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Abstract

Introduction: Upper limb motor disability, with a prevalence of approximately 77%, is the most common complication after stroke.
Despite advancements in rehabilitation, many patients face persistent upper limb deficits. Adopting an approach combining top-down
and bottom-up interventions may enhance neuroplasticity and improve upper limb function. This study aims to determine the effect of
motor cortical trans-Cranial Direct Current stimulation (tDCs) as a top-down approach combined with Task-Oriented Training (TOT)
as a down-to-top intervention on changes in Electroencephalography (EEG) spectral power in chronic stroke patients.

Materials and Methods: Thirty chronic hemiparetic stroke survivors were randomly assigned to receive real or sham stimulation
targeting the primary motor cortex (C3/C4) at 2 mA for 20 minutes and TOT daily over 15 sessions. Electroencephalography was
conducted pre- and post-intervention, with a 3-month follow-up, and the relative powers of delta to gamma frequency bands were
recorded during the movement task with each hand (healthy and involved).

Results: Significant differences in theta (P=.000), alpha (P=0.004), beta (P=0.000), and gamma (P=0.003) relative powers were
observed between groups at follow-up. Additionally, Friedman tests revealed a significant decrease in alpha and beta bands’ relative
powers in the healthy hand of the control group at follow-up (P=0.001). The experimental group displayed increased alpha and beta
powers and decreased theta, without statistical significance.

Conclusion: The increase in the relative power of low frequencies and the decrease in high frequencies in the sham group, which were
more prominent than the increases in alpha and beta bands’ relative power and the decrease in theta in the experimental group, can
indicate that the presence of real-tDCs has been able to prevent the recovery drop of relative powers. Due to the inconsistent effects of
tDCs on the EEG power spectrum in stroke patients, conventional tDCs administration may require adjustments for optimal application
to brain target points.
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Introduction

Upper limb motor disability, with a prevalence of approximately 77%, is the most common complication after stroke and significantly
impacts quality of life. The majority of stroke patients suffer from ischemic hemiplegia, affecting about 80% of stroke patients, which
manifests more upper-limb than lower-limb neuromuscular disability in motor control (1-2). Despite rehabilitation efforts, the recovery
of the affected upper extremity is significantly limited compared to the affected lower extremity(1;3-4). At best, up to 50% of survivors
may not achieve functional recovery in the involved arm (5). Therefore, it would be beneficial to develop a low-risk, innocuous, and



