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Objectives: Transcranial direct current stimulation and robotic therapy (RT) are two modalities 
in neurorehabilitation for the improvement of upper limb function in stroke patients. However, 
the additional effects of the concurrent application of these two techniques compared to RT 
alone on upper limb function in stroke patients have not been studied yet. We analyzed the 
effectiveness of concurrent tDCS and RT compared to RT alone on upper limb motor function 
in stroke patients.

Methods: A systematic search of PubMed, Scopus, Web of Science, CENTRAL, EMBASE, 
and Physiotherapy Evidence Database was performed from 2000 to January 1, 2021. The 
quality of the included studies was evaluated using the Cochrane risk-of-bias assessment tool. 
All statistical analyses were performed in STATA software, version 14, and the Mean±SD was 
used as the pooled statistics.

Results: The result showed that concurrent tDCS and RT had moderate but non-significant 
pooled effect sizes for upper limb Fugl-Meyer assessment (SMD=0.31, 95% CI, -0.20%, 
0.83%, I2=84.1%). 

Discussion: According to the results of this study, no difference was obtained in the efficacy 
of concurrent tDCS and RT compared to RT alone on upper limb function in stroke survivors.
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Highlights 

• Transcranial direct stimulation (tDCS) and robotic therapy (RT) had no additional effects on motor function im-
provement in stroke patients.

• The metaplasticity, Hebbian plasticity, and ceiling effects must be taken into account when combining tDCS and 
RT as a neurorehabilitation approach.

• When applying two treatment strategies concurrently, hemostatic metaplasticity can reduce the effect of the latter 
strategy to maintain the neural network activity within a physiologic range.

Plain Language Summary 

Stroke is one of the major health problems in the world and one of the most debilitating neurological diseases in 
adults. Stroke survivors suffer from persistent motor, cognitive, and somatosensory complications. Long-term physi-
cal dysfunction and limitations in activities of daily living direct rehabilitation systems to improve patients’ motor 
performance. Transcranial direct stimulation (tDCS) and robotic therapy (RT) are two neurorehabilitation methods 
for improving the function of the upper limbs in stroke patients. Research results have shown that robotic therapy and 
direct transcranial stimulation each alone have beneficial effects on improving patients’ performance. In recent years, 
to make rehabilitation treatment more effective, many studies have investigated the effects of the simultaneous use of 
these two methods. Summarizing the results of the studies showed that the simultaneous use of these two methods does 
not result in a greater effect.

Introduction

troke is one of the main health problems in 
the world and one of the most debilitating 
neurological diseases in adults [1]. Stroke 
survivors suffer from persistent motor, 
perceptual, and somatosensory complica-
tions. Long-lasting physical functional im-

pairment and limitations in daily living activities drive 
the compelling advances in rehabilitation systems to im-
prove patients’ motor functioning.

Stroke induces significant changes to the synaptic 
system which may lead to changes in cerebral plastic-
ity. Stroke rehabilitation interventions use the central 
nervous system (CNS) neuroplasticity capacity to pro-
mote functional recovery. tDCS is considered to be a 
type of neuromodulatory and functions by using weak 
direct currents that pass through the skull and affect the 
cortex and deeper brain centers. Under certain current 
parameters, anodal stimulation increases cortical excit-
ability (depolarization), and cathodal stimulation leads 
to decreased excitability (hyperpolarization) [2, 3]. The 
polarity-dependent effects of tDCS enable physiothera-
pists to apply the current in different ways to increase 
motor function in patients who have experienced stroke 
by considering the abnormal balance of motor cortex 
excitability after stroke, the affected hemisphere’s low 

excitability, and healthy hemisphere’s high excitability 
[4]. Strong evidence suggests that specific movement 
training can help restore motor function by adapting the 
neural plasticity using high-dose intensive task-specific 
training [3]. A study conducted by Silva et al. [5]. sug-
gested that to amplify clinical effects and reach results 
that are more effective and long-lasting, a combination 
of therapeutic tools should be used. The development of 
robotic technology in recent years enables clinicians to 
provide training with high intensity and dosage. A ro-
bot is defined as a multi-purpose and re-programmable 
manipulator designed to move parts of the body through 
variable programmed movements to perform a task [6]. 
Many studies have used concurrent RT and tDCS to im-
prove the performance of stroke patients; however, the 
results of the studies are inconsistent. Therefore, a sys-
tematic review of the literature is required to evaluate 
the effects of concurrent RT and tDCS on the upper limb 
function of patients who have experienced stroke. This 
review compares the effects of concurrent RT and tDCS 
with RT alone, on upper limb function in stroke patients.

