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Abstract 

Background

Occupational therapy (OT) and transcranial direct current stimulation (tDCS) are both 

important methods for promoting the recovery after stroke. There are limited researches 

that simultaneously apply both methods and investigate their effects on upper limb 

function.

Objective

To investigate the effects of OT synchronized with dual tDCS on upper limb motor function 

and Electroencephalogram (EEG) power in subacute stroke patients.

Methods

Forty-five subacute stroke patients were randomly assigned to control group (n = 23) and 

experimental group (n = 22), receiving sham and real dual tDCS concurrent with OT respec-

tively, five times a week, for a duration of two weeks. Upper limb motor function and cortical 

EEG power were evaluated by Fugl-Meyer Assessment Upper Extremity (FMA-UE), Mod-

ified Barthel Index (MBI) and Action Research Arm Test (ARAT), Delta/Alpha Ratio (DAR) 

and pairwise derived Brain Symmetry Index (pdBSI) at baseline and two weeks.

Results

Finally, a total of 39 patients completed the study and were included in the analysis. The 

results revealed that participants in the experimental group showed a significant better 
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evolution for FMA-UE (p < 0.001), MBI (p = 0.034), DAR in the primary motor cortex (M1) 

area (p = 0.022) and pdBSI (p = 0.025) compared to the control group.

Conclusions

In subacute stroke patients, the central-peripheral combined stimulation approach, which 

involves dual tDCS (central stimulation) and synchronous OT (peripheral sensory-motor 

stimulation) enhanced the effects of OT alone, leading to greater improvements in upper 

limb function and normalization of brain activity.

Trial registration

This trial was registered in the Chinese Clinical Trial Registry (No. ChiCTR2400082749).

Introduction
Stroke is a chronic non-communicable disease and has become the second leading cause of 
disability and death among adults worldwide [1]. In China, due to the aggravation of popu-
lation aging and the influence of lifestyle, risk factors, etc., the burden of stroke is increasing 
year by year [2]. After a stroke, patients often suffer from various functional disorders, such as 
motor disorders, speech disorders, swallowing disorders, etc. Approximately 75% of survivors 
have upper limb motor dysfunction [3]. The treatment of upper limb motor dysfunction has 
a long cycle, poor prognosis, and is more difficult to recover compared to lower limb impair-
ments. Only 5–20% of patients are able to achieve complete recovery [4], which severely 
limits their functional activities and social participation, leading to a decreased quality of life. 
Existing treatment options for upper limb function and activities of daily living (ADL) after 
stroke have not shown significant therapeutic effects, and patients often lack motivation and 
cooperation. Therefore, there is an urgent need to develop and test new and effective upper 
limb training protocols.

Non-invasive brain stimulation techniques (NIBS), such as transcranial direct current 
stimulation (tDCS) and transcranial magnetic stimulation (TMS), are considered one of the 
most promising new technologies in stroke rehabilitation [5]. TMS generates a fluctuating 
magnetic field through an insulated coil placed on the scalp, delivering short and intense elec-
trical pulses to the brain tissue to modulate the excitability of neurons in the stimulated area. 
tDCS delivers a constant weak direct current (1–2 mA) to the cerebral cortex through two 
electrodes placed on the scalp, regulating the activity of neurons in the cerebral cortex, chang-
ing the resting membrane potential, and causing focal reversible polarization of brain regions, 
thereby enhancing the brain plasticity of stroke patient [6,7]. Compared with TMS, tDCS 
offers advantages such as affordability, accessibility, safety, portability, and mild side effects 
[8], making it a viable choice for future research. The therapeutic effect of tDCS depends 
on multiple factors, and one important factor is polarity[9]. During anodal stimulation, the 
current flows inward from the anode into the cortex, causing depolarization of nerve cells and 
thus increasing the excitability of the affected side cortex. During cathodal stimulation, the 
current flows outward from the cathode out of the cortex, causing hyperpolarization of nerve 
cells and thus reducing the excitability of the healthy side cortex [10]. Bipolar stimulation acts 
on both cerebral hemispheres simultaneously, causing excitability changes in the cortices of 
both sides [11]. A large number of studies have confirmed the role of tDCS in the recovery of 
upper limb motor disorders after a stroke. In the study by Unger et al. [12], compared with 
the sham operation group, after applying anode tDCS to the ipsilateral premotor cortex, the 
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interhemispheric functional connectivity of patients was enhanced, which was related to the 
upper limb motor recovery of patients with moderate to severe chronic stroke. These changes 
were confirmed by functional magnetic resonance imaging. In the study by Bolognini et al. 
[13], compared with the sham stimulation group, patients showed greater improvement in 
upper limb muscle strength after receiving dual tDCS treatment.

Occupational therapy (OT) is an important part of stroke patient rehabilitation. It aims 
to improve limb function, maintain or restore the highest possible level of independence, 
enhance the ability of ADL, and facilitate patients’ return to family, society, and work through 
targeted, purposeful, and personalized activities [14,15]. Usually, the execution of these 
purposeful activities is both the overall goal and the basis of the intervention [16]. A study in 
Spain investigated 60 adults who returned home after a stroke and found that OT could effec-
tively improve the quality of life, enhance perceptual and cognitive skills, enhance indepen-
dence, and reduce the level of depression of stroke patients. It can be regarded as an applicable 
non-drug treatment tool, leading to positive outcomes for patients after a stroke [17].

In 2016, Chinese scholar Jia Jie proposed a new rehabilitation concept: “central- 
peripheral-central” closed-loop intervention [18]. Its core concept is the overall planning of 
central intervention and peripheral intervention, complementing the functions of “peripheral 
intervention” and “central intervention”. Based on the plasticity of the brain and the remod-
eling of neural pathways, it promotes central remodeling and peripheral control, and then 
promotes functional recovery. A number of studies have confirmed that the combination of 
central intervention and peripheral intervention can have a beneficial impact on the recovery 
of upper limb motor function and ability of ADL in stroke patients [19,20]. Then, if tDCS is 
used as a central intervention and OT as a peripheral intervention, and the two are combined 
and applied to stroke patients simultaneously, will it also produce good results? The result is 
unknown because, as far as the author knows, this has not been fully investigated to a large 
extent. Only two studies have conducted similar explorations. Therefore, it is necessary to 
further explore the effectiveness of this synchronous combination of central and peripheral 
interventions on upper limb recovery, use different measurement indicators to evaluate a 
more comprehensive range of activities, examine the activity of the cerebral cortex to help elu-
cidate the underlying mechanisms of neural modulation and provide meaningful insights. We 
hypothesized that synchronous dual tDCS in combination with OT can enhance the benefits 
of OT, enhance the brain plasticity of subacute stroke patients to a greater extent, promote 
upper limb function recovery, and facilitate the normalization of brain electrical power. To 
validate our hypothesis, we utilized cost-effective and minimally invasive electroencephalogra-
phy (EEG) to record cortical activity, as it is highly sensitive in detecting typical brain rhythm 
abnormalities in stroke [21].