clinically practicable treatment technique to improve upper limb motor deficits. While most traditional rehabilitative strategies use top-
down approaches by training distal body parts to influence neural systems without directly linking movements and brain activity, several
studies have addressed the clinical effects of top-down approaches such as brain stimulation to induce neuroplastic changes in the
sensorimotor network, particularly in stroke survivors (6-10). Establishing a connection between movement and brain activity is crucial
for motor skill learning and forming central-peripheral links (11-12). Due to the lack of this link in top-down approaches, recovery can
be slow and suboptimal because the time it takes to transfer the effect of training to the brain and its reorganization is considerably long.
As Tara Swart reported, it requires variously four and a half months, 144 days, or even three months to remap the motor cortex,
depending on the complexity of a certain activity to learn (13). However, in transcranial direct current stimulation (tDCS) as a top-down
approach, due to direct stimulation of cortical neurons, neuroplastic changes can occur in a shorter time interval. Recent studies reported
that tDCS accelerates the recovery of impaired brain function after neurological lesions by directly modulating brain activity(14-15).
Leveraging this innate and robust motor learning circuitry and harnessing brain plasticity may be the next step toward improving patient
outcomes (11;16). The conclusive effects of tDCS on improving motor function in stroke remain elusive due to insufficient evidence
(17). This ambiguity may stem from previous studies primarily focusing on functional and behavioral aspects of motor impairments and
recovery post-treatment, neglecting the associated brain regions. Since tDCS directly targets the brain, overlooking its impact on these
areas could contribute to the uncertainty surrounding its efficacy. This study aims to bridge this gap by investigating the impact of tDCs
on cortical oscillatory changes in stroke patients, as assessed through EEG recordings. Currently, attention is focused on approaches
that prepare the primary motor cortex to be more excitable, thereby enhancing the prospect of experience-dependent plasticity (18). In
this regard, studies suggest that tDCS can affect motor function on the involved side by changing the excitability of the stimulated area,
leading to neuroplastic changes in the cerebral cortex (19-21). tDCS as a noninvasive brain stimulation (NIBS) is an appealing approach
that can be incorporated with training as a key element of rehabilitative therapy. Therefore, we seek to unravel how tDCS, in comparison
to Task-Oriented Training (TOT), which has moderate to strong evidence in the improvement of upper extremity motor function in
stroke patients, can augment recovery effects in the motor cortex (22). For this purpose, Quantitative Electroencephalography (QEEG)
is a reliable, economical, non-invasive, portable, feasible, and high-time-resolution method for assessing brain oscillations. Unlike
Transcranial Magnetic Stimulation (TMS) or Electromyography (EMG), QEEG allows the study of cortico-cortical interaction and
brain-motor cortex activity without passing through sensory pathways, subcortical structures, and motor pathways. This feature is
essential for tracking the direct and immediate effect of tDCS on the brain (23). Previous studies have associated both cortical plasticity
and brain stimulation with changes in brain rhythms and synchronization (24-25). Conversely, strong evidence suggests that neurological
conditions also translate into brain oscillatory activity changes. Neurological damage from stroke leads to decreased cortical excitability,
which travels down the spinal cord and reduces motor nerve excitement. In particular, the primary motor area (M1) has a principal role
in inducing peripheral muscle contractions to create movements (26-27). Joeri et al. in 2016 reported that pathologic changes in the
thalamocortical system due to stroke can act as an infrastructural mechanism for symptoms caused by ischemia, including sensory-
motor or cognitive deficits. Electrophysiological studies comparing stroke patients with healthy control groups have revealed special
features of thalamocortical dysrhythmia (28). In other words, thalamocortical oscillations are the alphabet of cortical plasticity,




neurological disorders, and brain stimulation effects, as they are widely used for the assessment of brain stimulation effects (24).
Frequency-specific changes have been indicated in studies of brain networks after stroke. Sensorimotor task-based studies in stroke
patients demonstrate pathologic changes in alpha and beta band activity, with reduced activity near the damaged area and augmented
bilateral delta and theta band power (29-30). At present, little is known about the effect of tDCS on EEG activity and how existing
neural dynamics interact with this stimulation. Therefore, in the present study, we investigated the effects of tDCS on cortical oscillatory
changes in stroke patients by recording QEEG.

Methods

The present study is a double-blind, randomized, parallel trial that was carried out between February 2022 and January 2023. Patients
with chronic hemiparesis stroke enrolled in 3 weeks (15 sessions, 5 sessions per week) in two groups including Anodal or Sham tDCs,
along with TOT for 15 sessions organized in IRAN (Iran University of Medical Science). More specifically, real-tDCs was compared
to TOT. The relative power of the frequency spectrum of EEG has been measured at baseline, after 15 sessions (3 weeks) of treatment,
and at 15 weeks follow-up (from the start of the scheduled intervention). The participant flowchart through the study is shown in Fig.1.
The Modified Ashworth Scale (MAS) was utilized to measure muscle tone in the affected elbow and wrist while participants were
seated. The MAS quantifies muscle tone on a scale from 0, indicating no increase in tone, to 4, signifying a limb that is rigid in flexion
or extension. This assessment of spasticity in the upper limb was conducted to determine the recovery stages according to the Brunnstrom
approach (31).

