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Abstract 

 

Introduction: Transcranial Electrical Stimulation (tES), including tDCS and tRNS, can improve neuropsychological 

and cognitive deficits in attention deficit hyperactivity disorder (ADHD). Here, we investigated the effectiveness of 
various tES modes combined with working memory training in children and adolescents with ADHD. 

 

Materials and Methods: Participants in this study consisted of a cohort of 13- to 17-year-old adolescents 

(N=45)who were diagnosed with ADHD in 2018. They were randomly assigned to three groups: tDCS, tRNS, and the 
active control (sham). The three groups received five sessions of tES either as an intervention or sham on the left and 

right prefrontal areas (F3 and F4). In addition to tES, Dual n-Back training was also used in the three groups. 
Wechsler's Digit Span subtest and resting state EEG data were collected before and after brain stimulation. 

 

Results: Analysis of variance showed significant differences between the groups in some EEG channels (p .05). The 

absolute power analysis of the brain waves data in the pre-testand post-test phases revealed that the tDCS group had 
the greatest changes compared to the other two groups and that most changes in the absolute power related to theta, 

delta and alpha bands were found in the frontal and occipital regions. 

 

Conclusions: Based on the results, we concluded that tES over the prefrontal area induced cortical changes in 

children and adolescents with ADHD. Thus, it seems that various methods of tES can be used in combination with 
other common types of intervention to treat ADHD. 
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Introduction: 

Attention-deficit-hyperactivity disorder (ADHD) is a childhood-onset psychiatric disorder 

characterized by disproportionate levels of developmental inattention, impulsivity, and 

hyperactivity (American Psychological Association, 2013). The global prevalence rate of 

thedisorder is 5.3% in children (Mannuzza et al., 2003) and 3.4% in adults (Fayyad et al., 2007). 

In spite of various research on this disorder, uncertainty still persists regarding the causes of the 

disorder, as it is heterogeneous and changes drastically at individual level. Sustained attention, 

inhibitory control, and executive functions are areas that are often affected. Specifically, Walcott, 

et al. (2005) showed that response inhibition and working memory are impaired in most people 

with ADHD . Past research has also shown that deficits in executive functions, in particular working 

memory deficits, are highly correlated with academic dysfunction (Lauren N. Irwin, at al.2022). 

Although drug treatments have proved effective against the disorder’s main symptoms they have a 

limited effect on cognitivedeficits , especially executive dysfunction, calling for more research on 

treatments that target cognitive deficits . 

(Lauren N. Irwin, at al.2022). 

The concept of working memory refers to the active, top-down process of manipulating 

information stored in short-term memory and includes functions implicated in the temporal lobe 

prefrontal cortex that directs behavior by updating, processing, and manipulating the 

time/sequence of information in short-term memory. (Lara AH, Wallis JD . 2015). Working 

memory acts as an interface between the environment and long-term memory and is the basis of a 

set of learning skills, including note-taking, listening comprehension, and following instructions. 

Working memory also supports functions such as impulse control (Riker et al., 2012), cooperation 

with others, dynamic decoding of social information (Phillips et al., 2007), and tolerance of 

delayed gratification (McInnes A et al.,2003) (Aliyari et al., 2018), all of which are impaired in 

ADHD 

In recent years, non-invasive brain stimulation has been introduced as a new treatment method for 

disorders with a neurocognitive basis. . 

According to the specific evidence provided by functional magnetic resonance imaging studies, 

regions that are closer to the skull surface can be the target of non-invasive brain stimulation 

interventions. 

Although there are many studies showing the effectiveness of direct current stimulation (tDCS) 

in improving working memory, this effect is still uncertain (H Aliyari et al., 2019). These conflicting 

results seem to be due to differences in study design, stimulation protocol, and inter-individual 

differences (Jantz, Katz, & Reuter-Lorenz, 2016). 

Findings from several studies have provided support for the effectiveness of electrical stimulation 

with random noise flow (tRNS) in boosting cognitive functions , including perceptual learning 

(Fertonani et al., 2011), number discrimination (Cappetti et al., 2013), and mathematics learning 

(Snowball et al., 2013). Despite this, Brauer et al. (2018) did not report a better performance on a 

https://pubmed.ncbi.nlm.nih.gov/?term=Irwin%20LN%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Irwin%20LN%5BAuthor%5D
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go/no-go task after stimulating the right inferior frontal cortex region using tRNS. In another study, 

Bruit-Abi et al. (2018) showed that three sessions of tRNSover the left dorsolateral prefrontal 

cortex reduced participants’ reaction time on the go/no-go task, but did not affect their accuracy. 