Methods

Participants
The authors confirm that all ongoing and related trials for this intervention are  
registered. This study was a randomized controlled trial, approved by the Ethics  
Committee of The Affiliated Xuzhou Rehabilitation Hospital of Xuzhou Medical  
University (NO.XK-LSW-20240321-018), and registered in the Chinese Clinical Trial Registry 
(www.chictr.org.cn) under the registration number ChiCTR2400082749. From March 22, 
2024 to July 28, 2024, the individuals were recruited, evaluated, and completed treatment from 
The Affiliated Xuzhou Rehabilitation Hospital of Xuzhou Medical University and Xuzhou 
Central Hospital. All patients provided written informed consent prior to enrollment. A 
CONSORT diagram is illustrated in Fig 1.
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Participants who met the following criteria were included in the study: (a) diagnosis with 
first unilateral subcortical stroke and has been confirmed by a head CT or MRI scan; (b) age 
between 25 and 80 years; (c) stroke with a stable clinical course lasting between 7 days and 
6 months; (d) Brunnstrom staging of the upper limb and hand ≤  Stage IV; (e) Mini-Mental 
State Examination (MMSE) score ≥  21, indicating clear consciousness and ability to cooperate 
with the necessary examinations and treatment.

Participants who met the following criteria were excluded from the study: (a) progressive 
stroke or subarachnoid hemorrhage with unstable condition; (b) patients with severe car-
diovascular diseases, primary hypertension, internal medicine diseases, mental trauma, or 
cognitive impairments; (c) patients with metallic implants in the intracranial or treatment 
area, or with skull defects; (d) patients with epilepsy or brain tumors; (e) patients with poor 
compliance or unwillingness to cooperate with rehabilitation training.

A total of forty-five subacute stroke patients of both sexes met the criteria and partic-
ipated in this research. Group allocation was determined by a computer-generated ran-
dom number sequence. The random numbers were placed in opaque sealed envelopes 
with corresponding numbers, which were kept by an investigator involved in participant 

Fig 1.  Consolidated standards of reporting trials flow chart.

https://doi.org/10.1371/journal.pone.0320142.g001

https://doi.org/10.1371/journal.pone.0320142.g001
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recruitment. Patients were numbered in order of enrollment, and envelopes with match-
ing numbers were opened to assign the corresponding treatment groups. All patients were 
allocated to either the control group or the experimental group in the same proportion. The 
control group (n = 23) received sham dual tDCS concurrent with OT, while the experimental 
group (n = 22) received real dual tDCS concurrent with OT. The intervention was blind to 
participants, OT therapists, outcome assessor and statistician, with only the tDCS operator 
being unblinded.

Outcome measures
All assessments were performed by a clinically trained therapist who was blinded to group 
assignments and did not participate in the intervention. The baseline data, which refers to 
the pre-treatment data, was collected at the same time as the patient’s enrolment. After the 
treatment period concluded, which was two weeks later, post-treatment data was collected. 
The following clinical indicators and EEG data were all collected at two time points pre- and 
post-treatment.

Clinical evaluation.  The primary outcome measure was Fugl-Meyer Assessment 
Upper Extremity (FMA-UE). FMA-UE is considered the gold standard for assessing 
motor impairment or motor control [22]. It includes 33 items that evaluate reflexes, 
coordination, and isolated movements of the upper limb, with a total score of 66. A 
higher score indicates better upper limb function [23]. The secondary outcome measures 
were Modified Barthel Index (MBI) and Action Research Arm Test (ARAT). MBI 
includes 10 items related to basic ADL, such as dressing, eating, and bathing. The total 
score is 100, and a higher score indicates better self-care ability for the patient [24]. 
ARAT consists of 19 items that assess the ability to grasp, grip, pinch, and perform gross 
movements of the upper limb. The total score is 57, with a higher score indicating better 
upper limb function [25].

EEG data acquisition and analysis.  The JY-2440 Digital Electroencephalography 
Topographic Mapping Instrument (Jiangsu Jinyuan Medical Technology Co., Ltd., China) 
was used to collect the patient’s resting-state EEG data with closed eyes for a minimum of 5 
minutes. As shown in Fig 2, participants wore an EEG cap with 32 active electrodes positioned 
at FP1, FP2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T3, T4, T5, T6, AF3, AF4, FC3, FC4, CP3, 
CP4, PO3, PO4, FT7, FT8, CP7, CP8, FZ, CZ, PZ, and OZ, according to the international 
10/20 system. Reference electrodes were placed at the bilateral earlobe locations, and a ground 
electrode was placed at the Z location. The EEG signals were filtered within the range of 0–30 
Hz, with a time constant of 0.03 s and a sampling rate of 30 mm/s.

Data analysis was performed using MATLAB R2015a software and the EEGLAB toolbox. 
Independent Component Analysis (ICA) algorithm was used to correct artifacts. Fast Fourier 
Transform (FFT) was applied to convert the EEG signals into average power spectra for each 
electrode. The power spectra were then summed within the frequency bands of 1–4 Hz, 4–8 
Hz, 8–12 Hz, and 13–30 Hz to obtain the average power values for delta, theta, alpha, and 
beta bands, respectively. These power spectra were used to calculate the following two quan-
titative indices.

(1)	 Delta/Alpha Ratio (DAR) [26]: It is defined as the ratio between the absolute power of the 
delta band and the alpha band in EEG analysis.

	 DAR= δ
α
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The “Average Scalp Power Spectra” was calculated by averaging the power across all scalp elec-
trodes for each frequency iteration. The global DAR was then determined as the ratio between 
the average power of the delta band and the alpha band in the scalp power spectra.Similarly, 
the DAR in the primary motor cortex (M1) area (we refer to it as M1-DAR) was calculated 
using the average power from three electrodes: C3, C4, and CZ. Finally, at the group level, 
topographic maps of the global DAR and M1-DAR were generated to visualize the data, show 
the spatial distribution of these ratios across the scalp and provide detailed representations 

Fig 2.  Schematic diagram of electrode placement for the EEG cap.

https://doi.org/10.1371/journal.pone.0320142.g002

https://doi.org/10.1371/journal.pone.0320142.g002


PLOS ONE | https://doi.org/10.1371/journal.pone.0320142  March 18, 2025 7 / 19

PLOS ONE Occupational therapy synchronized with dual transcranial direct current stimulation for stroke rehabilitation

of DAR values across different electrode locations, aiding in the localization of specific active 
brain regions.

(2)	 pairwise derived Brain Symmetry Index (pdBSI) [27]: It is defined as the average absolute 
normalized difference in spectral power between homologous channel pairs of the left 
and right hemispheres. It represents the average absolute value of the difference in power 
between the two hemispheres within the frequency range of 1–25 Hz, and reflects the 
symmetry between the two hemispheres of the brain.

	 pdBSI= ∑∑
−

+= =

1
1 1NM

R L
R Lj

M

i

N
ij ij

ij ij

	

Here, Rij  and Lij  respectively represents the power of right and left channel from the homolo-
gous channel pair (for channel pair j =  1, 2,..., M) at frequency i =  1, 2,..., N. The pdBSI ranges 
from 0 to 1, where a pdBSI value of 0 indicates complete symmetry (total symmetry), and a 
value of 1 represents complete asymmetry (maximum asymmetry).

Intervention
All the patients were given OT treatment by OT therapists who were blinded to the group 
assignments. Before commencing rehabilitation, patient goals and preferences were deter-
mined through communication with the patients and their families. Based on the individ-
ual backgrounds, symptoms and specific conditions, personalized training programs were 
designed, incorporating various activities such as joint movements of the upper limb (such 
as adduction and abduction of the shoulder joint, flexion and extension), upper limb muscle 
strength and endurance training (such as lifting a gymnastic rod and holding it), fine finger 
movement training (such as finger extension, gripping, opposition), and training for ADL 
(such as combing hair, buttoning clothes, eating), etc. Each session lasted for 40 minutes and 
was conducted once daily, five times a week, for a duration of two weeks. Additionally, the 
experimental group received real dual tDCS at the same time while the control group received 
a sham stimulation. tDCS was applied using the A620P portable tDCS device (Nanjing Wogao 
Medical Technology Co., Ltd., China). The patients were comfortably seated with their whole 
body relaxed. The placement of tDCS electrodes was determined according to the interna-
tional 10/20 system for electrode placement. Bipolar stimulation was applied, with the anode 
placed over the ipsilateral M1 area and the cathode placed over the contralateral M1 area [28]. 
The stimulation electrodes used standard configuration 5 cm ×  5 cm saline-soaked sponge 
electrode pads, which were secured to the patient’s head using elastic straps. The stimulation 
intensity was set at 2.0 mA, each session lasted for 20 minutes and was conducted once daily, 
five times a week, for a duration of two weeks. The same stimulation setup was used for sham 
tDCS, but the stimulation stopped after 30 seconds.

