness
involves directing attention to the experience of the present moment, anawareness accompanied
by an attitude of nonjudgment or acceptance fostered in its practice [42]. A review of studies
shows that mindfulness practice has a direct influence on cognitive processes, such as executive
functioning [43]. Empirical evidence suggests that mindfulness-based interventions (MBIs)
improve substance use disorders by increasing the cognitive regulation of several activity
processes, including making clear cognitive appraisals and moderating negative emotions to
decrease permanent cognition and emotional arousal; increasing metacognitive awareness to
reducedrug-related attentional bias; reducing cue reactivity and increasing cognitive control over
craving 44]. All in all, both mindfulness and tDCS have independently benefits for SUD
treatment. Mindfulness-based interventions (MBIs) have been piloted with adolescents and
youthsdealing with substance use disorders [45]. Results of studies in this field have confirmed

the applicability of mindfulness interventions to adolescents and youths with substance abuse
disorders [45,46].
Further, there is evidence from recent studies thattDCS of the frontal cortex can enhance the
effects of mindfulness practice by improving working memory [47], and increasing positive
affective [48], or increasing awareness [49]. Also, the results of a study by Monnart et al. (2019)
showed that the combination of tDCS method with mindfulness has led to improved symptoms
of depression in people resistant to treatment [50]. The combination of mindfulness with tDCS
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may provide synergistic benefits to reducing symptoms of SUD greater than each can provide
alone[51] but has not studied yet.
In the present study, we evaluated the effects of mindfulness (as a psychological intervention),
tDCS, and the combination of tDCS and MBSAT(tDCS/MBSAT) to improve executive
functions and reduce craving in youths early abstinent with methamphetamine use disorders. Also,
we used a psychological intervention package consisting of MBSAT, as an effective therapy for
adolescents with substance use disorders [52]. It is assumed that tDCS+MBSATis more effective
in the improvement of different kinds of executive functions and craving in youths with
methamphetamine dependence. Also, we expect tDCS+MBSATto have longer-term effects
compared to other interventions, especially tDCS. To our knowledge, thisis the first study
investigating the effectiveness of the combination of psychological interventionand tDCSusing a
full-factorial design on the improvement of a battery of executive functions (e.g. response
inhibition, risk-taking, cognitive flexibility, and working memory) and craving in youths with
methamphetamine dependence. Also, in the present study, we want to find out whether the
improvement of executive functions leads to a decrease in cravings or not?

Methods
Participants
Eighty youths boys aged 18 to 21 with early abstinent methamphetamine abuse were enrolled
in the study (Mean age= 19.46, SD= 1.15). The inclusion criteria were: (1) referral to the
addiction treatment center in Ardabilfor quitting methamphetamine use,(2) Methamphetamine
use disorder diagnosis based on a clinical interview by an experienced psychiatrist according to
the DSM-IV criteria,(3) a history of at least 12 months methamphetamine use before referral to
6

the addiction treatment center (4) Age range of 18 to 21 years, (5) abstinence from any sedative
or stimulant drug except for nicotine, as confirmed by a negative urine test, (6) not being on
antidepressants or other psychotropic medications during the study. Exclusion criteria were: (1)
inability to tolerate tDCS, (2) comorbidity with axis I disorders such as bipolar disorder,
schizophrenia, and any axis II disorders, (3) cranial or brain metal implant, (4) history of seizures,
epilepsy or brain injury and any neurological disorders. Four subjects from the
tDCSgroup,foursubjects from the sham group, three subjects from the combination group, and
five subjects from the MBSAT group could not complete the whole treatment, and thus our final
analysis was conducted on 64participants (see fig1). Demographic information of the youths with
methamphetamine abuse is shown in Table 2.

2.2 Procedures
Eighty youthboys with methamphetamine use disorderwere initially recruited from the Azadi
Rehabilitation Centre for Addiction in Ardabil, Iran and were randomly assigned to the tDCS,
MBSAT, tDCS+MBSAT and sham stimulation groups by the block randomization method. We
used the simple randomization methods centrally and randomization sequence was generated
using an online randomization software (www.sealedenvelope.com). All participants completed
the measures three times: before treatment (pre-test), after treatment (post-test), and one month
after treatment (follow-up). In the tDCS group, participants received 12 sessions of 20-min
stimulation (two sessions weekly) in 6 weeks with a 72-hour interval between sessions. The
MBSAT group participated in the protocol mindfulness consisting of 12 sessions (two sessions
weekly).

Each

MBSAT

session

lasted

45–50

min.

Finally,

participants

in

the

tDCS+MBSATgroup received 12 sessions of 20-min tDCS (two sessions weekly) and right after
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each tDCS sessionfollowed the MBSAT session. The sham group received 12 sessions of 20-min
(two sessions weekly) in 6 weeks with a 72-hour interval between sessions. After the end of the
study, youths participating in this study were able to participate in complementary psychological
treatment.Participants in the sham stimulation group received real stimulation after the end of the
study. The current study complied with the ethical principles set forth in the latest edition of the
Declaration of Helsinki, and it is approved by the ethical committee of Shahid Beheshti
University (IR.SBU.ICBS.97/1036). Subjects granted consent before participation and were free
to withdraw at any point during the study. All participants in this study were able to participate in
the treatment after the end of the study. Also, this study is registered at the Iranian Registry of
Clinical Trials, registration number IRCTID: IRCT20181013041327N1.