So far, only one study has compared the efficacy of the two electrical stimulation techniques, i.e., 

tDCS and tRNS, in improving working memory in healthy individuals. Based on the results from 

this study, three sessions of 10-minute tDCS over the left dorsolateral prefrontal cortex area lead 

to improved performance on the 2-back test; however, treatment with tRNS did not yeild the same 

performance outcome, seemingly due to the larger electrode size used in the tRNS treatment 

(Molkiuni et al., 2011). 

In general, several studies have shown that defects in executive functions of inhibitory control and 

working memory adversely affect self-management behavior, causing behavioral symptoms in 

people with ADHD. Given the importance of executive dysfunction in ADHD, several studies 

have attempted to identify the neurological and biological correlates of inhibitory control and 

working memory deficits in people with ADHD (Zhao and Shang, 2010; Martel et al., 2015; 

Sonoga-Barkey, Bitsako, and Thompson, 2010). 

Considering the significant role of working memory in ADHD and the need to provide new, low- 

cost and comprehensive treatments for it, in the present study, we aimed to investigate the efficacy 

of tDCS and tRNS in ameliorating working memory and inhibitory control in individuals with 

ADHD. 

 

 

Material and methods 

Participants and Apparatus 

The statistical sample included 45 adolescents with ADHD, aged 13 to 17. They were randomly 

selected from 110 ADHD cases referred to Baharan Psychiatric Hospital of Zahedan University 

of Medical Sciences in the second half of 2018 and 2019. Inclusion criteria were as follows:1- 

meeting the DSM-5 critera for ADHD DSM-5 along with a diagnosis of ADHD by a psychologist 

and a psychiatrist, 2- age 13 to 17, 3- willingness to provide informed consent (of both participants 

and their parents), 4- right-handedness, 5-being a male. Exclusion criteria were: 1- history of 

seizures and epilepsy, 2- any blow to the head, 3- history of psychiatric disorders, 4- unwillingness 

to participate at any time during the experiment,5 unbearable discomfort or difficulty when 

receiving transcranial electrical stimulation. 

Participants were randomly assigned to three groups, each including 15 members: the tDCS 

group, the tRNS group, and the control group. In order to ensure that participants in the control 

group experience the same effect as participants in the tDCS and tRNS groups, we applied sham 

transcranial stimulation to participants in the control group. Each person in the experimental 

groups received 5 sessions of electrical stimulation with an interval of 24 hours between each 

session. EEG recording and cognitive assessment were done before the intervention, immediately 

after the intervention, and one week after the intervention. 
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Measures: 

Questionnaire to measure the side effects of transcranial stimulation with direct electric 

current 

This questionnaire includes 7 items, each referring to a particular effect reported to be possibly 

experienced by those receiving tDCS. They include headache, dizziness, heartburn, itchy head, 

feeling confused, drowsiness, and nausea. An item titled "Other" was also added to ensure 

participants could still report how they felt even if none of the items on the questionnaire matched 

their experience with tDCS (Najati et al.,). 

Cognitive rehabilitation task 

In this study and in line with previous research (e.g.Westwood et al., 2022) , the N-back cognitive 

rehabilitation task was used along with transcranial stimulation to increase working memory 

capacity. In this task, a sequence of stimuli is displayed on the screen one after another and the 

participants are required to compare the current stimulus with the one that appeared n-trials back 

in the sequence and press the response key if they match. 

Dual n-back is a variation of the task in which two types of stimuli (visual-spatial and auditory) 

are presented simultaniously (Heinzel et al., 2017). Researches in the field of neurology have 

shown that cognitive training using dual N-back often increases brain activity in the left and right 

prefrontal areas, especially the left posterior-lateral area which is implicated in executive functions 

of woring memory including updating, Shifting and inhibition. This tool has been used in many 

studies and its effectiveness has been shown (Haq Nazari et al., 1401). 

Digit span test 

In the direct digit span memory test, lists of 3 to 9 digits are orally presented, each at a time, and 

participants are asked to repeat the digits in exactly the same order they hear them. In the reverse 

digit span memory test, however, lists of 2 to 8 digits are presented, and participants are required 

to repeat the digits on each list in the reverse order. Aminzadeh and Hasanabadi have reported the 

a reliability score of 0.8 and 0.68 for the direct and reverse versions of the task, respectively. 