Statistical analysis
The study protocol was based on a previous study published by Nair et al. That study investi-
gated the effect of concurrent use of cathodal tDCS during OT on promoting the recovery of 
upper limb function in stroke patients [29]. A total of 14 patients were recruited and ran-
domly assigned to two groups, receiving real (cathodal) tDCS +  OT and sham tDCS +  OT 
respectively. The focus was on the changes in FMA-UE scores and joint range of motion. The 
results showed that the synchronous combination of cathodal tDCS and OT led to a signif-
icant improvement in post stroke motor function. The data of the above-mentioned study 
was used for power analysis. Taking the FMA-UE scores as the primary outcome, the sample 
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size required for this study was calculated. The calculation was performed using PASS 15.0 
software, assuming a power of 0.80 for a two-group comparison. The effect size (Cohen’s d) 
for FMA-UE was estimated to be 0.47. Considering an estimated dropout rate of 20%, the 
conclusion was that 44 participants were required.

All analyses were performed by an independent assessor using SPSS 27.0 software. The 
normality of all continuous variables was assessed using the Shapiro-Wilk test. The homo-
geneity of variances was tested using the Levene’s test. For baseline evaluations, Fisher’s 
exact test was used to compare categorical data, while the independent samples t-test and 
Mann-Whitney U test were used to compare continuous data. For continuous variables that 
met the criteria of normal distribution and homogeneity of variances, two-way mixed analyses 
of variance (ANOVA) was performed. We chose to use it because it could allow for a more 
comprehensive and effective analysis of the changes between the experimental and control 
groups at different time points, enabling us to assess the impact of both factors and their inter-
action on the results. Time was used as the within subject factor (before and after treatment), 
and group was used as the between subject factor (control group and experimental group). In 
the case of a significant time ×  group interaction effect, Bonferroni adjustment was applied to 
the post-hoc pairwise comparisons of time and group to determine the comparisons that led 
to the differences. For continuous variables that did not meet the normality assumption, the 
Wilcoxon signed-rank test was used for within-group comparisons, and the Mann-Whitney U 
test was used for between-group comparisons. A p-value of <  0.05 was considered statistically 
significant.

Results
A feasibility assessment was conducted on 50 patients, of which 45 were underwent random-
ization. Finally, a total of 39 participants completed the designated intervention measures. At 
baseline, there were no significant differences observed between the two groups in terms of 
age, gender, time since stroke event, lesion side, or stroke subtype (Table 1). All participants 
tolerated the study well, and no significant adverse reactions were reported in either group. 
The actual training time was similar across all groups.

Clinical assessment
Table 2 displays the results of the two-way mixed ANOVA for three clinical indicators to 
examine changes in scores from baseline to final evaluation. Significant interactions between 
time (within-subject factor) and group (between-subject factor) were found for two vari-
ables, with post-hoc test results indicating significant differences for these variables. The table 
includes mean and standard deviation values for initial and final assessments in each group, 
along with analysis results showing significant differences between the two groups, including 
p-values, F-values, and effect sizes. Furthermore, Figs 3 and 4 illustrate the changes in vari-
ables with significant interaction factors (time ×  group).

The results of the two-way mixed ANOVA indicated a significant time ×  group interaction 
effect for FMA-UE (F =  42.326, η² =  0.534, p <  0.001). Post-hoc comparisons indicated sig-
nificant increases in FMA-UE scores for both the control and experimental groups over time 
(both p <  0.001). There was no significant difference in FMA scores between the two groups 
before treatment (p =  0.864), but a significant difference was observed after treatment (p <  
0.001).

For MBI, a significant time ×  group interaction effect was found (F =  24.352, η² =  0.397, p 
<  0.001). Post-hoc comparisons revealed significant increases in MBI scores for both the con-
trol and experimental groups over time (both p <  0.001). There was no significant difference 
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in MBI scores between the two groups before treatment (p =  0.549), but a significant differ-
ence was observed after treatment (p =  0.034).

EEG assessment
Table 3 presents the results of non-parametric tests for three EEG indicators. Two variables 
exhibited significant within-group differences. Before treatment, there were no significant 
intergroup differences in the three variables between the control and experimental groups. 
After treatment, two variables showed significant intergroup differences.

Results of the Wilcoxon signed-rank test indicated a significant decrease in M1-DAR 
for the experimental group over time (p =  0.019). The Mann-Whitney U test showed no 
significant between-group difference in M1-DAR before treatment (p =  0.667). However, a 
significant between-group difference in M1-DAR was observed after treatment (p =  0.022). 

Table 1.  Baseline characteristics between the two groups.

Characteristic Control group Experimental group p-value
Age (years) 0.352
Mean (SD) 61.05(11.58) 57.00(14.95)
Sex 1.000
Male 13(68.42%) 14(70.00%)
Female 6(31.58%) 6(30.00%)
Time since stroke (days) 0.607
Median (Q1, Q3) 46(23.00, 60.00) 40(24.50, 50.75)
Impairment side 0.320
Left hemiplegia 14(73.68%) 11(55.00%)
Right hemiplegia 5(26.32%) 9(45.00%)
Stroke type 0.716
Ischaemic 15(78.95%) 14(70.00%)
Haemorrhagic 4(21.05%) 6(30.00%)

SD: standard deviation. Q1:1st quartile. Q3: 3rd quartile

https://doi.org/10.1371/journal.pone.0320142.t001

Table 2.  Comparison of clinical evaluation outcomes between the two groups.

Variable/
Time

Control group Experimental group Time effect Group effect Time×Group effect POST-HOC
Mean ±  SD Mean ±  SD Exp vs Con

FMA-UE
Pre-treatment 18.16 ± 7.82 17.75 ± 6.98 F = 195.402

p < 0.001*
ղ2 = 0.841

F = 5.567
p = 0.024*
ղ2 = 0.131

F = 42.326
p < 0.001*
ղ2 = 0.534

p = 0.864
Post-treatment 25.05 ± 8.55 36.65 ± 8.36 p < 0.001*

MBI
Pre-treatment 49.26 ± 11.51 47.25 ± 9.18 F = 315.682

p < 0.001*
ղ2 = 0.895

F = 0.854
p = 0.361
ղ2 = 0.023

F = 24.352
p < 0.001*
ղ2 = 0.397

p = 0.549
Post-treatment 62.63 ± 12.22 70.90 ± 11.17 p = 0.034*

ARAT
Pre-treatment 8.95 ± 5.71 10.20 ± 6.71 F = 210.974

p < 0.001*
ղ2 = 0.851

F = 1.190
p = 0.282
ղ2 = 0.031

F = 2.920
p = 0.096
ղ2 = 0.073

Post-treatment 17.63 ± 8.13 21.20 ± 8.02

SD: standard deviation
*Significant effect (P <  0.05).

https://doi.org/10.1371/journal.pone.0320142.t002

https://doi.org/10.1371/journal.pone.0320142.t001
https://doi.org/10.1371/journal.pone.0320142.t002
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Figs 5 and 6 present topographical maps for global DAR and M1-DAR respectively, providing 
detailed insights into the spatial distribution of DAR values across different electrode loca-
tions on the scalp, aiding in the localization of specific active brain regions.