The study population included 30 Chronic ischemic hemiparetic stroke patients. The demographic and clinical characteristics of the
patients are written in Table 1. This study was conducted in the physiotherapy clinic in the School of Rehabilitation Sciences of Iran
University of Medical Sciences, Tehran, Iran

Table 1. Demographic and clinical characteristics of participants

Grou Age (year) BMI Gender Handedn Involved months since stroke Brunnstrom
P gely (Kg/m2) (M/F) ess side attack stage (n)
. . . stage 4 (8)
Experimen 58.46 27.60 13 Right 7 Right ]
tal (x1379)  (#336) ' /° 3Lleft O Left Mean: 39 months ztggg g g
. . stage 4 (7)
63.26 26.90 13 Right 10 Right .
Control (+8.72) (23.00) 10/5 5 Left 5 Left Mean: 36 months iggg g g




BMI: Body Mass Index

Patients were eligible for this study if they had the following: age between 18 and 80, first ischemic hemiparesis post-stroke as confirmed
by the MRI or CT-Scan, At least 6 months have passed since the unilateral stroke (18;29), the ability to walk for at least 10 meter (with
or without cane), motor dysfunction in upper limb with a degree of recovery equal or more than 4 according to the recovery stages of
Brunnstrom (32), a score equal or more than 26 in the "Montreal Cognitive Assessment” (18). The most important exclusion criteria
were as follows: any evidence of specific medical diagnosis include other neurological disorders, a thalamic stroke or central pain
syndrome (Dejerine Roussy Syndrome) (11;26), Seizure history in the last two years and taking anticonvulsant drugs up to one month
before the start of the current study, received Botox up to 6 months ago (to enter the study, patients must not have received Botox in
the past 6 months), having a contracture in the wrist and fingers of the affected side, moderate to severe depression (a score of 19 or
higher on the "Beck™ depression scale) (26), Pain in the patient's shoulder (having a score of less than 12 based on the Pain Assessment
section of the Fugle-Meyer assessment of upper extremity), pacemaker or other stimulation or ferromagnetic implants, Using drugs that
affect the central nervous system, Pregnancy, lack of cooperation or consent to continue treatment, the presence of serious and persistent
skin complications or sleep and concentration disorders due to stimulation with tDCs, Not completing the treatment period or causing
an accident that affects the motor function or brain activity, Incidence of allergy to the gel of electroencephalography electrodes.
During a face-to-face meeting, the researcher who conducted the evaluations explained the method and purpose of the study in detail to
each participant and answered all their questions about the study. Then the participants were asked to fill out the consent form, which
included information such as the title of the study, the name of the researchers, registered information, the background of the research,
how the study will be conducted, what the participants should do during the study, treatment plans and obligations.

Patients with chronic ischemic Hemiplegic stroke (n=46)

Main inclusion criteria: Excluded (n=12)
e Age between 18-80 e Not meeting inclusion criteria (n=5)
e  The first ischemic Stroke attack o Declined to participate (n= 3)
e A history of stroke attack equal to or e Other reasons (n=4)
more than 6 months prior to enrollmen

e  Ability to walking for at least 10 meter
(with or without cane)

e Having motor function level >4
according to Brunnstrom

e A score above 26 in the MoCA
questionnaire

Randomized (n=34)




Allocation

Allocated to experimental group Allocated to Active control group
(Real Anodal-tDCs + TOT) (n=17) (Sham tDCs + TOT) (n=17)
(Received allocated intervention) (n=17) (Received allocated intervention) (n=17)
(Did not received allocated intervention) (n=0) (Did not received allocated intervention) (n=0)
Lost to follow-up (n=1) Lost to follow-up (n=2)
Discontinued intervention (n=1) Discontinued intervention (n=0)
Follow-up

Assessment after 3 months

Analyzed (n=15) Analyzed (n=15)

e Excluded from analysis (h= 0) e Excluded from analysis (n=0)

Analysis

Fig.1. Flow chart of research design.