2.3 Intervention
2.3.1 Mindfulness-based substance abuse treatment
The psychological intervention used in the present study consisted of mindfulness-based
substance abuse treatment [52].The MBSAT protocol used in this study consisted of twelve 50min sessions, two sessions per week. The structure and contents of each session are shown in
Table 1.

2.3.2 tDCS protocol
The tDCS device in use was the battery-powered “ActivaDose II Iontophoresis” Delivery
Unit manufactured by ActivaTek, with a 9-V battery as its power source. In the active tDCS
adolescent sreceived stimulation for 20 min (and 30 seconds in the sham tDCS) at 1.5 mA
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intensity with 72-hour intervals between sessions.in tDCS, Combination (tDCS with
mindfulness) and sham group the anode electrode was fixed over area F3 (lDLPFC), whereas
the cathode electrode was positioned over area F4 (rDLPFC) according to the 10–20 EEG
electrode systems. In the sham condition, the electrical current was ramped up for 30 seconds
and the current intensity was decreased to 0 mA without the participants’ knowledge. After each
tDCS session (active or sham) side effects were evaluated.

2.4. Materials

N-Back test: This test measures the working memory [53], and is one of the most frequently
used culture-independent tests. Several visual stimuli appear on the screen sequentially.
Participants asked to press “1” if the stimulus on the screen is identical to the previous one, and
to press “2” if it is different. In this task, the participants were required to store the information
for only one stimulus (i.e., the stimulus right before the present stimulus). In addition, the
replacement of the previous stimulus by a new one means that the participant needs to update the
information stored in memory. This task is designed in such a way that it makes responding to all
stimuli at all levels mandatory. Thus, completing it requires constant control and updating of the
information in the working memory. The task contains a set of one hundred linear images. We
used the number of correct responses and reaction time to assess working memory. This task is
widely used in clinical and empirical studies, and its high validity has been proved through
association with several other working memory tasks[54].(Fig 2).
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Wisconsin Card Sorting Test (WCST): The Wisconsin Card Sorting Task (WCST) is one of
the main tools used for assessing the performance of the prefrontal cortex, specifically the
DLPFC [55]. Demakis et al (2003) have also emphasized this task’s usability as a frontal cortex
measure[55]. The present study used a computerized version of the task. WCST includes 64
dissimilar cards with four types of shapes (triangular, star, cross, and circle) printed on them.
Each card can be one of four colors (blue, red, yellow, or green). In short, the test has three
sorting rules: shape, number (amount), and color. By receiving a “correct” or “wrong” feedback,
they discover the sorting rule. After putting the card in the correct category, the rule changes and
participants have to discover the new rule based on the feedback they receive. The participants
are scored by the number of ten-card categories they sorted successfully. If a participant
continues to sort by the last sorting rule while the rule has changed, a preservation error has
taken place, which is repeating a previously learned response when confronted with a new rule.
The number of completed categories is also measured in this task. (Fig 2).

Balloon Analogue Risk Task (BART): Risky behavior and risky decision-making were
assessed with a computerized version of Balloon Analogue Risk Task (Lejuez et al., 2002).
Studies have shown that the BART test has an appropriate convergence validity to assess the
tendency toward risky behaviors [56]. In this task, a picture of a balloon appeared on the screen,
and the participants were asked to pump it by pressing a button. Two boxes were shown, one for
temporary earnings and the other for permanent ones. A number on each counter showed the
amount of money in it. Every time the participants pumped the balloon, an amount of money was
added to the temporary box. The participants had the option of clicking on the “claim money”
button instead of pumping further. If they did, their earnings would be transferred to the
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permanent box, and a new balloon would appear on the screen, restarting the process (the
balloons were limited in number to 30). If the balloon popped from pumping, all the money in
the temporary box would be lost. Therefore, with each pump, the participants increased the
temporary earnings, but also risked losing everything earned in the temporary box. There was no
specific breakpoint for the bursting of the balloons; therefore, the participants had to engage in
risky decision-making in an uncertain situation. Risk-taking decision-makers tend to ignore the
risk of popping the balloons and pump more in order to gain larger amounts of money. In this
task, the primary score and the risk-taking indicator is the adjusted average number of pumps for
unexploded balloons. The other task scores include the minimum and maximum number of
pumps for each balloon [26] (Fig 2).

Go/No-Go task: Response inhibition is an aspect of executive function and is highly
correlated with cognitive control [57]. Go/no-go is a neuropsychological task widely used to
assess response inhibition. In this task, a plane appeared in the middle of the screen facing either
upward, downward, right, or left. Go and No-Go conditions appeared randomly and in no
particular order. In the version used in this study, 100 planes (one plane presented per trial)
appeared in the middle of the screen. The participants were instructed to press the button
indicating the plane’s direction as quickly as they could. For half of the plane stimuli, a “beep”
sound was presented as No-Go stimulus, after hearing which the participants had to withhold
their response. The number of correct responses to No-Go stimuli shows the subject’s ability to
inhibit the response. It takes approximately seven minutes to complete this task [26].(Fig 2).
Desires for Drug Questionnaire (DDQ):The Desire for Drug Questionnaire (DDQ) consists of
14 items, the original version of which was designed to measure heroin craving [58]. But it was
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used later to measure craving for other substances. Franken et al (2002) measured the factor
structure of this questionnaire and showed that it has good convergent validity, internal
consistency, and test-retest reliability. Also, they reported the Cronbach’s alpha of this
questionnaire equal to 0.85.[58].