Over time, there was a significant decrease in pdBSI for the experimental group (p =  
0.006). Before treatment, there was no significant difference in pdBSI between the control and 
experimental groups (p =  0.665). However, a significant between-group difference in pdBSI 
was observed after treatment (p =  0.025).

Fig 3.  Comparison of FMA-UE scores between the two groups. *: p <  0.05, **: p <  0.001.

https://doi.org/10.1371/journal.pone.0320142.g003

Fig 4.  Comparison of MBI scores between the two groups. *: p <  0.05, **: p <  0.001.

https://doi.org/10.1371/journal.pone.0320142.g004

https://doi.org/10.1371/journal.pone.0320142.g003
https://doi.org/10.1371/journal.pone.0320142.g004
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Discussion
The results of this randomized, double-blind controlled trial demonstrated that the central- 
peripheral combined stimulation approach, which involves dual tDCS (central stimulation) 
applied to both hemispheres and synchronous OT (peripheral sensory-motor stimulation), 
enhanced upper limb function in subacute stroke patients and promoted the normalization of 
EEG power. The effectiveness of this approach surpassed a sham tDCS protocol with similar 
intensity concurrent with OT, indicating its efficacy in subacute stroke patients and support-
ing the research hypothesis.

Clinical assessment
FMA-UE and MBI exhibited significant time ×  group interaction effects. Post-hoc compar-
isons indicated significant differences in FMA-UE and MBI between the two groups after 
treatment. Real dual tDCS combined with OT was the most effective intervention for improv-
ing upper limb motor performance. Several factors may account for these results: Firstly, 
recovery after stroke is slow, and there is substantial variability in the recovery of upper limb 
voluntary movement. This process is closely related to brain plasticity phenomena, includ-
ing excitability changes in the neuronal circuits surrounding the lesion and the formation 
of new functional neuronal connections [30]. Neuroscientific evidence suggested that the 
introduction of a learning process, such as rehabilitation training, after stroke enhanced 
neural plasticity and had strong implications for compensating for functional deficits in the 
affected hemisphere and promoting functional recovery [31]. Unfortunately, stroke-related 
brain plasticity is transient, reaching its maximum during the subacute phase, also known as 
the “critical period” [32]. We applied dual tDCS synchronized with OT during this period, 
which is advantageous for maximizing brain plasticity and promoting upper limb function 
recovery to a greater extent. Secondly, as a general rule, the two hemispheres of the brain 
interact to balance excitation and inhibition. However, after a stroke, there is a reduction 
in excitability in the affected hemisphere, leading to compensatory hyperexcitability in the 

Table 3.  Comparison of EEG evaluation outcomes between the two groups.

Variable/
Time

Control group Experimental group Within-
Group (Con)

Within-
Group (Exp)

Between groups
Median
(Q1, Q3)

Median
(Q1, Q3)

global DAR
Pre-treatment 3.02

(2.04, 7.75)
3.89
(2.20, 5.06)

p = 0.136 p = 0.104 p = 0.857

Post-treatment 3.12
(1.68, 4.60)

2.68
(1.36, 4.09)

p = 0.708

M1-DAR
Pre-treatment 3.12

(1.77, 6.07)
3.63
(2.04, 5.41)

p = 0.355 p = 0.019* p = 0.667

Post-treatment 3.16
(1.84, 4.48)

1.85
(0.86, 2.62)

p = 0.022*

pdBSI
Pre-treatment 0.28

(0.23, 0.40)
0.30
(0.21, 0.46)

p = 0.319 p = 0.006* p = 0.665

Post-treatment 0.27
(0.20, 0.36)

0.19
(0.12, 0.26)

p = 0.025*

Q1:1st quartile; Q3: 3rd quartile.
*Significant effect (P <  0.05).

https://doi.org/10.1371/journal.pone.0320142.t003

https://doi.org/10.1371/journal.pone.0320142.t003
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unaffected hemisphere, further reducing activity in the affected hemisphere and resulting in 
a severe imbalance between the two hemispheres, negatively impacting upper limb motor 
function [33]. Dual tDCS, with a weak current flowing between the anode and cathode, can 
modulate the resting membrane potential of underlying neurons in both M1 areas, altering 
cortical excitability [13]. It can induce long-term potentiation-like changes, promote func-
tional reorganization and plasticity changes in the somatosensory-motor network, enhance 
motor learning, and improve upper limb function [34]. In addition, tDCS improves cerebral 
blood supply by mechanisms such as neurovascular coupling, increasing local cerebral blood 
flow, which can help reduce inflammation and protect ischemic areas’ neurons [35]. Finally, 
tDCS has a synergistic effect with OT. The synchronous combination of these two interven-
tions involves central intervention and peripheral intervention. Central intervention works 

Fig 5.  Topographical map of global DAR between the two patient groups.

https://doi.org/10.1371/journal.pone.0320142.g005

https://doi.org/10.1371/journal.pone.0320142.g005
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by promoting activation of functional brain areas, enhancing neuroplasticity, exciting motor 
descending pathways. Peripheral intervention involves sensory input stimulation transmitted 
to the central nervous system, reinforcing positive feedback and input of sensory and motor 
control patterns to the central system. This forms a “closed-loop” feedback pathway, acting on 
specific brain areas or functionally related brain regions in patients, promoting brain function 
reshaping and neural reorganization, leading to more pronounced and sustained improve-
ments in brain performance [36,37] and facilitating upper limb functional recovery. Some 
evidence suggested that the combination of tDCS and peripheral interventions enhanced the 
effects of peripheral interventions themselves. For example, Li et al. [38] demonstrated that 
dual tDCS combined with sensory-motor training improved upper limb sensory and motor 
function, increased ADL capacity, and alleviated depression and anxiety in subacute stroke 

Fig 6.  Topographical map of M1-DAR between the two patient groups.

https://doi.org/10.1371/journal.pone.0320142.g006

https://doi.org/10.1371/journal.pone.0320142.g006
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patients. Hsu et al. [39] found that dual tDCS during task-oriented training promoted motor 
recovery in subacute stroke patients. These findings are consistent with our study results.

The lack of significant interaction effect in ARAT may be attributed to the hand’s finer 
functionality, a larger brain region involved in hand control, and a greater number of cor-
responding neural fibers, making recovery slower and more challenging. The weak current 
provided by tDCS may have been insufficient to surpass the additional effects of OT, and the 
overall intervention duration may have been too short for tDCS effects to reach a significant 
level, resulting in a less pronounced tDCS effect on ARAT.