Gathercole et al., () reported a test-retest reliability score of 0.81 for the direct digit memory test 

and Thompson and Gathercole () reported a test-retest reliability score of 0.71 for the reverse digit 

memory test. Also, he calculated the reliability model of the memory of direct and reverse digits 

through retesting, respectively, 0.84 and 0.60. (Abadi, 1374) (Hamed Aliyari et al., 2019). 

 
 
EEG data recording and analysis 

EEG data were collected using a 21-channel Contact instrumentpsych lab EEG amplifier 

(http://www.medinateb.com) The electrode impedances were kept below 5 kOhm. The EEG 

signals were recorded with a sampling frequency of 500 Hz. The electrode placed at the Right 

earlobe served as the reference. Moreover, the electrode on the left mastoid region was applied as 

the ground. Subsequently, using EEGLAB toolbox, we performed a standard preprocessing 
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including band-pass filtering (1-40 Hz), running ICA, and reducing sampling frequency to 256 

Hz to remove noise and artifacts from EEG data. 

Based on their absolute power, the pre-processed data were divided into 9 components: Delta (1- 

4 Hz), Theta (4-8 Hz), Alpha (8-13 Hz), Alpha1(8-10 Hz), Alpha2(11-13 Hz), Beta (13-21 Hz), 

Beta1(13-21 Hz), Beta2(19-30 Hz).), and Gamma (30-40). The data were analyzed using a two - 

way ANOVA with frequency channel as within-group and stimulation type as between-group 

factors. T-test was applied to explore statistically significant differences between group means 

(Schomer and da Silva, 2012) (Shabani et al.). 

Transcranial electrical stimulation device (NEUROSTIM2) 

This device was launched by Research & Development team of Medina Teb company in 2015. 

This device has two completely separate channels and is capable of applying a variety of electrical 

stimulation patterns with the highest quality. NeuroStim2 has two separate channels that are 

electrically isolated from each other and each channel can be set independently of the other to 

apply separate stimulations. 

Transcranial brain stimulation is provided in the form of two electrodes that are placed on the 

target areas on the surface of the head with a weak current of 1 to 2 mA. After about 5 minutes, 

this weak current passes through the surface of the skull and affects the activity of nerve cells in 

the area where the electrodes are placed and the subcortical areas connected to them (Weber et al., 

2014). 

 

 

Procedure 

Participants were first homogenized based on results from the Connors questionnaire (parent and 

teacher forms), their performance on the working memory scale of the Wechsler test (digit span, 

number-letter sequence) and their age. They were, then, randomly assigned to one of the three 

groups: the tDCS, the tRNS and sham control group Before intervention, resting state EEG 

recording was done and the digit span test test was administerded. Participants received 5 sessions 

of electrical stimulation with an interval of 24 hours between each session. To explore the transfer 

effect of the intervention, behavioral and psychological tests (Digit span task) were administered 

one week after the end of the intervention. 

 

Results: 
Behavioral data: Digit span test 

 

Descriptive statistics of the digit span test scores a are provided in Table 1. 
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A mixed-design analysis of variance was applied to mean scores on the digit span test to investigate 

the effectiveness of tDCSandtRNS on working memory functioning in adolescents with ADHD . 

The results are shown in Table 2. 

Table 2 Summary of the results of analysis of variance mixed with within-group and between- 

group factors for working memory variable 

Table 1. Descriptive indices of subjects' scores in digit span task based on group membership and 

evaluation stages 
 

the level  Group (tDCS) Group(tRNS) control group 

  mean(standard 
deviation) 

mean(standard 
deviation) 

mean(standard 
deviation) 

Direct digit 

expansion 
(Wechsler) 

Pre-test 7.533(0/833) 7.800(0.744) 7.466(0.743) 

Inverse digit 

expansion 

(Wechsler) 

Post-test 10.466(0/915) 9.400(1.183) 7.800(1.207) 

 Follow up 10.133(1.125) 8.400(0.736) 8.00(0.925) 

Direct digit 

expansion 
(Wechsler) 

Pre-test 5.933(0.703) 5.800(0.861) 5.866(0.833) 

Inverse digit 

expansion 

(Wechsler) 

Post-test 11.00(1.690) 7.800(1.014) 6.066(0.883) 

 Follow up 9.800(1.207) 7.200(1.014) 6.400(0.736) 

 

 

 

 

 

 

 

 

 