2.5 Statistical analysis
SPSS version 24 was used to analyzethe collected data.Toevaluatedatanormality and
homogeneity of variance, we used the Shapiro-Wilk and Levin test.To measure the effectiveness
of each treatment and their combined effects on the improvement of executive functions and
craving, a mixed model ANOVAwas used, with time (pre-test, post-test, follow-up) as the
within-subject factor and group (tDCS, MBSAT, tDCS/MBSAT, sham) as the between-subject
factor. Mauchly’s test was used to evaluate the sphericity of the data before performing the
repeated measures ANOVA. In case that the assumption of sphericity was violated, the degrees
of freedom were corrected using Greenhouse-Geisser estimates of sphericity.Posthoc analysis
was done using the Bonferroni correction.

3.Result
3.1 Data overview
In terms of the demographic characteristics of the study youths with methamphetamine
dependence, there was no difference between the groups (Table 2). Adolescents in the present
study tolerated the electrical stimulation well and did not report significant side effects.(See
Table 3). The data overview including the means and standard deviations of executive functions
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and craving before, after and 1 month following the intervention is presented in Table 4 and Fig.
3.

3.2 The effect of tDCS, MBSAT and Combine these two methods (tDCS/MBSAT) on executive
functions and craving
To analyze the effectiveness of each intervention (i.e., tDCS, MBSAT, and tDCS/MBSAT) in
improving the executive functions and craving, the mixed factorial ANOVA method was
used.We refer to Figure 3 to illustrate the pattern of the results of each dependent variable.
For the N-back task, results showed a significant interaction effect of group*time on both
component accuracy (F(6,120)= 8.59, p < 0.001, ηp2= 0.30) and response time (F(6,120)= 8.60, p <
0.002, ηp2= 0.20). As well as a significant main effect of group on accuracy (F(3,60)= 8.59, p
<0.020, ηp2= 0.20) and response time (F(3,60)= 5.44, p < 0.002, ηp2= 0.21).The between-group
post hoc comparisons showed no significant difference in the pre-intervention measurement
(FAccuracy = 0.04, p = 0.989; FResponse

Time=

0.004, p = 0.997),

but

significant

between-group

differences in the post-intervention (FAccuracy = 12.42, p = 0.001; FResponse

Time=

11.52, p = 0.001)

and

Time=

11.40, p = 0.001)

follow-up

intervention

(FAccuracy = 10.02, p = 0.001; FResponse

measurements.Thepaired samplespost hoc t-tests showed anincrease and decreaseofaccuracy and
response timein the post-intervention (Accuracy: tDCS/MBSAT:t =6.87, p < 0.001.,tDCS:
t = 6.63, p < 0.001.,

MBSAT:

t = 2.92, p < 0.011.Response

Time:

tDCS/MBSAT:

t=-

3.44, p < 0.003., tDCS: t = -5.44, p < 0.001., MBSAT: t = -3.87, p < 0.002) and follow-up
(Accuracy:

tDCS/MBSAT:

t = 2.72, p < 0.017.

t = 5.52, p < 0.001.,

ResponseTimetDCS/MBSAT:

tDCS:

t = 4.73, p < 0.001.,

t = -3.32, p < 0.004.,

MBSAT:

tDCS:

t=-

6.83, p < 0.001., MBSAT: t = -4.22, p < 0.001) measurements compared to the pre-intervention
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measurement in the each intervention,but not sham stimulation group.All other comparisons did
not reach significance, ps>.05.
For the WCST task, results showed a significant interaction effect of group*time on
perseverative errors component (F(6,120)= 4.55, p < 0.001, ηp2= 0.18) and no significant
interaction effect of group*time on completed categories component (F(6,120)= 0.319, p < 0.926,
ηp2= 0.01). Also results showed a significant main effect of group on perseverative errors
(F(3,60)= 3.43, p < 0.022, ηp2= 0.14) but no significant main effect of group on completed
categories (F(3,60)= 0.44, p < 0.719, ηp2= 0.10). The between-group comparisons showed no
significant
Errors =

difference

in

the

0.431, p = 0.731; FCompleted

Categories

pre-intervention

measurement

(FPerseverative

= 0.136, p = 0.937).In perseverative errorsasignificant

between-group differences in the post-intervention (FPerseverative

Errors =

21.63, p = 0.001) and

follow-up intervention measurements (FPerseverativeErrors = 11.52, p = 0.001) but in the Completed
Categories no significant difference in the post-intervention measurement (FCompleted

Categories

= 1.60, p = 0.198) and follow-up intervention (FCompleted Categories = 1.03, p = 0.383) measurements.
The post hoc t-tests analysis showed a significant decrease and increase of WCST
perseverative errors and completed categories, respectively, between pre-intervention and postinterventionmeasurements (Perseverative Errors: tDCS/MBSAT: t =-5.01, p < 0.001., tDCS: t = 2.98, p < 0.009.,
t = 4.51, p < 0.001.,
intervention

vs

3.69, p < 0.002.,

MBSAT:
tDCS:

t = 1.46, p < 0.018.,

follow-up
tDCS:

Categories:tDCS/MBSAT:

t = -1.78, p > 0.096.Completed
MBSAT:

measurements(Perseverative

t = -2.18, p < 0.045.,
t = 4.01, p < 0.001.,
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MBSAT:
tDCS:

Categories:tDCS/MBSAT:

t = 1.45, p < 0.007)
Errors:

and

pre-

tDCS/MBSAT:

t=-

t = -3.32, p < 0.005.Completed
t = 2.08, p < 0.050.,

MBSAT:

t = 2.46, p < 0.027) in each intervention,but not sham stimulation group. All other comparisons
did not reach significance, ps>.05.
For the BART task, results showed a significant interaction effect of group*time on both
Adjusted value (F(6,120)= 3.19, p < 0.013, ηp2= 0.13) and Max pumping(F(6,120)= 6.42, p < 0.001,
ηp2= 0.24). As well as the results showed that a significant main effect of group on Adjusted
value (F(3,60)= 3.99, p < 0.012, ηp2= 0.16) and Max pumping(F(3,60)= 6.05, p < 0.006, ηp2=
0.18).The between-group comparisons showed no significant difference in the pre-intervention
measurement (FAdjusted

value

= 0.307, p = 0.821; FMax

Pumping

= 0.136, p = 0.938), but significant

between-group differences in the post-intervention (FAdjusted value = 12.06, p = 0.001; FMax Pumping
= 27.54, p = 0.001) and follow-up intervention (FAdjusted

value

= 8.27, p = 0.001; FMax

Pumping

= 8.28, p = 0.001) measurements.Also, the post hoc t-tests analysis showed a significant decrease
of BART Adjusted value and Max pumping, respectively, between pre-intervention and postintervention measurements (Adjusted value: tDCS/MBSAT: t =-7.30, p < 0.001., tDCS: t = 2.75, p < 0.015.,

MBSAT:

t = -4.90, p < 0.001.Max

pumping:tDCS/MBSAT:

t=-

6.90, p < 0.001., tDCS: t = -7.36, p < 0.001., MBSAT: t = -6.37, p < 0.001) and pre-intervention
vs follow-up measurements (Adjusted value: tDCS/MBSAT: t = -7.57, p < 0.001., tDCS: t = 2.98, p < 0.009.,

MBSAT:

t = -5.38, p < 0.001.Max

pumping:tDCS/MBSAT:

t=-

7.02, p < 0.001., tDCS: t = -4.50, p < 0.001., MBSAT: t = -7.29, p < 0.001) in the each
intervention,but not sham stimulation group. All other comparisons did not reach significance,
ps>.05.
For the Go/No-Go task, results showed no significant interaction effect of group*time on both
Accuracy Go(F(6,120)= 1.12, p < 0.35, ηp2= 0.05) and Accuracy No-Go (F(6,120)= 1.79, p < 0.14,
ηp2= 0.08). As well as the results showed that a no significant main effect of group on
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AccuracyGo(F(3,60)= 1.25, p < 0.296, ηp2= 0.05) but in Accuracy No-Go result showed a
significant main effect of group (F(3,60)= 3.19, p < 0.047, ηp2= 0.12).The between-group
comparisons showed no significant difference in the pre-intervention measurement (FAccuracy
Go=

0.254, p = 0.858; FAccuracy

No-Go

= 0.016, p = 0.997). In Accuracy No-Go a significant

between-group differences in the post-intervention (FAccuracy No-Go= 5.73, p = 0.002) and followup intervention measurements (FAccuracy

No-Go=

6.71, p = 0.001) but in the AccuracyGono

significant difference in the post-intervention measurement (F

Accuracy Go=

2.34, p = 0.068) and

follow-up intervention (F Accuracy Go= 1.95, p = 0.130) measurements.The post hoc t-tests showed
an increase and decreaseofAccuracyGoandAccuracy No-Go, respectively, between preintervention

and

post-intervention

measurements

(Accuracy

Go:

Pin-Codes:

t =3.80, p < 0.002.Accuracy No-Go:tDCS/MBSAT: t = 3.37, p < 0.004) and pre-intervention vs
follow-up measurements (Accuracy Go: tDCS/MBSAT: t = 2.97, p < 0.009.Accuracy No-Go:
Pin-Codes: t = 3.18, p < 0.006) in the tDCS+MBSATintervention,but not other intervention and
sham stimulation group. All other comparisons did not reach significance, ps>.05.
Finally, the DDQ scores showed a significant interaction effect of group*time on craving
(F(6,120)= 12.11, p < 0.001, ηp2= 0.37). Also results showed that a significant main effect of group
on craving (F(3,60)= 3.99, p < 0.012, ηp2= 0.16).The between-group comparisons showed no
significant difference in the pre-intervention measurement (F = 0.259, p = 0.854), but significant
between-group differences in the post-intervention (F = 16.51, p = 0.001) and follow-up
intervention

(F

= 11.13, p = 0.001)

measurements.The

post hoc t-tests

showed

a

decreaseofcraving, respectively, between pre-intervention and post-intervention measurements
(tDCS/MBSAT: t = -8.82, p < 0.001., tDCS: t = -6.82, p < 0.001., MBSAT: t = -8.61, p < 0.001)
and pre-intervention vs follow-up measurements (tDCS/MBSAT: t = -8.02, p < 0.001., tDCS:
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t = -6.36, p < 0.001.,MBSAT: t = -7.44, p < 0.001) in each intervention,but not sham stimulation
group. All other comparisons did not reach significance, ps>.05.
Also, to investigatewhether percentage of changes in cravingwere correlated with EF task
performance, Pearson’s correlationsshowed a significant correlation between craving and the
following EF measures in the tDCS+MBSATintervention(WM accuracy (p < 0.007),BARTAV
(p < 0.002), BART Max (p < 0.022), WCST PE (p < 0.049), but not other intervention and
sham stimulation group.( see Table 6). This correlation indicates that the reducting in craving is
associated with the increase in EFs, specifically in the t2 condition.