EEG assessment
Quantitative EEG is a mature technology for assessing the functional state of the brain [40]. 
Stroke can lead to changes in brain rhythms in the resting state, typically characterized by a 
significant increase in delta activity and a decrease in alpha activity, resulting in high delta and 
low alpha activity [41,42]. This predominant slow-wave pattern is directly related to neural 
metabolism, reflecting ischemic and structural brain damage, and is associated with adverse 
outcomes after stroke [43]. DAR is the ratio of delta to alpha, integrating these spectral 
features and offering greater sensitivity than individual spectral components [44]. Finnigan 
et al. [45] collected EEG signals from 18 stroke patients and 28 healthy individuals, analyzing 
seven features of the EEG spectrum. The results showed that DAR had the highest accuracy in 
distinguishing stroke patients from healthy individuals, suggesting that DAR was an import-
ant indicator for assessing clinical treatment outcomes in stroke patients. In this study, over 
time, the M1-DAR significantly decreased in the experimental group, and between-group 
comparisons indicated that the experimental group outperforming the control group. Possible 
reasons for this are as follows. Firstly, during OT, the cerebral cortex can learn and store cor-
rect motor patterns through profound experiences, prompting the nervous system to establish 
correct motor cortex excitation traces. During tDCS, the stimulation can directly regulate the 
excitability of the motor cortex. In this study, we applied dual tDCS, with the anode electrode 
enhancing cortical excitability on the same side of M1 and the cathode electrode inhibiting 
cortical excitability on the opposite side of M1 [46], allowing for simultaneous modulation of 
excitability in both hemispheres of M1, thereby altering neural oscillatory power in bilateral 
M1 areas and reducing M1-DAR values. Secondly, tDCS can directly induce brain plasticity, 
increasing neuronal activity and gray matter volume in the motor cortex and pre-motor 
cortex [47,48], significantly enhancing interhemispheric functional connectivity and overall 
efficiency of the motor network [49], thereby altering neural oscillatory power and promoting 
normalization of brain electrical activity.

After treatment, while the global DAR decreased in all groups, there was no statistically 
significant difference compared to pre-treatment. This may be attributed to the limited range 
of tDCS effects and the relatively short intervention duration, preventing tDCS from rapidly 
exerting beneficial effects throughout the entire brain. However, it did have a strong effect on 
the targeted M1 area, promoting the normalization of activity in this brain region.

Stroke can also affect the activity of cortical areas involved by altering the spectral power 
distribution of the hemispheres. A power asymmetry between hemispheres can be repre-
sented by pdBSI [50]. Research by Sebastián-Romagosa et al. demonstrated the potential early 
predictive value of pdBSI for neurofunctional outcomes in stroke survivors, with higher values 
associated with poorer outcomes [51]. In this study, after treatment, only the experimental 
group showed a significant decrease in pdBSI, and between-group comparisons indicated 
that the experimental group outperformed the control group. This may be attributed to that 
dual tDCS can simultaneously act on both hemispheres, leading to bidirectional modulation 
of interhemispheric inhibition between the bilateral M1 areas, regulating cortical excitability 
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effectively. This leads to a reduction in the normalized spectral density differences between the 
two hemispheres, thereby restoring the balance between the hemispheres, which is beneficial 
for enhancing neuroplasticity and improving upper limb function [52,53].

Limitations
Despite a small number of patients in each group, the sample size was determined based on 
a power analysis. This study evaluated the outcomes at two time points within a two-week 
period and did not conduct long-term follow-up. Future studies could include larger sample 
sizes and incorporate long-term follow-up assessments. All patients included in this study had 
subcortical lesions, but specific lesion locations were not differentiated. In the future, it would 
be beneficial to categorize them into different subtypes based on the lesion locations to further 
investigate the effectiveness of treatment.

Conclusion
This study provides evidence from both upper limb function and brain electrical activity per-
spectives, demonstrating the feasibility and effectiveness of the central-peripheral combined 
stimulation approach in subacute stroke patients. It indicates that real stimulation accelerates 
upper limb recovery, improves ADL abilities, and it also promotes the normalization of motor 
cortex EEG power and significantly improves the imbalance between the hemispheres com-
pared to sham stimulation. However, further research is needed to investigate its additional 
effects on fine hand functionality. Importantly, these improvements were achieved within a 
relatively short training period (2 weeks). This suggests that the synchronous combination of 
dual tDCS and OT may be beneficial, offering a low-cost, effective, and relatively rapid proto-
col to upper limb motor recovery.

Supporting information
S1 File.  CONSORT checklist. 
(DOC)

S2 File.  Trial protocol. 
(DOC)

S3 File.  Data used to build graphs. 
(XLSX)

S4 Table.  Table data. 
(DOC)

Acknowledgment
The authors would like to thank the medical staff of the Rehabilitation Department of The 
Affiliated Xuzhou Rehabilitation Hospital of Xuzhou Medical University, and the Rehabilita-
tion Department of Xuzhou Central Hospital, for their support and assistance to this research.

Author contributions
Conceptualization: Ling Gao.
Data curation: Xuan Liu.
Formal analysis: Jie Chen.
Funding acquisition: Yuming Zhang, Ming Zhang.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320142.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320142.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320142.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320142.s004


PLOS ONE | https://doi.org/10.1371/journal.pone.0320142  March 18, 2025 16 / 19

PLOS ONE Occupational therapy synchronized with dual transcranial direct current stimulation for stroke rehabilitation

Investigation: Ling Gao, Xuan Liu.
Methodology: Ling Gao, Fengming Chu, Ming Zhang.
Project administration: Yuming Zhang.
Resources: Jie Chen.
Software: Fengming Chu.
Supervision: Jie Chen.
Validation: Ming Zhang.
Writing – original draft: Ling Gao, Fengming Chu.
Writing – review & editing: Ming Zhang.

References
	 1.	 Saini V, Guada L, Yavagal DR. Global epidemiology of stroke and access to acute isch-

emic stroke interventions. Neurology. 2021;97(20 Suppl 2):S6–16. https://doi.org/10.1212/
WNL.0000000000012781 PMID: 34785599

	 2.	 Zhao Y, Hua X, Ren X, Ouyang M, Chen C, Li Y, et al. Increasing burden of stroke in China: a sys-
tematic review and meta-analysis of prevalence, incidence, mortality, and case fatality. Int J Stroke. 
2023;18(3):259–67. https://doi.org/10.1177/17474930221135983 PMID: 36274585

	 3.	 Richardson MC, Tears C, Morris A, Alexanders J. The effects of unilateral versus bilateral motor 
training on upper limb function in adults with chronic stroke: a systematic review. J Stroke Cere-
brovasc Dis. 2021;30(4):105617. https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105617 PMID: 
33516068

	 4.	 Colomer C, NOé E, Llorens R. Mirror therapy in chronic stroke survivors with severely impaired 
upper limb function: a randomized controlled trial. Eur J Phys Rehabil Med. 2016;52(3):271–8. PMID: 
26923644

	 5.	 Morone G, Capone F, Iosa M, Cruciani A, Paolucci M, Martino Cinnera A, et al. May dual tran-
scranial direct current stimulation enhance the efficacy of robot-assisted therapy for promoting 
upper limb recovery in chronic stroke? Neurorehabil Neural Repair. 2022;36(12):800–9. https://doi.
org/10.1177/15459683221138743 PMID: 36458455

	 6.	 Chase HW, Boudewyn MA, Carter CS, Phillips ML. Transcranial direct current stimulation: a roadmap 
for research, from mechanism of action to clinical implementation. Mol Psychiatry. 2020;25(2):397–
407. https://doi.org/10.1038/s41380-019-0499-9 PMID: 31455860

	 7.	 Hummel FC, Cohen LG. Non-invasive brain stimulation: a new strategy to improve neurorehabilitation 
after stroke? Lancet Neurol. 2006;5(8):708–12. https://doi.org/10.1016/S1474-4422(06)70525-7 PMID: 
16857577