Variable factors Sources 

Change 

sum of 

squares 

DF mean 

square 

F P Effect 

size 

Direct 

digit 

expansion 

(Wechsler) 

In-group 

factor 

levels 64.84 2 232.44 47.91 0.001 0.53 

Stage*group 
  interaction  

34.31 4 8.57 12.67 0.001 0.53 

 Error 56.84 84 0.67    

 intergroup 

factor 

group 59.24 2 29.62 21.41 0.001 0.50 

Error 58.08 42 1.38    

Inverse 

digit 

expansion 

(Wechsler) 

In-group 

factor 

levels 147.65 2 73.83 78.92 0.001 0.65 

Stage*group 
  interaction  

96.43 4 24.10 25.77 0.001 0.65 

 Error 78.57 84 0.93    

 intergroup 
factor 

group 186.41 2 93.30 69.62 0.001 0.76 

 Error 56.22 42 1.33    
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As shown in Table 2, the F value observed for the effect of the intervention stage (pretest, posttest, 

and follow-up) was significant at the 0.01 level for all components of working memory (direct 

and reverse digit span). As a result, there is a significant difference between scores on all 

components of working memory at pretest, posttest and 1-week follow-up. Regarding the between- 

group factor of stimulation type (tDCS, tRNS and sham stimulation), the analysis revealed 

statistical significance between mean scores on all components of working memory (p<0.01). The 

interaction effect between intervention stage and stimulation type was also found to be significant 

for all components of working memory (p<0.001). 

The results of Bonferroni's post hoc test to compare the pairwise differences between intervention 

stages , and Tukey's post hoc test to compare the pairwise differences between stimulation types 

are shown in Tables 3 and 4. 

 

 
Table 3. Pairwise comparisons of mean scores on the direct digit span test in tDCS, tRNS and 

sham control groups at pretest, poettest and follow-up. 

levels Groups  Difference of 

means 

Standard 

deviation 

error 

Significant 

Pre-test tDCS tRNS -0.267 0.287 0.357 
 tDCS Control 0.067 0.287 0.817 
 tRNS Control 0.333 0.287 0.251 

Post-test tDCS tRNS 1.067 0.405 0.012 
 tDCS Control 2.667 0.405 0.001 
 tRNS Control 1.600 0.405 0.001 

Follow up tDCS tRNS 1.733 0.344 0.001 
 tDCS Control 2.133 0.344 0.001 
 tRNS Control 0.400 0.344 0.252 

 

As depicted in Table 3, no significant differences were observed between tDCS, tRNS and sham 

control at pretest (p>0.05). At posttest, however, participants in the tDCS and the tRNS groups 

achieved significantly higher scores than those in the sham control group (p<0.001). The difference 

between scores in the tDCS and the tRNS groups was also statistically significant at posttest 

(p<0.001), with the tDCS group getting better scores. At follow-up , the tDCS group had 

significantly higher scores than both the tRNS and the sham control group. However, no significant 

difference was found between the tRNS group and the control group (p>0.05). 
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Table 4. Pairwise comparisons of mean scores on the direct digit span test at pretest, posttest and 

follow-up in tDCS, tRNS and sham control groups 

levels Levels  Difference of 

means 

Standard 

deviation 
error 

Significant 

tDCS Pre-test Post-test -2.933 0.313 0.001 
 Pre-test Follow up -2.600 0.284 0.001 
 Post-test Follow up 0.333 0.303 0.277 

tRNS Pre-test Post-test -1.600 0.313 0.001 
 Pre-test Follow up -0.600 0.284 0.041 
 Post-test Follow up 1.00 0.303 0.002 

Control Pre-test Post-test -.0.333 0.313 0.294 
 Pre-test Follow up -0.533 0.284 0.068 
 Post-test Follow up -0.200 0.303 0.512 

 

 

 
 

Table 5. Pairwise comparisons of mean scores on the reverse digit span test in tDCS, tRNS and 

sham control groups at pretest, poettest and follow-up. 

levels Groups  Difference of 

means 

Standard 

deviation 

error 

Significant 

Pre-test tDCS tRNS 0.133 0.293 0.652 
 tDCS Control 0.067 0.293 0.821 
 tRNS Control -0.067 -0.293 0.821 

Post-test tDCS tRNS 3.200 0.455 0.001 
 tDCS Control 4.933 0.455 0.001 
 tRNS Control 1.733 0.455 0.001 

Follow up tDCS tRNS 2.600 0.367 0.001 
 tDCS Control 3.400 0.367 0.001 
 tRNS Control 0.800 0.367 0.035 