Discussion
More than a decade of research has shown the potential of tDCS and MBIs in the treatment of
SUD.Yet, new studies indicate that tDCS would be more effective if used as a complementary
technique, to enhance the excitability of a neuronal network and hence increase the effects of a
psychological intervention [37-41], namely MBSAT as investigated in our clinical trial.
In the current preregistered clinical trial, a randomized, single-blind design was used to
examine the effects of the combination of bifrontal tDCS with mindfulness-based substance
abuse treatment (MBSAT) on EFs and craving in early abstinent youths with methamphetamine
use disorder. Our study showed that the combination therapy significantly reduced craving and
improved executive functionsincluding working memory, risk-taking behavior, inhibitory control
and cognitive flexibility compared to other treatment groups.
Our results are in line with recent advances and showed that tDCS+MBSAT is more
beneficial for improving EFs and craving in youths with methamphetamine use disorders (as
compared to each intervention as a monotherapy and as compared to sham), suggesting a new
17

treatment approach in the treatment of drug addiction.The effect of tDCS depends on the activity
of the brain during stimulation [59] and according to the activity-selectivity hypothesis, when
tDCSis given to an activated neural network, it results in increased neuroplasticity [60]. So,
when a neural network is modified by psychological intervention, this sets the stage fora larger
potential for efficacy of tDCS [61]. Therefore, the combination of tDCS method with
psychological interventions leads to an increase in the effectiveness of this treatment method and
significantly increases the clinical effects [50].
Previous studies show that in both the clinical [28,29,62]and healthy populations [26,27],EFs
are enhanced by tDCS. Given thatthese EFs are also targeted by mindfulness, the greater
reduction of craving in the tDCS+MBSAT group may be related to the direct involvement of
enhancing executive functions. Also, the results of our research showed that there is a significant
correlation between changes in executive functions and cravings in the combined group
(tDCS+MBSAT). From a neurobiological point of view, the areas of the brain involved in
cravings for drugs are so extensive that they include complex frontal cortical and subcortical
circuits such as DLPFC, anterior cingulate and orbitofrontal cortex that is closely related to
insular functions [63]. Functional imaging studies show that there is a positive correlation
between cravings with insular activity [64] and modulation of insular activity after stimulation of
the DLPFC area can be an explanation for the decrease in cravings. Therefore, the additional
effects of the combined approach (tDCS+MBSAT) can affect different areas of the frontal cortex
and lead to a wide reduction in craving. Recent studies from our group indicated that anodal
tDCS over the left DLPFC decrease craving [65] and improves frontal executive functions in
severe alcoholics [66]. Fernandez-Serrano et al (2010) showed that alcohol and polysubstance
abusers have clinically significant deficits in executive functions and decision-making [67].
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Studies in the field of neuroscience addiction have determined a link between substance use and
cognitive deficits. Spronk et al (2013) indicated that long-term cocaine use is related with
cognitive destruction in most cognitive components, with firm evidence on executive functions
such as decision-making,working memory, sustained attention, and response inhibition [68].
Persistent deficits in executive functions have also been shown inusers of opiates,
methamphetamine or alcohol [69].
Therapeutic effects of MBIs on drug use and relapse prevention may be explained by the
effects of mindfulness training on neurocognitive mechanisms involved in substance use disorder.
The MBIs work as mental training programs to boost neurocognitive deficits that were
developed during the course of the addiction [44]. Promotion of increased Efs through
mindfulness training could thus possibly enable the individual to achieve self-control over
automatic substance use behavior. This beneficial process is suggested to enhance functional
connectivity between prefrontal control areas and striatal brain circuitry engaged in reward
processing and habitual responses [44]. Modified communication in this frontostriatal circuit
may determine how MBIs can restructure reward processes snatched during the addictive process
[70]. Therefore, MBIs, as powerful neurocognitive resources, can be used to adjust the
automaticity, hedonic dysregulation, and stress reactivity that undergirds SUDs and relapse. This
evidence supportsthe idea that mindfulness training may reduce substance use behavior by
enhancing activation in the prefrontal-mediated cognitive control networks and, inso doing,
facilitate the regulation of reactivity to substance cues [71].
In sum, our results provide evidence for the promising clinical application of combined MBItDCS in drug addiction, and suggest a combined protocol (tDCS with mindfulness) in the
treatment of people with substance use disorders. Future studies are recommended to investigate
19

the effects of tDCS in combination with other psychological interventions such as cognitivebehavioral treatments. Despite promising avenues for the treatment of drug abuse by using a
combination of tDCS and mindfulness intervention,some limitations need to be considered when
interpreting our findings. The follow-up stage in this study lasted one Month, so, to evaluate the
long-term effects of treatment, it is recommended that studies with longer follow-up periods be
conducted. Another limitation of the present study was the lack of a larger number of research
samples. Future research should replicate our interventions in larger samples sizes. Another
limitation of the present study was the lack of a tool for measuring brain changes after
intervention, which is suggested by future research to use brain imaging techniques to better
describe brain changes.
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MBSAT
Session
Session 1
Session 2
Session 3
Session 4
Session 5
Session 6
Session 7
Session 8
Session 9
Session
10
Session
11
Session
12