Materials and Methods

Protocol and registration

Our study protocol has been registered in the PROS-
PERO database under the ID=CRD42020205148

S
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Search strategy

We included clinical trials by searching electronic 
databases including Web of Science, CENTRAL, EM-
BASE, PubMed, Scopus, and Physiotherapy Evidence 
Database (PEDro) from 2000 to January 1, 2021. Search 
terms were established with the subject headings and 
keywords: (Stroke OR “cerebral vascular accident” OR 
“brain infarct* OR hemiplegia*) AND (“transcranial di-
rect current stimulation” OR tDCS) AND “robotic train-
ing” OR “robotic-assisted therapy”. We used these terms 
in various combinations and also, hand searched the ref-
erences that were used in the included study. 

Study selection

The titles and abstracts that were retrieved through the 
search were screened by two reviewers. Two members 
of the review team assessed full texts retrieved from each 
study for eligibility separately. Discussion with a third 
reviewer was done if consensus was not reached during 
the discussion about disagreements over eligibility. We 
included studies that used tDCS (anodal. cathodal, dual) 
in combination with robotic-assisted therapy in stroke 
patients and published in English.

Eligibility criteria

Studies recruiting individuals with all types of stroke 
and recovery phases and all tDCS interventions (fre-
quency, duration, intensity, or montage) were included. 
Studies that involved healthy participants, patients with 
aphasia or cognitive impairment, any other neurologi-
cal diagnosis, and studies assessing the effect of tDCS 
in combination with other therapies rather than robotic 
training were excluded.

Data extraction

Two reviewers screened the titles and abstracts re-
trieved to remove irrelevant studies. Data including 
study authors, year of publication, study design, stroke 
type, mean time since stroke (days), tDCS intensity 
(mA), tDCS duration (min), tDCS montage, follow-up 
time, Mean±SD of the motor function outcomes, and 
several subjects in each group were extracted from the 
studies that were included in this review. If the data was 
reported as the standard error of the mean, it was trans-
formed to SD. Data extraction was done by two indepen-
dent authors directly from the full text of these studies. If 
no consensus was achieved over the disagreements aris-
ing in this area, a third author’s opinion was sought after. 

Quality assessment

The quality of selected studies was evaluated by two 
authors (Somaye Azarnia and Sanaz Shanbezade) using 
the Cochrane collaboration tool for assessing risk-of-bi-
as as outlined in the Cochrane handbook for systematic 
reviews of interventions [7]. The overall risk of bias for 
each study was evaluated as low if all key fields were 
assessed low; high when one or more key field was as-
sessed high; and unclear when one or more key field was 
assessed unclear. Any disagreement between the authors 
on the methodological quality of the identified studies 
was resolved by discussing with a third reviewer (AT). 
We contacted the authors of the included studies for any 
additional information on the study methods.

Data analysis

All analyses were performed in Stata software, version 
15. Mean±SD were used for meta-analysis. Evaluation 
of 95% CI and calculation of pooled effect sizes (ES) 
reported as standardized mean difference was done by 
using the random-effect model. Cohen’s d ES was used 
and interpreted as follows: Small (0.2–0.5), moderate 
(0.5–0.8), and large (>0.8). The I2 statistics were used to 
assess the presence of heterogeneity through the includ-
ed studies and were interpreted as high I2≥75%, moder-
ate I2≥50%, and low I2≤25%. Sensitivity analyses were 
performed if there was high heterogeneity to explore 
the source of heterogeneity. These analyses included a 
leave-one-out approach by omitting each study and sub-
group analysis based on the stage of recovery and the 
outcome measure used for functional evaluation.

Results

Data overview

A total of 2678 articles were found in the initial search. 
After eliminating 792 duplicates, 1871 studies were 
screened. Eight additional studies were excluded after a 
review of the full texts (Figure 1). Based on the eligibili-
ty criteria, 15 articles were included. Four studies did not 
report the results of sham stimulation and were removed 
by reading the full text [8, 9]. Four studies were congress 
articles Pistarini [10], Hesse et al. [8], Edwards [2], Tric-
cas et al. [11] and were removed. Finally, 7 studies were 
included in this study (Figure 1).
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Method of quality assessment

The Cochrane collaboration risk of bias tool was used 
by the authors to assess the risk of bias among the studies. 
This tool includes blinding of participants and personnel, 
allocation concealment, random sequence generation, 
blinding of outcome assessment, incomplete outcome 
data, and selective reporting. The quality assessment of 
seven studies is shown in Table 1.