Concealment and Randomization

After obtaining written informed consent, baseline measurements were performed. The participants were randomized to either active
control (sham tDCs with TOT) or experimental group (Real tDCs with TOT) (1:1 ratio) by an independent researcher not involved in
outcome assessments. According to the sample size of 30 that has been determined, 15 double blocks were created using the online site
www.sealedenvelope.com. To apply concealment in the randomization process, unique codes were used on the envelopes in which the
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type of tDCs was specified by an analyst. Stratification was used to have the same distribution in terms of the “involved side” (right or
left hemiplegia) in both groups. Participants were blinded to which of the two treatment groups (trans cranial stimulation with anodal
direct current) and control (task-oriented therapeutic exercise) they had been placed in. The person who was in charge of the evaluation
process of the study was blinded to the allocation of treatment and control groups. Data extraction and evaluation was done by a third
person who was a physical therapist with experience of EEG recording and blinded to the groups of study and their evaluation and
treatment. Allocation sequence, participant enroliment, and participant assignment to interventions were performed by an independent
investigator who was not involved in assessments, interventions, or any other part of the research.

Experimental group

Participants received tDCs, along with task-oriented therapeutic exercises in both experimental and control groups. In the experimental
group, Anodal-tDCs on the ipsilesional hemisphere was administered along with a series of TOT for the first 20 minutes of each session,
and the remaining 40 minutes were only included exercises. Training presented in this study, including 15 exercises focused on active
and auxiliary movements to increase the range of motion of the upper limbs, grasping skills, grasping and moving, and releasing objects.
Interventions in both groups were conducted for three weeks, 5 sessions per week and each session lasted 60 minutes (15 sessions in
total). The current of tDCs was provided to patients by the anode electrode on the damaged hemisphere (ipsilesional hemisphere M1-
C3/C4) and the cathode electrode on the contralesional supraorbital for 20 minutes in each session, and during the intervention, the
physical and mental conditions of the patient was carefully monitored, and necessary measures were taken. So that the first 20 minutes
of the intervention sessions were exercise therapy with the application of tDCs, and the remaining 40 minutes consisted only of exercise.
The application of stimulation before performing exercises in this study was planned based on the results of previous studies, as reported
that applying tDCs, if it is before the start of motor exercises, compared in conditions where it is applied during or after movement
training, better therapeutic effects follow (33).

Active control group

Patients in this group received sham tDCs along with TOT. In this group, the device setting and connecting the electrodes on the patient's
head were the same as the method performed in the experimental group. But the current was different. At the beginning of the session,
the current was gradually reaching the intensity of 2 mA for 30 seconds, and after that second, the current was cut off for 20 minutes.
Then, at the end, the current was restored for 30 seconds and finally, the device was turned off. After 20 minutes of sham tDCs, TOT
was continued for 40 minutes. This group’s TOT included the same exercises that were given to the experimental group.

Data Collection

The brain function was recorded (bandwidth is 0.2-70 Hz, the impedance <20 kHz, and the sampling rate = 512 Hz) with 64 channel
amplifiers (MicroMed, Italy) according to the international 10/20 system, from 20 Ag/AgCl surface electrodes and a diameter of 6mm
electrode sites distributed throughout the whole head of the participants. The 20 electrodes were placed in Fpl, Fpz, Fp2, F7, F3, Fz,



F4,F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, and O2, using a Medium-large sized EEG-Cap which all of 20 electrodes had been
fixed on it. The EEG recording was done in an acoustic-magnetic insulated chamber and under two conditions:1) resting state with
closed eyes and 2) during the motor task of "catching and releasing the tennis ball".

The ground electrode was stuck on the skin of the radius bone’s end prominence in the unaffected hand. The reference electrodes Al
and A2 were placed on the patient's left and right earlobes, respectively. Therefore, the absolute and relative power of the frequency
spectrum of EEG were extracted from recorded EEG raw data as the main outcome of the present study.