	 8.	 Moffa AH, Brunoni AR, Fregni F, Palm U, Padberg F, Blumberger DM, et al. Safety and acceptability of 
transcranial direct current stimulation for the acute treatment of major depressive episodes: analy-
sis of individual patient data. J Affect Disord. 2017;221:1–5. https://doi.org/10.1016/j.jad.2017.06.021 
PMID: 28623732

	 9.	 Wong MN, Baig FN, Chan YK, Ng ML, Zhu FF, Kwan JSK. Transcranial direct current stimulation over 
the primary motor cortex improves speech production in post-stroke dysarthric speakers: a random-
ized pilot study. PLoS One. 2022;17(10):e0275779. https://doi.org/10.1371/journal.pone.0275779 
PMID: 36227836

	10.	 Nitsche MA, Paulus W. Excitability changes induced in the human motor cortex by weak 
transcranial direct current stimulation. J Physiol. 2000;527 Pt 3(Pt 3):633–9. https://doi.
org/10.1111/j.1469-7793.2000.t01-1-00633.x PMID: 10990547

	11.	 Lee J-H, Jeun Y-J, Park HY, Jung Y-J. Effect of transcranial direct current stimulation combined with 
rehabilitation on arm and hand function in stroke patients: a systematic review and meta-analysis. 
Healthcare (Basel). 2021;9(12):1705. https://doi.org/10.3390/healthcare9121705 PMID: 34946431

	12.	 Unger RH, Lowe MJ, Beall EB, Bethoux F, Jones SE, Machado AG, et al. Stimulation of the premotor 
cortex enhances interhemispheric functional connectivity in association with upper limb motor recov-
ery in moderate-to-severe chronic stroke. Brain Connect. 2023;13(8):453–63. https://doi.org/10.1089/
brain.2022.0064 PMID: 36772802

	13.	 Bolognini N, Russo C, Souza Carneiro MI, Nicotra A, Olgiati E, Spandri V, et al. Bi-hemispheric  
transcranial direct current stimulation for upper-limb hemiparesis in acute stroke: a randomized,  

https://doi.org/10.1212/WNL.0000000000012781
https://doi.org/10.1212/WNL.0000000000012781
http://www.ncbi.nlm.nih.gov/pubmed/34785599
https://doi.org/10.1177/17474930221135983
http://www.ncbi.nlm.nih.gov/pubmed/36274585
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105617
http://www.ncbi.nlm.nih.gov/pubmed/33516068
http://www.ncbi.nlm.nih.gov/pubmed/26923644
https://doi.org/10.1177/15459683221138743
https://doi.org/10.1177/15459683221138743
http://www.ncbi.nlm.nih.gov/pubmed/36458455
https://doi.org/10.1038/s41380-019-0499-9
http://www.ncbi.nlm.nih.gov/pubmed/31455860
https://doi.org/10.1016/S1474-4422(06)70525-7
http://www.ncbi.nlm.nih.gov/pubmed/16857577
https://doi.org/10.1016/j.jad.2017.06.021
http://www.ncbi.nlm.nih.gov/pubmed/28623732
https://doi.org/10.1371/journal.pone.0275779
http://www.ncbi.nlm.nih.gov/pubmed/36227836
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
http://www.ncbi.nlm.nih.gov/pubmed/10990547
https://doi.org/10.3390/healthcare9121705
http://www.ncbi.nlm.nih.gov/pubmed/34946431
https://doi.org/10.1089/brain.2022.0064
https://doi.org/10.1089/brain.2022.0064
http://www.ncbi.nlm.nih.gov/pubmed/36772802


PLOS ONE | https://doi.org/10.1371/journal.pone.0320142  March 18, 2025 17 / 19

PLOS ONE Occupational therapy synchronized with dual transcranial direct current stimulation for stroke rehabilitation

double-blind, sham-controlled trial. Eur J Neurol. 2020;27(12):2473–82. https://doi.org/10.1111/
ene.14451 PMID: 32697879

	14.	 Legg L, Drummond A, Leonardi-Bee J, Gladman JRF, Corr S, Donkervoort M, et al. Occupational therapy 
for patients with problems in personal activities of daily living after stroke: systematic review of ran-
domised trials. BMJ. 2007;335(7626):922. https://doi.org/10.1136/bmj.39343.466863.55 PMID: 17901469

	15.	 Xie M, Wang MH, Geng BF, Jiang ZL. Effect of transcutaneous auricular vagus nerve stimulation 
combined with occupational therapy on upper limb function of stroke patients. Chin J Rehabil. 
2024;39(11):649–54.

	16.	 Legg LA, Drummond AE, Langhorne P. Occupational therapy for patients with problems in activi-
ties of daily living after stroke. Cochrane Database Syst Rev. 2006;2006(4):CD003585. https://doi.
org/10.1002/14651858.CD003585.pub2 PMID: 17054178

	17.	 García-Pérez P, Rodríguez-Martínez MC, Gallardo-Tur A, Blanco-Reina E, de la Cruz-Cosme C, Lara 
JP. Early Occupational Therapy Intervention Post-Stroke (EOTIPS): a randomized controlled trial. 
PLoS One. 2024;19(8):e0308800. https://doi.org/10.1371/journal.pone.0308800 PMID: 39159190

	18.	 Jia J. “Central-Peripheral-Central” closed-loop rehabilitation theory——a new concept of hand func-
tion rehabilitation after stroke. Chin J Rehabil Med. 2016;31(11):1180–2.

	19.	 Choi J-B, Cho K-I. Effects of virtual reality-based robot therapy combined with task-oriented therapy 
on upper limb function and cerebral cortex activation in patients with stroke. Medicine (Baltimore). 
2024;103(27):e38723. https://doi.org/10.1097/MD.0000000000038723 PMID: 38968539

	20.	 Garrido M M, Álvarez E E, Acevedo P F, Moyano V Á, Castillo N N, Cavada Ch G. Early transcranial 
direct current stimulation with modified constraint-induced movement therapy for motor and functional 
upper limb recovery in hospitalized patients with stroke: A randomized, multicentre, double-blind, 
clinical trial. Brain Stimul. 2023;16(1):40–7. https://doi.org/10.1016/j.brs.2022.12.008 PMID: 36584748

	21.	 Rabiller G, He J-W, Nishijima Y, Wong A, Liu J. Perturbation of brain oscillations after ischemic stroke: 
a potential biomarker for post-stroke function and therapy. Int J Mol Sci. 2015;16(10):25605–40. 
https://doi.org/10.3390/ijms161025605 PMID: 26516838

	22.	 Gebruers N, Truijen S, Engelborghs S, De Deyn PP. Prediction of upper limb recovery, general 
disability, and rehabilitation status by activity measurements assessed by accelerometers or the Fugl-
Meyer score in acute stroke. Am J Phys Med Rehabil. 2014;93(3):245–52. https://doi.org/10.1097/
PHM.0000000000000045 PMID: 24398579

	23.	 Hernández ED, Galeano CP, Barbosa NE, Forero SM, Nordin Å, Sunnerhagen KS, et al. Intra- 
and inter-rater reliability of Fugl-Meyer assessment of upper extremity in stroke. J Rehabil Med. 
2019;51(9):652–9. https://doi.org/10.2340/16501977-2590 PMID: 31448807

	24.	 Aminalroaya R, Mirzadeh FS, Heidari K, Alizadeh-Khoei M, Sharifi F, Effatpanah M, et al. The vali-
dation study of both the modified Barthel and Barthel index, and their comparison based on Rasch 
analysis in the hospitalized acute stroke elderly. Int J Aging Hum Dev. 2021;93(3):864–80. https://doi.
org/10.1177/0091415020981775 PMID: 33336587