 

As revealed in Table 5, there were no significant differences between reverse digit span scores in 

tDCS, tRNS and sham control groups at pretest scores (p>0.05). At posttest and follow-up, 

however, a significant difference was observed between the groups: participants in the tDCS and 

tRNS groups got dignificantly higher scores than those in the control group (p<0.001). In addition, 

the results showed that the tDCS group performed significantly better than the tRNS group on the 

reverse digit span test(p<0.001). 
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Table 6 Pairwise comparisons of mean scores on the reverse digit span test at pretest, posttest and 

follow-up in tDCS, tRNS and sham control groups 

levels levels  Difference of 

means 

Standard 

deviation 

error 

Significant 

tDCS Pre-test Post-test -5.067 0.327 0.001 
 Pre-test Follow up -3.867 0.311 0.001 
 Post-test Follow up 1.200 0.413 0.006 

tRNS Pre-test Post-test -2.00 0.327 0.001 
 Pre-test Follow up -1.400 0.311 0.001 
 Post-test Follow up 0.600 0.413 0.153 

Control Pre-test Post-test -0.200 0.327 0.544 
 Pre-test Follow up -0.533 0.311 0.094 
 Post-test Follow up -0.333 0.413 0.424 

 

Results from pairwise analysis on mean scores on the the reverse digit span test (Table 6)showed 

a significant difference between the pretest and posttest (p<0.001) and pre-test and follow-up 

stages in the tDCS group (p<0.001); However, no significant difference was found between the 

posttest and follow-up (p>0.05). In the tRNS group, the results showed significant differences at 

pretest, posttest and follow-up (p<0.05). In the control group, no significant differences were found 

between different intervention stages (p>0.05). 

 

 
Data analysis of brain signals (EEG) 

This study analyzed brain wave patterns over time. Different scores are presented at different time 

points per second for ten brain wave rhythms. These figures facilitate understanding of the changes 

in the participants’ brain waves during the treatment period. The pattern of brain waves was 

examined in the tRNS, the tDCS and the sham control group.The results are presented in table 7. 
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Table7 Results of hree-way ANOVA on absolute power values with factors channel, frequency, 

and group 
 

 Sum Sq. DF Mean sq. F Prop>F 

Channel 3.24559e+12 20 1.62279e+11 0.26 0.9996 

Frequency 9.64548e+13 9 1.07172e+13 17.32 0 

Group 1.97632e+14 2 9.88161e+13 159.7 0 

Channel*Frequency 4.05079e+12 180 2.25044e+11 0.04 1 

Channel * Group 7.65507e+12 40 1.91377e+11 0.31 1 

Frequency *group 2.15581e+14 18 1.19767e+12 19.36 0 

Channel* 
Frequency* Group 

9.37873e+12 360 2.6052e+10 0.04 1 

Error 5.45743e+15 8820 6.1873e+11 ------ ------- 

Total 5.9914e+15 9449 ------------ --------- ------- 

 

Table 7 outlines the results of a three-way analysis of variance (ANOVA ) for sbsolute power 

values using the factors channel, frequency and group. Asignificant difference was found in the 

group and frequency factors, and based on this, subsequent t-tests were taken. Table No.7 The 

intra-group post hoc t-test for comparing the pre-test and post-test shows the absolute power in 

each group. 
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Table 8 post-hoc t-test on brainwave channels and components 
 

 

Channel 
_No 

 

abs_Power_ 
delta 

 

abs_Power_t 
heta 

 

abs_Power_ 
alpha 

 

abs_Power_ 
alpha1 

 

abs_Power_ 
alpha2 

 

abs_Power_ 
beta 

 

abs_Power_ 
beta1 

 

abs_Power_ 
beta2 

 

abs_Power_g 
amma 

 

abs_Power_t 
otal 

 
T P T P T P T P T P T P T P T P T P T P 

 
FP1 

      
1.874 
93 

0.0810 
02 

        - 
4.111 
52 

0.0003 
37 

  

FP2 
                  2.465 

75 
0.019 
916 

 

F7 
      

1.810 
44 

0.0909 
75 

        - 
3.071 
44 

0.0059 
83 

  