TABLE 1. Structure and guideline of each MBSAT session
The theme of mindfulness-based substance abuse treatment (MBSAT) Session
Introduction to the Program: First session includes the following: 1) Informal Greeting. 2) Introduction to the Program. 3)
Agreements of group. 4) Defining Mindfulness. 5) Meditation: Mindfulness of Deep Breathing. 6) Group Poll: Learning Interests
of the Youth. 7) Homework and Close-Out.
Mindfulness of Drugs and Their Health Effects: session 2 includes the following:1) Centering Meditation. 2) Mindful Check-In.
3) Drug Classifications Activity. 4) Fatal Drug Combinations. 5) Meditation: Mindfulness of Deep Breathing. 6) Homework and
Close-Out.
Reacting vs. Responding: session 3 includes the following:1) Role Play: Mental vs. Physical Power. 2) Discussion: Reaction vs.
Response. 3) STIC (Stop, Take a breath, Imagine the future consequences, Choose) Contemplation. 4) STIC Role-Plays. 5)
Meditation: Mindfulness of the Breath. 6) Mindful Check-In.7) Homework and Close-Out.
Mindfulness of Delusion: Session 4 includes the following: 1) Centering Meditation. 2) Poem: “The Perfect High. 3) Mindful
Check-In. 4) Debate: Pros and Cons of Substance Use. 5) Personal Pros and Cons of Substance Use. 6) Meditation: Bodyscan. 7)
Homework and Close-Out.
Emotional Awareness: Ssession 5 includes the following: 1) Centering Meditation: Bodyscan. 2) Emotional Categories. 3)
Emotional Expression and Gender Norms. 4) Stand If. 5) Deep Disclosure. 6) Game: Concentration. 7) Homework and Close-Out.
The Brain and Drugs: Session 6 includes the following: 1) Youth-Led Centering Meditation. 2) Mindful Check-In. 3) Brain
Presentation I. 4) Meditation Break. 5) Brain Presentation II: Substance Use, Trauma, and the Mindful Brain. 6) Meditation:
Bodyscan. 7) Homework and Close-Out.
Mindfulness of Craving: Session 7 includes the following: 1) Youth-Led Centering Meditation. 2) Mindful Check-In. 3) Mindful
Eating Activity. 4) The Role of Craving in Drug Use. 5) Nonmoving Bodyscan. 6) Worksheet: Roots of Craving. 7) Homework
and Close-Out.
Mindfulness of Triggers: Session 8 includes the following: 1) Youth-Led Centering Meditation. 2) Mindful Check-In. 3)
Mindfulness of Triggers. 4) Three Levels of Influence. 5) Meditation: Noting Awareness. 6) Homework and Close-Out.
The Family System and Drugs: Session 9 includes the following: 1) Youth-Led Centering Meditation. 2) My Children
Contemplation. 3) The Effect of Drug Use on Family Relationships. 4) Addiction and Intergenerational Trauma. 5) Meditation:
Compassion for Family Members. 6) Mindful Check-In. 7) Homework and Close-Out.
Mindfulness of the Peer System: Session 10 includes the following: 1) Peer Pressure Role-Play. 2) Discussion: Friends vs.
Accomplices. 3) Mindful Check-In With Prompt. 4) Mindful Communication. 5) Youth Developed Peer Pressure Role-Plays. 6)
Meditation: Compassion for Friends and Accomplices. 7) Homework and Close-Out.
Mindfulness of the External Environment: Session 11 includes the following: 1) Youth-Led Centering. 2) Mindful Check-In. 3)
Mindfulness of External Environment. 4) Transforming Systems of Influence. 5) Meditation: Compassion Meditation Toward
Community. 6) Homework and Close-Out.
Closing Ceremony: Session 12 includes the following: 1) Meditation: Final Practice. 2) Mindful Check-In. 3) Focus Group. 4)
Group Appreciations. 5) Pizza Party/Food Celebration. 6) Certificates of Completion. 7) Closing Dedication and Ceremony.

Himelstein and Saul ( 2015)

TABLE 2. Demographic data
Sample size (n)
Age – Mean (SD)
Sex – Male (female)
Marital Status – Single
(married)
Length of methamphetamine
use- mean (SD)
Age of onset of substance use
– mean (SD)
Substance use by family
members- Yes (No)
under the diploma
Education

tDCS
16
19.43 (1.20)
16 (0)

MBSAT
15
19.46 (1.12)
15 (0)

tDCS+MBSAT
17
19.52 (1.23)
17 (0)

Sham
16
19.43 (1.15)
16 (0)

p-value*

11 (5)

11 (4)

12 (5)

13 (3)

0.861

3.06 (0.77)

3.13 (1.06)

2.88 (0.99)

2.87 (0.89)

0.812

15.62 (1.40)

15.26 (2.15)

15.88 (1.61)

15.00 (2.12)

0.541

8 (8)

6 (9)

11 (6)

9 (7)

0.556

10

9

8

11

diploma
6
6
9
5
Note: M = Mean; SD = Standard Deviation; * = To analyze the differences between groups in the demographic variables,
chi-square analysis for categorical variables and ANOVA tests for continuous variables were used.