We presented the risk of bias for each comparison sepa-
rately in Figure 2.

Participants characteristics

In total, there were 302 individuals in the studies of this 
review. The mean age was between 58.2 and 72.63 years 
and 172 participants were male. The characteristics of 
these studies are demonstrated in Table 2.

tDCS intervention

Two studies applied anodal tDCS [14-16], and the ef-
fect of dual tDCS and usage of anodal tDCS over the 
side that was affected and cathodal tDCS over the non-
affected side were analyzed in five studies [3, 12, 13, 15, 
17] (Table 2).

  

 

 

 

 

  

  

 

 

 

 

 

 

 

 

   

    

 

 

 

 

 

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) 
flow diagram mapping the review. 
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RCT: Randomized control trial.
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In terms of tDCS duration, two studies applied 30 min 
of tDCS [13, 3], and the other five studies used 20 min 
[12-14] (Table 2). The overall number of sessions was 
between 1 to 36 sessions. The primary motor cortex 
(M1) was the site of expiatory stimulation [2, 13, 3, 16]. 
In most studies, tDCS and RT were applied simultane-
ously (online effect) [13-18], while only one study ap-
plied tDCS before other interventions and assessment 
(offline effect) [11].

Assessment

Outcome measures

The main outcome measure was motor function [13, 
16]. Several functional assessment tools were used in 
the included studies: Six studies used the Fugel-Meyer 

scale (FM) to assess motor functioning [2, 13, 3, 14], 
four studies reported the score of box and block test (B 
& B), which measures the gross manual dexterity of the 
patients, [13, 3, 16] and two studies used motor activity 
log to assess the quality of movement during activities of 
daily living [3, 14]. Three studies evaluated the effects of 
concurrent tDCS and RT on spasticity [12, 14, 15].

Results of meta-analysis

Functional performance: Overall effect of 
concurrent tDCS and RT

The pooled results on upper limb function showed that 
concurrent tDCS and RT had a moderate effect on mo-
tor function in comparison to RT alone in stroke patients, 
however, this effect was not significant (SMD=0.31, 95% 

Table 1. Risk of bias assessment of each included study 

Study Random Allocation Blinding Attrition Report Other

Mazzoleni et al. [12] Unclear Unclear Unclear Low Low Low

Edward et al. [2] Low Low Low Low High Low

Dehem et al. [13] Unclear Unclear Low Low High Low

Mazzoleni et al. [14] Unclear Unclear High Unclear Low High

Straudi et al. [3] Low Unclear Low Low Low Low

Hess et al. [15] Low Low Low Low Low Low

Triccas et al. [16] Low Low Low Low Low Unclear
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CI, -0.20%, 0.83%, I2=84.1%) (Figure 3). Moreover, no 
change was seen in the results related to the subgroup 
analysis based on the stage of recovery (acute/subacute or 
chronic). While subgroup analysis based on the instrument 
used (FM or B & B) reduced heterogeneity in the FM 
group (I2=0%). The results of sensitivity analysis revealed 
no change in the results of meta-analysis by excluding 
each study. The asymmetrical funnel plot suggests publi-
cation bias, however, Egger’s test was not statistically sig-

nificant and suggested no publication bias for functional 
performance studies (coefficient=0.8782371; P=0.78).

Spasticity

Three studies examined the effect of concurrent tDCS 
and RT on spasticity. These studies failed to show any 
significant effect (SMD=0.12, 95% CI, -0.47%, 0.23%, 
I2=0%) (Figure 4) [13, 15, 16].

Figure 3. The forest plot of the overall effect of concurrent tDCS and RT compared with RT alone on upper limb motor func-
tions in stroke patients
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Muscle strength

Four studies examined the effect of concurrent tDCS 
and RT on muscle strength, the overall pooled results 
showed that there was no significant difference in con-
current therapy compared to RT (SMD=0.08, 95% CI, 
-0.40%, 0.24%, I2=0%) (Figure 5).