Absolute power is the actual voltage or power of each of the rhythms recorded in the EEG (including delta, theta, alpha, beta, and
gamma). This power is expressed in square microvolts. The absolute power of a rhythm is obtained by summing up all the power within
that rhythm. The absolute power for each rhythm across all the electrodes (in the present study, all 20 electrodes) is the algebraic sum
of all the powers calculated from all electrodes. Relative power is the percentage of the power of each EEG rhythm compared to the
total power of all EEG rhythms (34), according to the following formula:

R(h) = 100 * (E(h)/ E total)

E (h): Sum of the absolute power of each frequency band

E total: Absolute power of all frequency bands

The relative power values reported in this study are the average of all relative power values for each frequency band across all electrodes.

Sample size

The sample size was determined using G*Power 3.1.9.4 (Dusseldorf, Germany), considering the therapeutic effects on both absolute
and relative power, as well as a 10% dropout rate over a 3 month. The calculations were based on a t-test with an alpha level of 0.05,
the standard Cohen’s effect size (d) of 0.5, a desired power of 0.80 and the number of groups = 2. Consequently, the total estimated
sample size was 30 patients. The allocation ratio (N2/N1) was set to 1, resulting in 15 patients in the intervention group and 15 patients
in the control group.

The statistical analysis was performed using the SPSS version 22 and SLORETA software. We performed an intention-to-treat analysis
for dropout participants. The intraclass correlation coefficient (ICC) was used to assess the reliability of the QEEG measures. In all
analyses, the level of significance was set at 0.05. The normality of the distribution of data was examined using the Kolmogorov-
Smirnov test. Due to the small sample size, nonparametric tests were employed for multivariate analysis. To compare quantitative
demographic variables between the two groups, the nonparametric equivalent of the t-test (Mann Whitney-U test) was used. A
comparison of the relative power values within each group (experimental or control) between the three time-points (time stages) during
performing the task by involved or healthy hands was done by the Friedman test. The Kruskal-Wallis test was performed to compare
the relative power changes from TO (before intervention) to T1 (after intervention) and T2 (follow-up) stages in each frequency band
between the two groups.



Results

Comparison of involved and healthy hands between two groups

Results of the Mann-Witney U test between the Healthy and Involved hands for all frequency band power in TO or before section,
indicated no significant difference and showed matching of these frequencies between the two groups. The comparison between the two
groups after intervention (T1) by the Mann-Witney U test indicated there are no significant differences in involved and healthy hands
similar to TO section. But in T2 or the Follow-up section, QEEG analysis for relative power indicated a significant difference between
the two groups from theta to gamma rhythms (Tables 2 and 3).

Table 2) Comparison between groups for relative power in involved hand.

Variable Delta Theta Alpha Beta Gamma

Mann-Whitney U 88.00 66.00 85.00 81.00 91.00
Before Wilcoxon W 208.00 186.00  205.00 201.00 211.00
(TO) Z -1.01 -1.92 -1.14 -1.30 -.89

Asymp. Sig. (2-tailed) 31 .05 .25 19 37

Exact Sig. [2*(1-tailed .32 .05 .26 .20 .38

Sig.)] ‘

Mann-Whitney U 95.00 68.00 93.00 103.00  92.00
After (T1) Wilcoxon W 215.00 188.00  213.00 223.00 212.00

z -72 -1.84 -.80 -39 -.85

Asymp. Sig. (2-tailed) 46 .06 41 .69 .39

Exact Sig. [2*(1-tailed .48 .06 43 71 41

Sig.)] ‘

Mann-Whitney U 83.00 32.00 45.00 25.00 43.00
Follow-up | Wilcoxon W 203.00 152.00  165.00 145.00  163.00
(T2) Z -1.22 -3.33 -2.80 -3.62 -2.88

Asymp. Sig. (2-tailed) 221 .001 .005 .000 .004

Exact Sig. [2*(1-tailed .233 .000 .004 .000 .003

Sig.)]