TABLE 3. Reported tDCS side effects during stimulation.
tDCS session
tDCS+MBSAT

Anodal l-DLPFC
Sham tDCS
χ2 (active vs sham)
P

Itching
sensation

Burning
sensation

Pain

Tingling

Fatigue

Trouble
concentrating

9
8
6
3.39
0.75

10
8
5
3.20
0.78

6
5
3
1.57
0.95

12
12
6
4.43
0.61

5
6
2
1.36
0.85

2
2
1
0.01
1.00

0.995

0.633

Table 4. Means and SDs of EF tasks and craving before, after and 1 month following intervention.
Group M (SD)
Outcome
Task
Time
measures
tDCS+MBSAT
tDCS
MBSAT

Sham tDCS

M (SD)

M (SD)

M (SD)

M (SD)

Accuracy

Pre-intervention
Post-intervention
Follow-up

74.43(9.52)
87.25(8.66)
85.68(7.53)

74.80(16.98)
84.66(6.25)
82.93(9.61)

73.23(12.92)
90.70(5.83)
87.41(6.24)

73.93(14.34)
72.31(13.68)
71.62(11.88)

Response
Time

Pre-intervention
Post-intervention
Follow-up

153.87(18.43)
128.93(22.27)
120.68(24.99)

155.33(25.19)
126.73(13.16)
126.46(9.75)

154.35(58.88)
111.88(14.73)
113.70(16.32)

154.81(30.48)
154.43(29.68)
154.75(29.11)

Perseverative
errors

Pre-intervention
Post-intervention
Follow-up

16.31(5.77)
11.75(1.94)
12.87(1.92)

16.33(4.99)
13.33(3.51)
12.60(2.13)

17.47(7.02)
9.29(2.39)
11.00(2.93)

15.12(5.56)
16.18(1.97)
15.43(1.41)

Completed
Categories

Pre-intervention
Post-intervention
Follow-up

3.00(.96)
3.75(.57)
3.75(1.00)

3.06(.96)
3.93(.45)
3.73(.96)

3.17(0.95)
4.23(0.83)
4.20(0.90)

3.18(1.04)
3.43(.62)
3.37(.80)

Adjusted
value

Pre-intervention
Post-intervention
Follow-up

34.43(12.29)
24.43(6.70)
25.06(6.35)

33.53(6.02)
22.26(4.06)
21.66(5.13)

31.25(8.15)
17.88(4.18)
19.76(4.58)

33.75(12.81)
31.68(10.05)
31.62(11.18)

Max pumping

Pre-intervention
Post-intervention
Follow-up

60.25(13.08)
35.31(7.49)
40.93(11.87)

58.26(10.93)
37.13(5.56)
41.06(7.61)

59.64(16.45)
29.76(7.71)
32.00(9.71)

57.62(10.95)
52.81(9.04)
48.43(8.75)

Accuracy Go

Pre-intervention
Post-intervention
Follow-up

94.75(6.86)
96.56(4.08)
97.06(2.35)

93.13(9.37)
97.33(3.97)
97.46(2.26)

94.76(4.90)
98.58(2.76)
98.00(2.44)

95.18(6.56)
94.12(5.41)
95.13(5.30)

Accuracy NoGo

Pre-intervention
Post-intervention
Follow-up

75.62(14.77)
82.18(7.54)
79.25(7.54)

76.26(13.41)
83.66(8.05)
77.80(4.58)

76.37(12.02)
85.88(7.44)
85.94(5.74)

76.37(12.02)
76.88(7.53)
76.31(5.74)

N-back

WCST

BART

Go/No-Go

Pre-intervention
52.25 (11.06)
49.46 (5.51)
50.29 (13.99)
49.56 (6.89)
Post-intervention
43.75 (9.82)
36.53 (7.41)
31.47 (8.88)
47.25 (6.13)
Follow-up
42.81 (8.78)
37.00 (7.98)
33.82 (10.06)
47.37 (5.73)
Note: EF= Executive Functions; tDCS=transcranial Direct Current Stimulation; PIN-CODES=Psychological
Interventions Combined with Direct Electrical Stimulation; MBSAT= Mindfulness-Based Substance Abuse
Treatment; WCST= Wisconsin Card Sorting Test; BART= Balloon Analouge Risk Task; M = Mean; SD =
Standard Deviation

Craving

DDQ

Table 5.Results of mixed-model ANOVAs for the effects of group (tDCS, MBSAT, PIN-CODES and Sham)
and time (pre-intervention, post-intervention, follow-up) on executive functions and craving
Outcome
Pairwise comparisons
Task
Source
df
f
P
eta2
Measures
(Bonferroni)
Time
2,120
44.53
0.001
0.42
tDCS+MBSAT > Sham
Accuracy
Group
3,60
8.60
0.020
0.30
(p < 0.009); tDCS > Sham
Time*group
6,120
8.59
0.001
0.30
(p < 0.031)
N-back
Response Time

Time
Group
Time*group

2,120
3,60
6,120

39.64
5.44
5.22

0.001
0.002
0.002

0.39
0.21
0.20

Perseverative
errors

Time
Group
Time*group

2,120
3,60
6,120

18.21
3.43
4.55

0.001
0.022
0.001

0.23
0.14
0.18

Completed
Categories

Time
Group
Time*group

2,120
3,60
6,120

18.84
0..449
0.319

0.001
0.719
0.926

0.23
0.10
0.01

Adjusted value

Time
Group
Time*group

2,120
3,60
6,120

44.15
3.99
3.19

0.001
0.012
0.013

0.42
0.16
0.13

tDCS+MBSAT > Sham
(p < 0.001); MBSAT > Sham
(p < 0.041)