Discussion

Seven articles with 302 participants were included in 
this systematic review and meta-analysis which com-
pares the effects of concurrent tDCS and RT with RT 
alone on the upper limb motor function of stroke pa-
tients. According to the study results, no difference was 
obtained in the efficacy of concurrent tDCS and RT com-
pared to RT on upper limb/hand function in survivors 
of stroke. Additionally, no other effect was observed for 
reducing spasticity and increasing muscle strength with 

Figure 4. The forest plots of the overall effect of concurrent tDCS and RT compared with RT alone on spasticity in stroke 
patientsqui ulparuptibus est lictusam, custius quiatum ipiendi psandusam nis mint, simusamus doloratibus aut alibus alisi

Figure 5. The forest plots of the effect of concurrent tDCS and RT compared with RT alone on strength in stroke patients
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concurrent therapy compared to RT. Although a system-
atic review that was conducted previously on the effect 
of RT has shown improved upper limb motor function in 
patients with stroke [18], concurrent tDCS and RT had 
no additional effects. Bertani et al. showed that RT tends 
to show more effective results in improving the motor 
function of stroke patients compared to using conven-
tional therapy to reach the same goal [18]. Changes in 
neural activation and functional connections might be re-
lated to the movement and therapy-mediated effect of RT 
[13]. In addition, a review study demonstrated the effica-
cy of tDCS on motor function of the upper extremities in 
patients with stroke. tDCS is a non-invasive stimulation 
of the weak electrical current brain, which can be used to 
manipulate membrane potential and modulate the spon-
taneous firing rate of neurons in humans [19]. tDCS may 
also reduce the hemispheric imbalance in stroke patients 
which enhances improved brain modulation [20].

The results of the present study could be explained by 
two reasons. The first reason is related to the neuroplastic 
effects of concurrent tDCS and RT. The metaplasticity, 
Hebbian plasticity, and ceiling effects must be taken into 
account when combining TDCS and RT as neurorehabil-
itation approaches [21]. The way synaptic plasticity can 
be modulated by prior synaptic [22] and the reversal of 
previously induced synaptic plasticity is described by a 
term called ‘metaplasticity’, which could limit the effect 
of an intervention. When applying two treatment strate-
gies concurrently, hemostatic metaplasticity can reduce 
the effect of the latter strategy to maintain the neural net-
work activity within a physiologic range. According to 
Hebbian’s hypothesis, as synaptic stimulation increases 
and neurotransmitters are released, postsynaptic neurons 
are changed. This leads to desensitization of neurons and 
saturation of receptors, not increasing excitatory post-
synaptic potentials [23]. Therefore, this might also limit 
the effect of concurrent tDCS and RT. The second rea-
son could be attributed to the confounding factors which 
have not been controlled in the studies and could impact 
the efficacy of an intervention including the location and 
size of the lesion in stroke patients, type of stroke, and 
time since stroke. Both the spontaneous and therapeu-
tic-induced mechanisms of plasticity can promote post-
stroke recovery. In the second epoch of recovery, sponta-
neous brain recovery is dominant; however, recovery in 
the third epoch (chronic phase of brain repair) is mostly 
related to brain plasticity, hence, it is important to limit 
the time since stroke. 

Conclusion

Overall, the results indicated no additional effect of 
concurrent tDCS and RT compared to RT alone on the 
enhancement of upper limb function in stroke patients. 
The therapeutic protocols and methodology used in the 
included studies were highly heterogeneous and prevent-
ed conclusive conclusions.

Limitations

The findings in the current study should be interpreted 
considering the following limitations. Only articles pub-
lished in English were included in this review. There 
may be other studies in this field that were not included 
in this study. The low number of studies in the field, and 
low sample size in the majority of these studies is an-
other limitation that should be considered. Another limi-
tation is the scarce number of articles in this field, which 
were mostly low quality, and evaluated motor function 
after a short duration of intervention, and most studies 
did not have a sample size justification for the primary 
outcome measures.

Suggestions for future studies

The study of concurrent tDCS and RT represents 
a young field of interest and the number of articles is 
limited. Therefore, we suggest that the effect of combin-
ing these two methods be investigated by type of stroke 
(ischemic, hemorrhagic), lesion of stroke (cortical or 
subcortical), and stage of stroke (acute, chronic). Future 
studies should focus more on the aspects that are men-
tioned previously. 
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