F3 
2.169 
38 

0.047 
072 

3.071 
44 

0.005 
983 

2.344 
7 

0.032 
389 

    2.404 
7 

0.022 
399 

3.085 
463 

0.005 
107 

  2.657 
56 

2.66E- 
02 

2.258 
687 

0.046 
586 

FZ                     

F4 
2.653 
54 

0.036 
584 

3.365 
486 

0.004 
869 

2.281 
74 

0.037 
727 

2.103 
43 

0.0530 
54 

3.601 
42 

0.0027 
64 

2.948 
34 

0.010 
015 

2.434 
47 

0.027 
718 

2.182 
78 

0.046 
121 

2.414 
24 

0.0287 
14 

2.380 
48 

0.031 
19 

 

F8 
                - 

2.019 
37 

0.0539 
1 

  

T7 
      2.169 

38 
0.0470 
72 

            

C5 
      2.008 

76 
0.0628 
81 

            

 

C3 
2.344 
7 

0.032 
389 

2.636 
9 

0.018 
393 

  
2.281 
74 

0.0377 
27 

  
2.565 
6 

0.017 
857 

2.382 
33 

0.027 
567 

2.106 
44 

0.047 
354 

- 
2.727 
97 

0.0111 
17 

2.388 
03 

0.027 
067 

Cz 
      2.103 

43 
0.0530 
54 

            

C4                     

C6 
                    

 
T8 

                - 
4.534 
1 

0.0001 
22 

  

P7 
3.232 
75 

0.004 
839 

3.482 
46 

0.003 
356 

3.737 
5 

0.001 
925 

3.601 
42 

0.0027 
64 

2.419 
3 

0.0250 
5 

3.265 
47 

0.003 
962 

3.733 
47 

0.001 
678 

2.351 
82 

0.028 
198 

  3.812 
39 

0.001 
388 

 

P3 
2.030 
19 

0.055 
954 

2.956 
72 

0.009 
96 

2.545 
36 

0.022 
35 

2.948 
34 

0.0100 
15 

  
2.499 
75 

0.022 
55 

2.871 
24 

0.011 
14 

  - 
4.802 
9 

5.39E- 
05 

2.637 
04 

0.017 
643 

Pz 
  2.444 

45 
0.027 
482 

  2.434 
47 

0.0277 
18 

          2.010 
78 

0.060 
675 

 

P4 
  

2.089 
7 

0.054 
762 

  
2.182 
78 

0.0461 
21 

        - 
5.331 
23 

5.87E- 
05 

  

P8 
2.044 
71 

0.058 
376 

2.286 
15 

0.037 
979 

  2.465 
63 

0.0269 
77 

            

 

O1 
2.751 
71 

0.013 
343 

2.690 
57 

0.017 
101 

  
2.414 
24 

0.0287 
14 

  
2.309 
7 

0.034 
373 

2.304 
17 

0.034 
607 

  - 
2.314 
37 

0.0288 
89 

2.213 
95 

0.042 
485 

O2 
2.427 
47 

0.025 
768 

2.644 
24 

0.019 
175 

  2.380 
48 

0.0311 
9 

  2.093 
55 

0.054 
673 

      2.223 
41 

0.043 
093 
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In the following, the within-group post hoc t-test was done to compare absolute 

power values at pretest and posttest in each group. Significant channels in each group 

are shown in Table 8. 

 
 
Figure 1 . The difference in absolute delta power in tDCS, tRNS and sham control groups. 

 

The brain map diagram of the difference in absolute delta power between the three groupsis shown 

in Figure 1. In this diagram, the closer the color of the brain channels to blue, the higher the 

absolute power of the wave. As can be seen in the figure above, the temporal areas in the tRNS 

group and the occipital and frontal areas in the tDCS group had the most activity in absolute delta 

power. 

The pattern of brain waves in the tRNS group was different from that in the tDCS and control 

group. A mixed design two-way repeated measure analysis of variance (Two-way ANOVA 2*3) 

was applied to channel*frequency and group. 
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 Sum Sq. DF Mean sq. F Prop>F 

Channel 0.003 20 0.00015 0.09 1 

Frequency 0.5258 9 0.065772 38.99 0 

Group 0.0073 2 0.00367 2.18 0.13 

Channel*Frequency 0.1166 160 0.00073 0.43 1 

Channel * Group 0.0068 40 0.00017 0.1 1 

Frequency *group 0.2025 16 0.01265 7.51 0 

Channel* 
Frequency* Group 

0.2822 320 0.00088 0.52 1 

Error 13.3812 7938 0.00169 ------ ------- 

Total 14.5254 8504 ------------ --------- ------- 
 

As can be seen in Table 9, there is a significant difference between the group and the channel. To 

gain a better understanding of the intergroup significance, a t-test was performed between groups 

in different frequencies and channels. 
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According to Table 10, the most significant effect has occurred in the absolute power and the 

difference in theta and delta frequencies. 