Time
Group

2,120
3,60

96.75
6.05

0.001
0.006

0.61
0.18

Time*group

6,120

6.42

0.001

0.24

tDCS+MBSAT > Sham
(p < 0.001); tDCS > Sham
(p < 0.005); MBSAT > Sham
(p < 0.006)

Accuracy Go

Time
Group
Time*group

2,120
3,60
6,120

5.29
1.25
1.12

0.009
0.296
0.35

0.08
0.05
0.05

Accuracy No-Go

Time
Group
Time*group

2,120
3,60
6,120

8.63
3.19
1.79

0.001
0.047
0.140

0.12
0.12
0.08

Time
Group

2,120
3,60

117.44
4.86

0.001
0.004

tDCS+MBSAT > Sham

(p < 0.006)
tDCS+MBSAT > Sham

(p < 0.004)

WCST

BART
Max pumping

Go/No-Go

0.66

tDCS+MBSAT > Sham

(p < 0.047)

tDCS+MBSAT > Sham
(p < 0.008); MBSAT > Sham
Craving
DDQ
(p < 0.032); tDCS > Sham (p
Time*group
6,120
12.11
0.001
0.37
< 0.041)
tDCS=transcranial Direct Current Stimulation; PIN-CODES=Psychological Interventions Combined with Direct
Electrical Stimulation; MBSAT= Mindfulness-Based Substance Abuse Treatment; WCST= Wisconsin Card
Sorting Test; BART= Balloon Analog Risk Task; Significant results are highlighted (p≤ 0.05) in bold; Note:
Only significant pairwise comparisons are shown.

Table 6: Correlation between craving reduction rate after the intervention with rates of changes from pre- to
post-intervention in the EFs tasks
WM
WM BART- BART- WCST- WCST- Accuracy
Group
accuracy
RT
AV
Max
PE
CC
Go

Accuracy
No-Go

Pearson
coeffitient

-0.625

0.442

0.700

0.551

0.485

-0.171

-0.134

-0.103

p-value
(2-taild)

0.007**

0.075

0.002*

0.022*

0.049*

0.512

0.609

0.693

Pearson
coeffitient

-0.438

0.380

0.569

0.353

0.332

-0.339

-0.031

-0.297

p-value
(2-taild)

0.090

0.146

0.021*

0.180

0.209

0.199

0.910

0.264

Pearson
coeffitient

-0.416

0.204

0.543

0.400

0.384

-0.072

-0.212

-0.101

p-value
(2-taild)

0.123

0.466

0.036

0.140

0.158

0.800

0.449

0.720

Pearson
coeffitient

-0.145

0.187

0.021

-0.170

0.161

-0.245

-0.372

-0.160

p-value
(2-taild)

0.592

0.489

0.939

0.529

0.551

0.323

0.156

0.554

tDCS+MBSAT

Craving
prepost
change
rate

tDCS

MBSAT

Sham

Note: WM accuracy = Working memory accuracy; WM RT = Working memory response time; WCST-PE = Perseverative
errors in the Wisconsin Card Sorting Task; WCST-CC = Completed categories in the Wisconsin Card Sorting Task; BARTAV = Adjusted value in the Balloon Analogue Risk Task; BART-Max = Maximum number of pumps in the Balloon
Analogue Risk Task; Significant results are highlighted in bold at 0.01 level (**) and 0.05 level (*).

Assessed for eligibility (n=148)
Excluded (n=68)
▪ Not meet inclusion criteria (n = 41)
▪ Refused to participate (n = 13)
▪ Other reason (n = 7)
▪Not completed informed consent to
participate (n = 7)

Enrollment

Randomization (n=80)

Allocation

tDCS group (n = 20)

MBSAT group (n = 20)

Completed (n = 17)

Completed (n = 18)

tDCS+ MBSAT group (n =
20)

Completed (n = 19)

Sham group

(n = 20)

Completed (n = 18)

Post - Test

Follow-Up

Lost to follow-up
(n=1)

Lost to follow-up
(n=3)

Lost to follow-up
(n=2)

Lost to follow-up
(n=2)

Analysis

Analyzed (n=16)

Analyzed (n=15)

Analyzed (n=17)

Analyzed (n=16)

FIGURE 1.Flowchart of study inclusion

A

B

C

D

FIGURE 2.Pictures of the executive function tasks: The 1-back (A), WCST (B), BART (C) and Go-No-Go (D).
All computerized tasks were presented on a 15.6” screen in counterbalanced order.
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FIGURE 3.Performance in the EF tasks (N-back, WCST, BART and Go/No-GO) and craving before the intervention, after the
intervention and 1- month following intervention in research groups (tDCS, MBSAT, PIN-CODES, and sham). Note: tDCS = real tDCS
group; sham = sham tDCS group; tDCS = transcranial Direct Current Stimulation; PIN-CODES=Psychological Interventions Combined
with Direct Electrical Stimulation; MBSAT= Mindfulness-Based Substance Abuse Treatment WCST = Wisconsin Card Sorting Test;
BART = Balloon Analogue Risk.