Table 3. Comparison between groups for relative power in healthy hand

Variable Delta Theta Alpha Beta Gamma

Mann-Whitney U 109.00 93.00 83.00 83.00 109.00
Before Wilcoxon W 229.00 213.00  203.00 203.00  229.00
(TO) z -14 -.80 -1.22 -1.22 -14

Asymp. Sig. (2-tailed) .88 41 22 22 .88

Exact Sig. [2*(1-tailed .90 43 .23 .23 .90

Sig.)] |

Mann-Whitney U 109.00 87.00 110.00 89.00 105.00
After (T1) Wilcoxon W 229.00 207.00  230.00 209.00 225.00

Z -14 -1.05 -.10 -.97 -31

Asymp. Sig. (2-tailed) .88 .29 91 .33 .75

Exact Sig. [2*(1-tailed .90 .30 .93 34 7

Sig.)] |

Mann-Whitney U 89.00 20.00 23.00 35.00 66.00
Follow-up | Wilcoxon W 209.00 140.00  143.00 155.00 186.00
(T2) z -.97 -3.83 -3.71 -3.21 -1.92

Asymp. Sig. (2-tailed) .33 .00 .00 .00 .05

Exact Sig. [2*(1-tailed .34 .00 .00 .00 .05

Sig.)]

Comparison of interventions

1- Experimental Group:

The results of comparing relative power during TO, T1, and T2 within the experimental group were not significant between the healthy
hand and the involved hand in any frequency band (Table 4).

The Friedman test for analysis of three conditions (TO, T1, and T2) in two sides separately (involved and healthy) in the experimental
group indicated that there is no significant difference between the above conditions for all frequency rhythms.
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Table 4. Comparison between healthy and involved hand in the experimental group.

Variable Delta Theta Alpha Beta Gamma
Wilcoxon W 213.00 208.00  227.00 226.00 220.00
Before Z -0.81 -1.02 -0.23 -0.27 -0.52
(TO) Asymp. Sig. (2-tailed) 0.42 0.31 0.82 0.79 0.60
Exact Sig. 2*(1-tailed Sig.) 0.44 0.33 0.84 0.81 0.62 ‘
Wilcoxon W 214.00 216.00 231.00 229.00 222.00
Z -0.77 -0.68 -0.06 -0.15 -0.44
After (T1) | Asymp. Sig. (2-tailed) 0.44 049 095 0.88 0.66
Exact Sig. 2*(1-tailed Sig.) 0.46 0.51 0.97 0.90 0.68 |
Wilcoxon W 223.00 222.00 186.00 231.00 201.00
Follow-up | Z -0.39 -0.44 -1.93 -0.06 -1.31
(T2) Asymp. Sig. (2-tailed) 0.69 0.66 0.05 0.95 0.19
Exact Sig. 2*(1-tailed Sig.) 0.71 0.68 0.06 0.97 0.20

2- Control Group:
Comparison between TO, T1, and T2 for relative power within the control group was not significant between the healthy hand and the
involved hand in any of the frequency bands (Table 5).

Table 5. Comparison between healthy and involved hand in the control group.

Variable Delta Theta Alpha Beta Gamma
Before (T0) " Wilcoxon W 224.00 227.00  226.00 231.00 219.00
'z -0.35 -0.23 -0.27 -0.06 -0.56
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Asymp. Sig. (2-
i 0.72 082  0.79 0.95 0.58
——
Exact Sig.  2*(1- 74 084 081 0.97 0.60
tailed Sig.)
|
Wilcoxon W 22600  227.00 19200 22200  217.00
z 027  -023  -168  -044  -064
After (T1) gisl);rg)p. Sig- (2 .79 082 009 0.66 0.52
Exact Sig. 2%1- ;g9 084 0.0 0.68 0.54
tailed Sig.) |
Wilcoxon W 187.00 21400 22600  210.00  221.00
z 189  -077 027  -093  -048
Follow-up (T2) Q?é?)p' Sig. (- (06 0.44 0.79 0.35 0.63
——
Exact Sig. 2%(1- g 046 081 0.37 0.65
tailed Sig.)