Table 10. Comparison between tDCS and control groups in absolute power at different 

frequencies. 
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F3 

 
2.9154 
26 

 
0.0084 
61 

 
4.144 
78 

 
0.0014 
7 

 
2.892 
47 

 
0.0125 
43 

 
2.446 
78 

 
0.0278 
56 

     
3.1459 
5 

 
0.0047 
5 

 
2.321 
45 

 

 
0.033214 

 

F4 
2.2476 
8 

0.0435 
68 

3.567 
42 

0.0034 
72 

  2.801 
45 

0.0114 
76 

    3.1547 
8 

0.0065 
32 

2.409 
75 

 

0.02647 

 

F8 

  2.586 
42 

0.0175 
64 

            

 

T7 

  2.356 
58 

0.0325 
48 

            

 

Cz 

  2.514 
36 

0.0254 
21 

            

 

T8 

  2.414 
58 

0.0287 
45 

            

 

Pz 
2.2035 
6 

0.0458 
6 

3.241 
56 

0.0043 
25 

  2.155 
64 

0.0432 
52 

        

 

Figure 2. The difference in absolute theta power in the control and tRNSgroups 

 

 
Figure 2. tata frequency comparison in two groups and its difference. As can be 

seen, the absolute power in the central areas was significantly different in the two 

groups, and in the final comparison of the frontal, central, and occipital channels, 

there is a difference. 

Discussion 

In the current study, we aimed to see how an intervention program of brain 

stimulation along with working memory training could help adolescents with ADHD 

enhance their working memory performance. Further, we sought to compare the 

efficacy of two different stimulation techniques, i.e., tDCS and tRNS in boosting 
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working memory. The results indicated the effectiveness of electrical stimulation 

(TDCs) on working memory. In the following, we will discuss these results in detail. 

Promising findings are obtained from studies on the effectiveness of tDCSin the 

treatment ofADHD. To date, eight studies have been conducted using tDCS in 

children and adolescents with ADHD: five randomized, double-blind, sham- 

controlled trials (Pern-Christensen et al., 2014; Munz et al., 2015; Nejati et al., 2017; 

Saf et al., 2017; Sotnikova et al., 2017) (Moein et al., 2022), two randomized, single- 

blind, sham-controlled trials (Sultaninejad et al., 2015; Breitling et al., 2016) and an 

open-label randomized controlled trial with matching participants (Bandira et al., 

2016). These studies have mainly focused on memory consolidation, working 

memory, and inhibitory control using applying different tDCS protocols applied 

over the posterior lateral prefrontal cortex . 

In a pilot study, Bandira et al. (2016) investigated the effects of applying anode 

stimulation on the left posterolateral prefrontal cortex in a sample of 9 children and 

adolescents with ADHD. The anode electrode was placed on the F3 area and the 

cathode electrode on the upper area of the right eye. Stimulation was performed daily 

in five consecutive 30-min sessions. During each session, stimulation was performed 

at an intensity of 2 mA (except for the first and last minute of stimulation, when the 

current was reduced to 1 mA). Importantly, in order to activate the posterolateral 

prefrontal cortex, the participants were asked to participate in a card-matching game 

by matching pictures and making connections between them . The effects of anodal 

stimulation on several executive functions, including working memory and attention 

(assessed with the digit span subtest of the Wechsler III ), inhibitory control 

(assessed with of the Nepsey II subtest), visual working memory and visual attention 

(assessed with the chair test), and visual attention (assessed with attention task) 

were explored. 

These tests were performed before the first and after the last stimulation session. In 

addition, at the end of the last session, parents were asked to evaluate their children’s 

overall clinical improvement during the treatmentthe treatment process. At the end 

of each stimulation session, participants were asked about any side effects during or 

after treatment. Mild and moderate levels of headache, neck pain, itching, burning, 

and tingling sensation at the location of the anode, local redness, and drowsiness 

were often observed as side effects. In addition, a mild level of shock was also 

reported. Probably, the higher intensity of stimulation, compared to the 1-mA current 

mainly used in other studies , was the cause of the discomfort. Overall, 
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improvements were also observed in parents’ reports, with the exception of 

worsening behavior in one child (the child also had oppositional defiant disorder). 

notably, the absence of a sham control group does not allow for a thorough 

evaluation of of the efficacy of the treatment. Furthermore, as both participants and 

parents were aware of the stimulation conditions, the occurrence of placebo effects 

cannot be excluded (Shabani et al., 2022). 