	25.	 Zhao J-L, Chen P-M, Li W-F, Bian R-H, Ding M-H, Li H, et al. Translation and initial validation 
of the Chinese version of the action research arm test in people with stroke. Biomed Res Int. 
2019;2019:5416560. https://doi.org/10.1155/2019/5416560 PMID: 30805366

	26.	 Finnigan SP, Walsh M, Rose SE, Chalk JB. Quantitative EEG indices of sub-acute ischaemic stroke 
correlate with clinical outcomes. Clin Neurophysiol. 2007;118(11):2525–32. https://doi.org/10.1016/j.
clinph.2007.07.021 PMID: 17889600

	27.	 Sheorajpanday RVA, Nagels G, Weeren AJTM, van Putten MJAM, De Deyn PP. Reproducibility and 
clinical relevance of quantitative EEG parameters in cerebral ischemia: a basic approach. Clin Neuro-
physiol. 2009;120(5):845–55. https://doi.org/10.1016/j.clinph.2009.02.171 PMID: 19375386

	28.	 DaSilva AF, Volz MS, Bikson M, Fregni F. Electrode positioning and montage in transcranial direct 
current stimulation. J Vis Exp. 2011;(51):2744. https://doi.org/10.3791/2744 PMID: 21654618

	29.	 Nair DG, Renga V, Lindenberg R, Zhu L, Schlaug G. Optimizing recovery potential through simulta-
neous occupational therapy and non-invasive brain-stimulation using tDCS. Restor Neurol Neurosci. 
2011;29(6):411–20. https://doi.org/10.3233/RNN-2011-0612 PMID: 22124031

	30.	 Cirillo C, Brihmat N, Castel-Lacanal E, Le Friec A, Barbieux-Guillot M, Raposo N, et al. Post-stroke 
remodeling processes in animal models and humans. J Cereb Blood Flow Metab. 2020;40(1):3–22. 
https://doi.org/10.1177/0271678X19882788 PMID: 31645178

	31.	 Liu L, Jin M, Zhang L, Zhang Q, Hu D, Jin L, et al. Brain-computer interface-robot training enhances 
upper extremity performance and changes the cortical activation in stroke patients: a func-
tional near-infrared spectroscopy study. Front Neurosci. 2022;16:809657. https://doi.org/10.3389/
fnins.2022.809657 PMID: 35464315

https://doi.org/10.1111/ene.14451
https://doi.org/10.1111/ene.14451
http://www.ncbi.nlm.nih.gov/pubmed/32697879
https://doi.org/10.1136/bmj.39343.466863.55
http://www.ncbi.nlm.nih.gov/pubmed/17901469
https://doi.org/10.1002/14651858.CD003585.pub2
https://doi.org/10.1002/14651858.CD003585.pub2
http://www.ncbi.nlm.nih.gov/pubmed/17054178
https://doi.org/10.1371/journal.pone.0308800
http://www.ncbi.nlm.nih.gov/pubmed/39159190
https://doi.org/10.1097/MD.0000000000038723
http://www.ncbi.nlm.nih.gov/pubmed/38968539
https://doi.org/10.1016/j.brs.2022.12.008
http://www.ncbi.nlm.nih.gov/pubmed/36584748
https://doi.org/10.3390/ijms161025605
http://www.ncbi.nlm.nih.gov/pubmed/26516838
https://doi.org/10.1097/PHM.0000000000000045
https://doi.org/10.1097/PHM.0000000000000045
http://www.ncbi.nlm.nih.gov/pubmed/24398579
https://doi.org/10.2340/16501977-2590
http://www.ncbi.nlm.nih.gov/pubmed/31448807
https://doi.org/10.1177/0091415020981775
https://doi.org/10.1177/0091415020981775
http://www.ncbi.nlm.nih.gov/pubmed/33336587
https://doi.org/10.1155/2019/5416560
http://www.ncbi.nlm.nih.gov/pubmed/30805366
https://doi.org/10.1016/j.clinph.2007.07.021
https://doi.org/10.1016/j.clinph.2007.07.021
http://www.ncbi.nlm.nih.gov/pubmed/17889600
https://doi.org/10.1016/j.clinph.2009.02.171
http://www.ncbi.nlm.nih.gov/pubmed/19375386
https://doi.org/10.3791/2744
http://www.ncbi.nlm.nih.gov/pubmed/21654618
https://doi.org/10.3233/RNN-2011-0612
http://www.ncbi.nlm.nih.gov/pubmed/22124031
https://doi.org/10.1177/0271678X19882788
http://www.ncbi.nlm.nih.gov/pubmed/31645178
https://doi.org/10.3389/fnins.2022.809657
https://doi.org/10.3389/fnins.2022.809657
http://www.ncbi.nlm.nih.gov/pubmed/35464315


PLOS ONE | https://doi.org/10.1371/journal.pone.0320142  March 18, 2025 18 / 19

PLOS ONE Occupational therapy synchronized with dual transcranial direct current stimulation for stroke rehabilitation

	32.	 Joy MT, Carmichael ST. Learning and stroke recovery: parallelism of biological substrates. Semin 
Neurol. 2021;41(2):147–56. https://doi.org/10.1055/s-0041-1725136 PMID: 33690874

	33.	 Takeuchi N, Izumi S-I. Maladaptive plasticity for motor recovery after stroke: mechanisms 
and approaches. Neural Plast. 2012;2012:359728. https://doi.org/10.1155/2012/359728 PMID: 
22792492

	34.	 Farahani F, Kronberg G, FallahRad M, Oviedo HV, Parra LC. Effects of direct current stimulation 
on synaptic plasticity in a single neuron. Brain Stimul. 2021;14(3):588–97. https://doi.org/10.1016/j.
brs.2021.03.001 PMID: 33766677

	35.	 Bornheim S, Croisier J-L, Maquet P, Kaux J-F. Transcranial direct current stimulation associated with 
physical-therapy in acute stroke patients - a randomized, triple blind, sham-controlled study. Brain 
Stimul. 2020;13(2):329–36. https://doi.org/10.1016/j.brs.2019.10.019 PMID: 31735645

	36.	 Nowak DA, Grefkes C, Ameli M, Fink GR. Interhemispheric competition after stroke: brain stimulation 
to enhance recovery of function of the affected hand. Neurorehabil Neural Repair. 2009;23(7):641–56. 
https://doi.org/10.1177/1545968309336661 PMID: 19531606

	37.	 Xu S, Jia J. “Central-Peripheral-Central” closed-loop rehabilitation theory——Clinical applica-
tion progress of the new concept of hand function rehabilitation after stroke. Chin J Rehabil Med. 
2024;39(10):1537–41.