In the control group, the Friedman test for analysis of three conditions (TO, T1, and T2) indicated there is no significant difference
between the above conditions for all frequency rhythms in the involved hand, but in the healthy hand, there are significant differences
just in alpha and beta frequencies in the three above conditions (Table 6).

Table 6) Comparison of relative power for health hand in control group

Variable Alpha Beta
Control group After Follow-up After Follow-up
Health hand Before(T0) 1y (12 Before(TO) 1y (12

' Mean Rank 1.87 2.60 1.53 2.00 2.53 1.47

' Chi-Square 8.93 8.53

Asymp.  Sig. (2= 0.01

tailed)
12



DISCUSSION

Based on the results, no significant differences were observed between the experimental and control groups for either the involved hand
or the healthy hand in the after-intervention stage (T1). However, in the follow-up stage, there were significant differences in relative
powers between the two groups across all frequency bands. The question arises as to why these significant changes were observed during
the follow-up phase. Similar findings were reported by Tjreed et al. (2016), who noted that changes in the power spectrum were more
pronounced at later measurement time points occurring after a significant interval from the end of the stimulation. Despite tDCs being
a top-down approach, the expectation of producing rapid effects on cortical brain oscillations may be more feasible during online EEG,
conducted simultaneously with tDCs administration, as observed in previous studies (24). Our study protocol consisted of offline EEG
and perhaps immediate effects of tDCs dissipate soon after stopping the stimulation, but during the repeated sessions and after a long-
term follow-up, brain cells may gradually react, resulting in an accumulative effect. This phenomenon aligns with the findings of Ulam
F. et al. (2014), who noted improvements in working memory among patients with Transient Brain Injury (TBI) extending beyond the
period associated with the immediate effects of tDCs. This suggests the potential for a cumulative change in cortical excitability.
Similarly, previous investigations into motor recovery in stroke patients following tDCs administration have shown that at the 6-month
follow-up, tDCs led to greater improvements in motor function (35).

If we consider the increasing effect of anodal-tDCs on brain excitability as an assumption, the results of this study can be viewed from
a different perspective. Keith C. Dodd (2017) highlighted that while ipsilesional hemispheric reorganization is often presumed to be
crucial for efficient recovery, the role of the contralesional motor cortex has been somewhat overlooked. Interestingly, some well-
improved stroke patients demonstrate contralesional motor activity and exhibit decreased functional ability when the contralesional
hemisphere is inhibited (36). In line with this, Hummel et al. (2006) demonstrated that cathodal-tDCs applied to the contralesional
hemisphere may be unfavorable for some stroke patients, as the contralesional hemisphere becomes activated during motor tasks
executed by the paretic hand. (37). Considering that anodal stimulation of the ipsilesional hemisphere increases its excitability, it can be
inferred that anodal stimulation on the ipsilesional hemisphere may have inhibitory effects on the contralesional hemisphere. In the
control group where anodal stimulation was absent, such an inhibitory effect on the contralesional hemisphere was not observed.
Therefore, the observed recovery changes in the present study, including a significant increase in the alpha and beta frequency bands
and a decrease in the theta band, may be attributed to this absence of inhibitory effects on the contralesional hemisphere.