Unlike the previous study, Skaff et al. (2017) used a double-blind randomized crossover design 

with a sham control group to evaluate the effects of anode stimulation over the left posterolateral 

prefrontal cortex on working memory and the clinical course of ADHD . The logical reason for 

using anode stimulation in this brain region with the aim of improving working memory was to 

observe the decrease in the activity of this region in people with ADHD and the possibility of 

improving working memory performance in healthy participants by stimulating the anode of the 

left posterolateral prefrontal cortex. Fifteen teenagers withADHD participated in the study. Each 

participant received either anode or sham stimulation for 5 days with a two-week interval between 

the two treatment sessions. A One-milliamp current was applied for either 20 minutes (anode 

stimulation) or 23 seconds (sham stimulation) using the anode electrode in the region (F3) and the 

cathode electrode on the top of the head (Cz). Electrical stimulation with direct current was applied 

while participants performed a computer task based on the N-back working memory paradigm. 

In the evaluation session, the assessment of participants’ performance on the tasks was combined 

with the amount of motor activity to evaluate the main symptoms, i.e., attention, hyperactivity, 

and impulsivity. In addition, working memory performance and parents' reports of the severity of 

symptoms were also evaluated at the beginning of the stimulation, on the fifth day of stimulation, 

and one week after the end of stimulation. All participants completed the test and the protocol was 

well tolerated by the participants. Tingling and slight itching under electrodes were the most 

common side effects. Only one participant developed a headache. Anodal stimulation improved 

symptoms of ADHD compared to sham stimulation. Compared to the baseline, a long-term 

reduction in inattention and hyperactivity was observed 7 days after the end of the treatment,, with 

no significant effect on impulsivity. Interestingly, in another study (Sotnikova et al., 2017), the 

authors reported the results of a functional magnetic resonance imaging study performed during 

the first session of anodic or sham stimulation while doing the n-back task. Compared to sham 

stimulation, anode stimulation stimulated more of the sub-electrode region, i.e., the left 

posterolateral prefrontal cortex, as well as ipsilateral Barrington nucleus, sensorimotor area, and 

precuneus regions, suggesting that stimulation of the left posterolateral prefrontal cortex likely 

affects the entire network. Neurologically related to working memory function is effective. 

However, the limited sample size of these studies only confirmed that transcranial stimulation with 

direct current can be used to reduce the symptoms of people withADHD , and more studies are 

still needed to confirm the effectiveness of this method. 

Non-pharmacological treatment options using non-invasive brain stimulation will be useful in this 

regard. One important reason for the use of non-invasive brain stimulation in the treatment of 

ADHD comes from studies showing that abnormal excitability of the cerebral cortex in ADHDis 

due to reduced motor inhibition (Buchman et al., 2003), as well as studies showing that two groups 
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of ADHD drugs work by altering cortical excitability (Gilbert et al., 2006). Therefore, considering 

that non-invasive brain stimulation can affect the excitability of the cerebral cortex, it can be 

suggested as an effective alternative for drugs. Behavioral deficits in patients with ADHDcan be 

attributed to defective inhibitory processes that lead to dysfunctional executive control, impulsive 

and hyperactive behavior (inhibition-based model), or deficits in motivation and reward processing 

[functional disorder model (Sepda et al. , 2000; Sonoga-Barke, 2005)] 

It is suggested that for future research, other cognitive variables be investigated in different age 

groups not only in ADHD, but also in other (developmental) disorders. Moreover, using 

measurement tools such as FMRI in future research can help better discover the neural foundations 

of disorders. 

One of the limitations of this research is the lack of access to female participants. 

 

 
Conclusion 

 

This study evidenced the efficacy of electrical stimulation of prefrontal areas in improving working 

memory in adolescents with ADHD. The results showed that tDCS had a beneficial effect on 

working memory performance in the early stages. This effect had been identified with theta/beta 

ratio and other predictors previously. Our study showed that tDCS and tRNS affect working 

memory differently, with tDCS stimulation being more effective. There is evidence that multi- 

session tDCS intervention improves memory performance and that these effects are maintained 

for weeks to months after stimulation. This suggests that repeated application of tDCS can improve 

neural plasticity during stimulation. 
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