	38.	 Li C, Chen Y, Tu S, Lin J, Lin Y, Xu S, et al. Dual-tDCS combined with sensorimotor training pro-
motes upper limb function in subacute stroke patients: a randomized, double-blinded, sham- 
controlled study. CNS Neurosci Ther. 2024;30(4):e14530. https://doi.org/10.1111/cns.14530 PMID: 
37994674

	39.	 Hsu S-P, Lu C-F, Lin B-F, Tang C-W, Kuo I-J, Tsai Y-A, et al. Effects of bihemispheric transcranial 
direct current stimulation on motor recovery in subacute stroke patients: a double-blind, randomized 
sham-controlled trial. J Neuroeng Rehabil. 2023;20(1):27. https://doi.org/10.1186/s12984-023-01153-4 
PMID: 36849990

	40.	 Gudmundsson S, Runarsson TP, Sigurdsson S, Eiriksdottir G, Johnsen K. Reliability of quantitative 
EEG features. Clin Neurophysiol. 2007;118(10):2162–71. https://doi.org/10.1016/j.clinph.2007.06.018 
PMID: 17765604

	41.	 Nagata K, Tagawa K, Hiroi S, Shishido F, Uemura K. Electroencephalographic correlates of blood 
flow and oxygen metabolism provided by positron emission tomography in patients with cerebral 
infarction. Electroencephalogr Clin Neurophysiol. 1989;72(1):16–30. https://doi.org/10.1016/0013-
4694(89)90027-8 PMID: 2464472

	42.	 Nuwer MR, Jordan SE, Ahn SS. Evaluation of stroke using EEG frequency analysis and topographic 
mapping. Neurology. 1987;37(7):1153–9. https://doi.org/10.1212/wnl.37.7.1153 PMID: 3601079

	43.	 Foreman B, Claassen J. Quantitative EEG for the detection of brain ischemia. Crit Care. 
2012;16(2):216. https://doi.org/10.1186/cc11230 PMID: 22429809

	44.	 Saes M, Meskers CGM, Daffertshofer A, van Wegen EEH, Kwakkel G, 4D-EEG consortium. Are 
early measured resting-state EEG parameters predictive for upper limb motor impairment six months 
poststroke?. Clin Neurophysiol. 2021;132(1):56–62. https://doi.org/10.1016/j.clinph.2020.09.031 PMID: 
33248434

	45.	 Finnigan S, Wong A, Read S. Defining abnormal slow EEG activity in acute ischaemic stroke: 
Delta/alpha ratio as an optimal QEEG index. Clin Neurophysiol. 2016;127(2):1452–9. https://doi.
org/10.1016/j.clinph.2015.07.014 PMID: 26251106

	46.	 Filmer HL, Dux PE, Mattingley JB. Applications of transcranial direct current stimulation for 
understanding brain function. Trends Neurosci. 2014;37(12):742–53. https://doi.org/10.1016/j.
tins.2014.08.003 PMID: 25189102

	47.	 Allman C, Amadi U, Winkler AM, Wilkins L, Filippini N, Kischka U, et al. Ipsilesional anodal 
tDCS enhances the functional benefits of rehabilitation in patients after stroke. Sci Transl Med. 
2016;8(330):330re1. https://doi.org/10.1126/scitranslmed.aad5651 PMID: 27089207

	48.	 Pellegrino G, Maran M, Turco C, Weis L, Di Pino G, Piccione F, et al. Bilateral transcranial direct 
current stimulation reshapes resting-state brain networks: a magnetoencephalography assessment. 
Neural Plast. 2018;2018:2782804. https://doi.org/10.1155/2018/2782804 PMID: 29593782

	49.	 Lee J, Park E, Lee A, Chang WH, Kim D-S, Shin Y-I, et al. Modulating brain connectivity by simulta-
neous dual-mode stimulation over bilateral primary motor cortices in subacute stroke patients. Neural 
Plast. 2018;2018:1458061. https://doi.org/10.1155/2018/1458061 PMID: 29666636

	50.	 Liu L, Zhang Z, Zhou Y, Pu Y, Liu D, Tian J. Brain symmetry index predicts 3-month mortality in 
patients with acute large hemispheric infarction. Medicine (Baltimore). 2022;101(47):e31620. https://
doi.org/10.1097/MD.0000000000031620 PMID: 36451383

https://doi.org/10.1055/s-0041-1725136
http://www.ncbi.nlm.nih.gov/pubmed/33690874
https://doi.org/10.1155/2012/359728
http://www.ncbi.nlm.nih.gov/pubmed/22792492
https://doi.org/10.1016/j.brs.2021.03.001
https://doi.org/10.1016/j.brs.2021.03.001
http://www.ncbi.nlm.nih.gov/pubmed/33766677
https://doi.org/10.1016/j.brs.2019.10.019
http://www.ncbi.nlm.nih.gov/pubmed/31735645
https://doi.org/10.1177/1545968309336661
http://www.ncbi.nlm.nih.gov/pubmed/19531606
https://doi.org/10.1111/cns.14530
http://www.ncbi.nlm.nih.gov/pubmed/37994674
https://doi.org/10.1186/s12984-023-01153-4
http://www.ncbi.nlm.nih.gov/pubmed/36849990
https://doi.org/10.1016/j.clinph.2007.06.018
http://www.ncbi.nlm.nih.gov/pubmed/17765604
https://doi.org/10.1016/0013-4694(89)90027-8
https://doi.org/10.1016/0013-4694(89)90027-8
http://www.ncbi.nlm.nih.gov/pubmed/2464472
https://doi.org/10.1212/wnl.37.7.1153
http://www.ncbi.nlm.nih.gov/pubmed/3601079
https://doi.org/10.1186/cc11230
http://www.ncbi.nlm.nih.gov/pubmed/22429809
https://doi.org/10.1016/j.clinph.2020.09.031
http://www.ncbi.nlm.nih.gov/pubmed/33248434
https://doi.org/10.1016/j.clinph.2015.07.014
https://doi.org/10.1016/j.clinph.2015.07.014
http://www.ncbi.nlm.nih.gov/pubmed/26251106
https://doi.org/10.1016/j.tins.2014.08.003
https://doi.org/10.1016/j.tins.2014.08.003
http://www.ncbi.nlm.nih.gov/pubmed/25189102
https://doi.org/10.1126/scitranslmed.aad5651
http://www.ncbi.nlm.nih.gov/pubmed/27089207
https://doi.org/10.1155/2018/2782804
http://www.ncbi.nlm.nih.gov/pubmed/29593782
https://doi.org/10.1155/2018/1458061
http://www.ncbi.nlm.nih.gov/pubmed/29666636
https://doi.org/10.1097/MD.0000000000031620
https://doi.org/10.1097/MD.0000000000031620
http://www.ncbi.nlm.nih.gov/pubmed/36451383


PLOS ONE | https://doi.org/10.1371/journal.pone.0320142  March 18, 2025 19 / 19

PLOS ONE Occupational therapy synchronized with dual transcranial direct current stimulation for stroke rehabilitation

	51.	 Sebastián-Romagosa M, Udina E, Ortner R, Dinarès-Ferran J, Cho W, Murovec N, et al. EEG bio-
markers related with the functional state of stroke patients. Front Neurosci. 2020;14:582. https://doi.
org/10.3389/fnins.2020.00582 PMID: 32733182

	52.	 Lindenberg R, Nachtigall L, Meinzer M, Sieg MM, Flöel A. Differential effects of dual and unihemi-
spheric motor cortex stimulation in older adults. J Neurosci. 2013;33(21):9176–83. https://doi.
org/10.1523/JNEUROSCI.0055-13.2013 PMID: 23699528

	53.	 Tazoe T, Endoh T, Kitamura T, Ogata T. Polarity specific effects of transcranial direct current stimula-
tion on interhemispheric inhibition. PLoS One. 2014;9(12):e114244. https://doi.org/10.1371/journal.
pone.0114244 PMID: 25478912

https://doi.org/10.3389/fnins.2020.00582
https://doi.org/10.3389/fnins.2020.00582
http://www.ncbi.nlm.nih.gov/pubmed/32733182
https://doi.org/10.1523/JNEUROSCI.0055-13.2013
https://doi.org/10.1523/JNEUROSCI.0055-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23699528
https://doi.org/10.1371/journal.pone.0114244
https://doi.org/10.1371/journal.pone.0114244
http://www.ncbi.nlm.nih.gov/pubmed/25478912