An increasing trend was observed in the alpha and beta band’s relative power in the real-tDCs (experimental) group. Despite recent
beliefs about the increase of the beta band relative power following the anodal tDCs, this stimulation did not produce such an effect at
a significant level in the current experiment. This discrepancy can be explained by the variability of anatomy and cortical reorganization
after stroke lesions, leading to alterations in local conductivity and resulting in differences in electric current pathways in the brain
between healthy individuals and stroke patients, as well as within stroke patients themselves, influenced by factors such as lesion
location, size, and conductivity. Another possible reason for the conflicting and inconsistent effects of tDCs in stroke studies is that
brain functional reorganization caused by stroke can alter different brain areas that tDCs are intended to target. After stroke, functional

13



reorganization may occur in different motor areas including the ipsilesional dorsal premotor cortex and the contralesional primary motor
cortex areas, which are not targeted with conventional tDCs electrode configurations. Previous studies have demonstrated that traditional
tDCs resulted in highly variable electric fields within the motor hand projection in chronic stroke patients. Joris van der Cruijsen et al.
(2022) applied three types of targets to stimulate the hand-related motor cortex with tDCs: structural targets using T1- MRI, functional
targets by recording EEG during stimulation and simultaneous MRI, and optimized electrode configurations by a software computational
model called SIM NIBS 3.2 to create finite element volume conductor models of the head for simulation of NIBS. In healthy individuals,
the intended target was found on the contralateral hemisphere in EEG, but in stroke patients, the functional target was detected on the
ipsilesional hemisphere in 45% of subjects and on the contralesional cortex in the rest of the participants, which was localized in different
cortical areas of the ipsilesional and contralesional hemisphere: the premotor cortex/supplementary motor cortex (BA6), primary motor
cortex (BA4), Wernicke’s area (BA22), intermediate frontal cortex (BAS), Pars opercularis (BA44), primary somatosensory cortex
(BA1), somatosensory association cortex (BA5), and the supramarginal gyrus (BA40). After optimization of the electrode positioning,
the stimulation strength significantly increased in the stroke group but was not as strong as the stimulation in healthy subjects.
Considering the individual brain structure and functional motor targets is necessary for utilizing tDCs in chronic stroke patients and
also, to a lesser extent, in healthy subjects (38). In this regard, as Salazar and colleagues (2023) introduced, there are several software
optimization models that can help researchers to individualize tDCs electrode placement and dosimetry (39).

Unexpectedly, according to the results of the intervention comparison, relative power changes in the control group were statistically
significant, whereas the experimental group results were not significant. There was an increasing trend in the theta band and a significant
decrease in the alpha and beta bands following sham stimulation in the healthy hand of the control group at the follow-up stage. Previous
studies’ results are incoherent on this issue. For example, Alex I. Wiesman (2018), Mc Dermott (2018), and Anirban Dutta (2015)
demonstrated that anodal tDCs elevated baseline theta relative power compared with cathodal or sham stimulation in bilateral cortical
areas(40-42). Tjreed W. B et al. (2016), similar to our results, reported a significant increase in spectral power at lower frequencies after
sham tDCs (24). Although methodological differences could impact research outcomes and findings, larger electrodes (35 cm?), with a
corresponding reduced current density, produced a greater motor response compared with smaller electrodes (20), maybe because of the
lower total charge (which is influenced by current density and stimulation duration) in sham tDCs having a greater effect on spectral
power. An increase in low-frequency oscillations has been reported along with a decreased level of cognitive activity and probably
reflects conditions of low arousal such as drowsiness and fatigue (41;43). Maybe due to the concise duration of the current (30s start
+30s end) and feeling the current on the scalp, patients fell asleep in the sham group, thus increasing their low-frequency cortical
oscillations during the EEG recording. On the other hand, it supports anodal stimulation effects in the experimental group. Since theta
band relative power increased in the control group, and it decreased (although statistically insignificant) in the experimental group,
consistent with previous studies (24), real anodal stimulation preventing the theta increase and alpha and beta reduction, created changes
in cortical activity in favor of motor and cognitive recovery after stroke (44).

Conclusion
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In conclusion, despite methodological differences in available studies, the diverse and inconsistent effects of tDCs on the power spectrum
in stroke patients suggest that conventional tDCs administration may require changes to optimize utility on desired brain target points
considered for stroke studies. It is suggested to investigate the effect of individualized tDCs on EEG biomarkers including power
spectrum density, in stroke patients in future clinical studies.
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